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Abstract 
Although Pb(Zr,Ti)O3 (PZT) piezoelectric thin films are finding widespread applications on Earth, it is 
yet unclear if they are suitable for space-related applications. In space, their long-term reliability is a 
significant concern due to the difficulties of repairing and replacing malfunctioning devices. In this 
work, PZT thin film micromirrors for compact interferometric 3D imaging systems have been exposed 
to operating conditions encountered on a space mission and tested according to criteria set by the 
European Space Agency. Thermal cycling in vacuum, sinusoidal and random mechanical vibrations, and 
𝛾𝛾-radiation with and without bias did not degrade key functional device properties of the micromirror; 
angular deflection, resonance frequency, polarization, and permittivity. Apart from 𝛾𝛾-radiation, 
stressing the devices enhanced their large-signal angular deflection and improved their electrical 
lifetime compared to pristine devices. Their dielectric and ferroelectric characteristics remained 
comparable to that of a lab-scale environment. Simultaneously applying a 10 V field-down bias while 
𝛾𝛾-radiating the micromirrors changed the capacitance-field and polarization-field characteristics and 
enhanced the electrical imprint. After stress-testing, the median time-to-failure in moderate 
acceleration conditions of 150 kV/cm and 175oC, ranged from 1.95 to 2.64 h, close to 2.11 h as 
measured for a reference group. All actuator membranes had shorter electrical lifetimes, smaller 
voltage acceleration factors, and smaller activation energies, ranging from 2.56 to 2.88 V-1 and 1.03 to 
1.09 eV, than simple bonding pads. This work is a device-level report covering a full set of space-
relevant tests demonstrating that PZT-based thin film piezoMEMS technology is space-ready.  

3D imaging technology is essential for aiding autonomy and robotics on space missions, during e.g., 
docking, sample collection, and navigation1. Reducing the overall space mission complexity thereby 
requires compact 3D-imaging systems with low power consumption, low weight, high robustness, and 
sub-mm accuracy2. These requirements can be satisfied using a Michelson interferometry-based 
approach, whereby 3D images are reconstructed from interferometric fringe patterns projected onto 
the object to be imaged1,3. Full 3D image reconstruction necessitates tiltable micromirrors capable of 
deflecting in the nm to µm range with nm-scale accuracy, nm-scale position-repeatability, and sub-
millisecond repositioning times. To avoid complications with malfunctioning or failing components, the 
reliability is a key concern, in particular for the sensitive micromirror of the interferometer. 

Sensors and actuators for space missions should generally possess properties typically inherent 
in microelectromechanical systems (MEMS), such as small size, low power consumption, and high 
robustness4. Micromirrors satisfying these criteria can be realized using thin film piezoelectric MEMS 
(piezoMEMS) as they offer large mechanical deflections at low voltages, scalability, low power 
consumption, and high temperature-stability over a large range of frequencies5–8. Due to its high 
piezoelectric response and large blocking pressure, Pb(Zr,Ti)O3 (PZT) is currently the material of choice 
for a wide range of thin film piezoMEMS, including micro-robotics9, energy-harvesting10, ultrasound 
transduction11–13, and microoptics8,14,15. In previous work, the Michelson 3D imaging system described 
above was realized using a PZT-based thin film piezoelectric micromirror1. This work assesses the 
reliability of such thin film piezoMEMS micromirrors, covering a complete set of space-relevant test 
conditions. 
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The finalized piezoelectric layer-stack comprised of a 2 µm thick undoped Pb(Zr0.52Ti0.48)O3 
(PZT, hereafter), deposited by chemical solution on LaNiO3-coated platinized Si wafers. As the top 
electrode, 250 nm Au with a 10 nm Ti/10 wt% W adhesion layer was sputtered and structured before 
applying a 40 nm thick atomic layer-deposited Al2O3 barrier-layer. Figure 1 (a) and (b) show a to-scale 
schematic illustration of the device and layer-stack, indicating the applied electric field-down, i.e., Au 
as positive and LaNiO3/Pt as negative electrodes across the stack for actuation. 

On the finalized device, the 8 µm thick membrane with the actuators shaped as two concentric 
rings was reactive ion etched from the backside, defining the 400 µm thick center mirror. The rings are 
divided into four inner (I), and four outer (O) individually controllable sections with electrode areas of 
1.07 and 1.21 mm2, respectively. 20 µm wide Au lines routs each section to wire-bonding pads along 
the periphery of the 8x8 mm2 die. Each micromirror also contains four unrouted simple 200x200 µm2 
square pads (capacitors) with an electrode area of 0.04 mm2, also used for lifetime measurements. All 
routings and pads are clamped to the 400 µm thick Si chip handle. Further details and the micromirror's 
working principle can be found in previous reports1,14,16,17. This work assesses the functional properties 
and lifetime of the I/O actuator electrodes as well as the simple square wire-bonding pads. The devices 
were not poled before stress testing.  

In collaboration with the European Space Agency (ESA), the ambient conditions experienced by 
the device during the launch, in-orbit, and on-destination operation phases on a typical space mission, 
were emulated for stress-testing. Figure 1 (c)-(e) shows the micromirrors mounted for the assigned 
stress tests; (A) TVAC, (B) random and sine X/Y/Z-vibrations, and (C) 𝛾𝛾-radiation with and without an 
applied bias of 10 V, field-down. Figure 1 (f) summarizes the test parameters used for five test groups 
of micromirrors, including a cumulative, (D), and a reference, (E), group. To ensure similar electrical 
history, the test order remained the same throughout; initial characterization – stress test – post-test 
characterization – destructive, highly accelerated lifetime tests (HALT). Four micromirrors were put 
through each stress test, and each micromirror had 12 structured top electrodes. 16 I/O membrane 
actuators were stress-tested and characterized for each functional property. For the time-dependent 
dielectric breakdown (TDDB), all 16 I/O and 8 pads from each group were used. In addition, 5 separate 
reference sets from a different wafer of the same wafer batch were used to assess activation energies 
and acceleration factors, as shown in the supplementary information (SI). 

Four sets of characterizations were performed before and after every stress test. These were 
(i) large-signal angular deflection (𝑑𝑑𝐿𝐿𝐿𝐿) at 100 kV/cm, (ii) frequency-sweeps at 5 kV/cm in the range of 
0-10 kHz in steps of 100 Hz, (iii) bipolar and unipolar polarization vs. electrical field (P-E) at 100 Hz with 
a maximum amplitude of 100 kV/cm, and (iv) bipolar capacitance and loss vs. electrical field (C-E) with 
a small-signal amplitude of 200 mV, maximum field of 100 kV/cm and a small-signal frequency of 1 
kHz. Pristine and stress-tested devices were compared using curves and a set of selected 
characteristics; 𝑑𝑑𝐿𝐿𝐿𝐿, the mechanical mirror resonance, 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟, the positive-negative remnant 
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permittivity over a full C-E loop, 𝜖𝜖𝑎𝑎𝑎𝑎𝑎𝑎, and the loss tangent, tan (𝛿𝛿). 

Electrical lifetimes were assessed by TDDB on both pristine and stress-tested samples at 
temperatures of 150-200 𝑜𝑜𝐶𝐶 and electrical fields of 100 < E < 250 kV/cm. Weibull analysis was used to 
estimate the time-to-failure using the approach described in 18,19: 
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Here 𝑃𝑃𝑓𝑓(𝑡𝑡) is the probability that a device will fail at a given time, t, i.e. the time when the leakage 
current has increased by 100x compared to steady-state. 𝛼𝛼 is the reported median time-to-failure 
(MTTF), i.e. the time where the failure probability is 1

𝑒𝑒
= 63 %, also known as the Weibull scale. 𝛽𝛽 is

the Weibull modulus; the variability in MTTF. The failure times from the reference-set (group E) were 
fed into the Prokopowicz-Vaskas model to find activation energies, 𝐸𝐸𝐴𝐴, and voltage acceleration factors 
at a given temperature, 𝑁𝑁20: 
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𝑡𝑡𝑖𝑖, 𝑉𝑉𝑖𝑖 and 𝑇𝑇𝑖𝑖 are the MTTF, voltage, and temperature, respectively, at condition 𝑖𝑖. 𝑘𝑘𝐵𝐵 is the Boltzmann 
constant. The lifetime of all stress-tested devices was assessed using moderate acceleration-conditions 
(T = 175 oC, E = 150 kV/cm). All pristine and stress-tested devices were characterized by optical 
microscopy.  

Figure 2 shows the measured characteristics of each group before and after stress testing. The 
results are summarized in Table 1. As Figure 2 (a) – (b) indicates, stressing the devices had little to no 
degrading effects on the investigated electromechanical properties. On the contrary, 𝑑𝑑𝐿𝐿𝐿𝐿 increased 
compared to the reference set in all instances apart from after vibration-testing, where the average 
𝑑𝑑𝐿𝐿𝐿𝐿 decreased by 2 %. This general increase is ascribed to device-poling as the initially unpoled devices 
see unipolar fields during electromechanical characterization. The small-signal angular deflection (5 
kV/cm), however, did not change in any of the tests. With regards to the mechanical mirror resonance, 
softening/stiffening of the nonlinear normal modes with Lissajou-type motion patterns were observed. 
It is noted that all devices displayed nonlinear Duffing-type resonance21,22 both before and after stress-
testing, as described in more detail in the SI. However, these resonances occur outside the quasi-static 
to low-frequency (<1 kHz) working regime needed to deflect and stabilize the micromirror's tilt 
positions.  

TVAC, vibration, and unbiased radiation had comparable effects on the polarization and 
imprint characteristics, as shown in Figure 2 (c) and (d). 2PR decreased in a similar manner as after the 
initial bipolar cycles of unstressed devices in a lab-scale ambient at room temperature and 35 % 
relative humidity. This effect was therefore ascribed to normal polarization-stabilization and fatigue-
type behavior, as demonstrated for a reference device in the SI. All pristine devices had a small positive 
self-imprint, i.e., a shift of the hysteresis to larger positive values along the voltage axis. A combination 
of asymmetric electrodes and the thin film fabrication process is a plausible origin of such imprint. 
Here the asymmetric electrodes induce an internal field-up of around ΦPt−Φ𝑇𝑇𝑇𝑇𝑇𝑇
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6.0 kV/cm. TVAC and vibration-stressed devices developed negative imprints comparable to that of 
about 5 decades of lab-scale testing at a room-temperature environment, with a rate of 1.4 kV/cm per 
decade time at 100 kV/cm unipolar field down. According to the interface screening model, imprint 
arise because of internal dipole alignment with the applied bias, which creates a compensating internal 
field. In undoped PZT thin films, relatively large concentrations of migrating charged point defects, 
oxygen vacancies (𝑉𝑉𝑂𝑂∗∗) in particular, create defect dipole complexes that align with the applied field. 
The measured hysteresis imprint is a result of these defect dipole-complexes stabilizing the internal 
field in one direction. At the same time, charge carriers de-trapping from interfacial layers pins and 
immobilizes domain wall motion, reducing the polarization and ferroelectric back-switching23–25. Figure 
3 (a) shows a decreasing ±PR and a clockwise rotation of the hysteresis-loop for an unbiased 𝛾𝛾-radiated 
micromirror. Apart from the simultaneous bias and radiation test, this was characteristic for all 
stressed and unstressed devices, which is in-line with the established models for interface screening 
and defect-dipole alignment23–26. The unbiased 𝛾𝛾-radiated devices, however, showed a more 
pronounced hysteresis-rotation, larger decrease in 2PR, and an enhanced imprint compared to TVAC 
and vibration-stressed devices. This is presumably an effect of the additional photoinduced charges 
from the high-intensity radiation. Simultaneously biasing the devices during 𝛾𝛾-radiation, enhanced the 
imprint further, and increased +PR. -PR remained unchanged. This is seen by comparing the pre/post 
𝛾𝛾-radiation P-E loops in Figure 3 (a) (unbiased) and (b) (biased), and can be explained by the additional 
photoinduced charges migrating with the applied bias during radiation, thereby changing the 
polarization-field characteristics27. Despite the indication of increased large-signal leakage, Figure 3 (c) 
and (d) shows that the permittivity and loss were not significantly affected. Zhu et al. have shown that 
UV radiation can be used as a tool to enhance poling and also enable cold-poling28,29. Though 𝛾𝛾-
radiation and bias are expected to cause similar effects, neither the small-signal deflection nor 𝑑𝑑𝐿𝐿𝐿𝐿 of 
the micromirrors increased more than the other stress tests. This suggests that 𝛾𝛾-radiation and 50 



kV/cm at room temperature is inadequate to markedly enhance device-poling. Despite that the total 
dose of 1 kGy used here is well below typical literature doses27,29–32 and well below the radiation 
hardness of PZT (~50 kGy31,32), the results indicate that 𝛾𝛾-radiation and bias still induce some radiation-
damages even at lower exposure doses.  

Figure 4 (a) exemplifies typical leakage vs. time curves for eight inner, eight outer, and eight 
capacitors, plotted on top of each other in the same graph. The inset images show a representative 
capacitor before (left) and after (right) failure, with electrothermal breakdown events (ETB) indicated 
by the red arrows. Generally, the leakage vs. time displayed an initial leakage with a Curie-von 
Schweidler type behavior (𝐼𝐼(𝑡𝑡) ∝ 𝑡𝑡−𝑛𝑛), reaching a stable state for a period before rapidly increasing as 
the samples electrically degrade33,34. The relatively scarce appearance of leakage transients throughout 
the measurement time for low to moderate acceleration conditions, below 150 kV/cm and 175 oC , 
correlates well with few or no ETBs on the failed samples. ETB arises as high current densities generate 
enough heat to locally melt/sublimate the layer-stack materials and can be observed as electrical 
discharge events35. Leakage transients are the archetypical signature of ETB and are regularly 
encountered for electromechanically degrading piezoelectrics, as well as electrically degrading 
dielectrics under high bias fields. At higher acceleration temperatures and electrical fields, more 
leakage transients appeared during electrical degradation, as did the number of post-failure craters 
(see the SI). This is reasonable as the power dissipation during each ETB increases when the bias 
increase.  Leakage transients in piezoelectric thin films can have several different origins due to their 
complex electromechanical characteristics16,17,36. Post-failure ETBs are often connected by cracks of 
various extensions, yet the dynamics of their generation before, during, and after ETB is still under 
discussion37. It is noted that both pristine and stressed devices displayed similar leakage-with-time 
characteristics at 175 oC, and 150 kV/cm, independent of electrode size, electrode location on the die, 
and die location on the 6" host wafers across multiple fabricated batches. Thus, the material 
characteristics of the finalized thin-film layer stacks used here appear relatively homogenous, defect-
free, and reproducible. 

The five groups' failure-probability distribution for the capacitors and inner/outer membrane 
actuators are shown in Figure 4 (b) and (c), respectively. The Weibull fitting from eq. (1) is summarized 
in Table 1; the brackets indicate the 95 % confidence interval. The stress-tested devices had MTTF in 
the range of 1.95-2.64 h, close to 2.11 h as for the reference set. Neither the MTTF nor 𝛽𝛽 showed any 
clear dependency on the membrane-actuator being the inner or outer ring. TVAC and vibration-
stressed devices displayed an increased electrical lifetime, whereas radiation had a decreased 
electrical lifetime compared to the reference set. This correlates well with the apparent radiation-
induced effects on the P-E and C-E loops discussed above. I.e., additional photogenerated carriers 
contribute to larger leakage and earlier failure. It is noted that, despite being a smaller set, all 
capacitors had markedly larger MTTF and 𝛽𝛽-values than the membranes. It is plausible that the 
capacitors have a smaller distribution of flaws compared to the actuator-membranes due to their 
considerably smaller surface area and less complex top electrode geometry. The probability 
distribution of Figure 4 (c) reveals a split into two failure times for the reference and vibration groups, 
not clearly distinguishable in the other groups. These are split and re-plotted in Figure 4 (d), and 
contain 7-9 points in each subset. The infant failures are denoted 1 and the secondary failures 2, with 
corresponding MTTF and Modulus' of MTTFRef.1= 0.9 h, βRef.1=13.7, MTTFRef.2= 2.6 h, βRef.2=15.0, 
MTTFVib.1= 1.4 h, βVib.1=122.1 and MTTFVib.2 = 3.2 h, βVib.2=8.2. The two failure times suggest that 
devices can experience two failure modes. Considering that the actuator-membranes are allowed to 
strain considerably more than the capacitors and routings when biased, which theoretically should 
increase lifetime because of stress-alleviation, it is plausible that the clamped pad and routings are the 
critical device flaws. ETBs along the routings were generally found to be larger than those along 
membranes and routings, as illustrated in Figure 4 (e) and (f), possibly due to less mechanical stress-
alleviation when electromechanically stressed. The fact that the pads always had a larger MTTF than 
the actuator-membranes suggests that routings fail before the pads on the reference and vibration 



set, similar to observations in previous work in humid conditions16,17,35. Yet  MTTF increasing for both 
infant and secondary failures after vibration-testing suggests that failure is more closely related to 
substrate clamping rather than potential mechanical or thermal damage.  

Fitting ln(MTTF) vs. temperature and voltage using eq. (2) resulted in activation energies of 
𝐸𝐸𝐴𝐴,𝑂𝑂 = 1.030, 𝐸𝐸𝐴𝐴,𝐼𝐼 = 1.032, 𝐸𝐸𝐴𝐴,𝑃𝑃 = 1.091 for the outer/inner membrane actuators and capacitors, 
respectively. This is shown in Figure 5 (a) and (b). Presumably, failure is here a result of already 
established mechanisms related to 𝑉𝑉𝑂𝑂∗∗-migration and build-up near the cathode region. PZT thin films 
have a relatively low activation-energy for 𝑉𝑉𝑂𝑂∗∗ migration (𝐸𝐸𝐴𝐴~0.6 𝑒𝑒𝑒𝑒)38,39. Also, undoped PZT is 
inherently acceptor-dominated and has a 𝑉𝑉𝑂𝑂∗∗-concentration considerably higher than donor-doped 
PZT, and no multivalent acceptor-dopants, such as Mn to compensate for cathodic charge-injection40. 
Numerous secondary degradation mechanisms induced by cathodic 𝑉𝑉𝑂𝑂∗∗ build-up may lead to electrical 
failure, and depends on the electrode size and material, film-stoichiometry, polarity of the applied 
field, and in particular, the thin film processing conditions. Potential mechanisms which correlate with 
the present activation energies include electron-trapping by 𝑇𝑇𝑖𝑖4+ (𝐸𝐸𝐴𝐴~1.1 𝑒𝑒𝑒𝑒), hole-trapping by lead-
vacancies, 𝑉𝑉𝑃𝑃𝑃𝑃′′ , (𝐸𝐸𝐴𝐴~0.6 − 1.1 𝑒𝑒𝑒𝑒), hole-trapping by acceptor impurities (𝐸𝐸𝐴𝐴~0.6− 1.3𝑒𝑒𝑒𝑒) or 
electron-trapping by 𝑉𝑉𝑂𝑂∗∗ (𝐸𝐸𝐴𝐴~1.0− 1.2 𝑒𝑒𝑒𝑒)39. In the absence of visible cracks and ETB (hard 
breakdown events), it is plausible that devices can be partially rejuvenated from soft breakdown 
events by reversing the electric field at elevated temperatures and drive 𝑉𝑉𝑂𝑂∗∗ from the cathode 
interface back into the bulk of the film.  

Lastly, voltage acceleration-factors of 𝑁𝑁𝑂𝑂 = 2.56, 𝑁𝑁𝐼𝐼 = 2.59 and 𝑁𝑁𝐶𝐶 = 2.88 V-1 were found for 
the inner/outer actuator-membranes and capacitors, respectively. These are lower than other typically 
reported values for PZT, typically in the range of 4-534,39,41. Extrapolating the lifetime using eq. (2), the 
estimated MTTF yields 12 years at 70°C and 1200 years at 30°C at a typical constant operating field of 
50 kV/cm.  

In conclusion, we have shown that thin film Pb(Zr,Ti)O3-based micromirrors can withstand 
operating conditions encountered on a space mission without the functional properties degrading. In 
fact, because of device poling, a general improvement of the functional properties was measured in 
all instances after stress testing. Moreover, exposure to heavy random and sinusoidal vibrations and 
thermal cycling in a vacuum considerably increased the median time to failure compared to pristine 
devices. 𝛾𝛾-radiation, on the other hand, caused a larger hysteresis loop imprint and decreased the 
median time to failure after stressing the devices. The hysteresis inflated, and the lifetime decreased 
further when the devices were simultaneously irradiated and biased, indicating additional 
contributions from migrating photoinduced and de-trapped charge carriers. Prokopowich-Vaskas 
analysis of pristine devices yielded activation energies of 1.03-1.09 eV and voltage acceleration factors 
of 2.56-2.88 V-1, suggesting failure due to migration and cathodic build-up of oxygen vacancies, 
extrapolating to a lifetime of 12 years at 70°C. Altogether, the results show that PZT-based thin film 
MEMS devices are space-ready, and those common stressors encountered in space are expected to be 
considerably less aggressive than those encountered on Earth, such as humidity.  

Supplementary material  
See the supplementary material for extended details on test conditions, the effect of stress tests on 
functional properties and lifetime, leakage with time characteristics for the tested devices, and 
changes in the resonance characteristics after stress testing.  
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Figure 1. (a) and (b) schematically show the finalized micromirror structure and the functional layer to 
scale. (a) shows the device constituents and a section-cut and (b) a cross-section of the layer-stack and 
polarity. Micromirrors mounted for TVAC, vibration, and 𝛾𝛾-radiation stress test (c)-(e); and schematic 
representation of the test sequence (f). 



 

  

 

Figure 2: (a); large-signal angular deflection (𝑑𝑑𝐿𝐿𝐿𝐿), (b); small-signal resonance frequency (𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟), (c); 
remnant polarization (2𝑃𝑃𝑅𝑅), (d); imprint, (𝐸𝐸𝐶𝐶,𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖), (e); average permittivity (𝜀𝜀𝑎𝑎𝑎𝑎𝑎𝑎) and (f); loss tangent 
(𝑡𝑡𝑡𝑡𝑡𝑡(𝛿𝛿)) after stress-testing. The light grey bars show pristine values. The black error bars show the 
standard deviations for each set. 



 

  

   

Figure 3: General trends in ferroelectric hysteresis upon 𝛾𝛾-radiation without (a) and with (b) applied 
bias. Permittivity and loss after simultaneous radiation and bias are shown in (c) and (d), respectively.  

 



 

 

 
Figure 4: Typical TDDB measurement (175 oC, 150 kV/cm) illustrated for a TVAC-tested set of devices; 
eight capacitors, eight inner and eight outer membrane sections, (a). The inset image shows a 
micrograph of typical failure sights before and after TDDB. The absence of transient currents is 
noticeable. (b) and (c) show failure probability distributions exemplified for the five groups for 
capacitors, (b), and membranes, (c), respectively. (d) shows the splitting of failure times for the 
reference and vibration-tests with 7/9 samples in Ref.1/Ref2 and 8/8 samples in Vib.1/Vib.2. 
Electrothermal breakdown events were observed along pads and routings, (e), as well as on 
membranes, (f). 
 

 
Figure 5: Fitting and calculation of activation-energy, (a), and voltage acceleration-factor, (b). 

 



  



 

 

 

 

 

Table 1: Measured overall pristine, post-test, and cumulative averages for the various stress tests. 

Test  𝐝𝐝𝐋𝐋𝐋𝐋 [𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦] 𝐟𝐟𝐫𝐫𝐫𝐫𝐫𝐫,𝐒𝐒𝐒𝐒 [𝐤𝐤𝐤𝐤𝐤𝐤] 𝟐𝟐𝐏𝐏𝐑𝐑 �
µ𝐂𝐂
𝐜𝐜𝐦𝐦𝟐𝟐� 𝐄𝐄𝐂𝐂+ �

𝐤𝐤𝐤𝐤
𝐜𝐜𝐜𝐜�

 𝐄𝐄𝐂𝐂,𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬 �
𝐤𝐤𝐤𝐤
𝐜𝐜𝐜𝐜�

 
𝛆𝛆𝐚𝐚𝐚𝐚𝐚𝐚 𝐭𝐭𝐭𝐭𝐭𝐭(𝛅𝛅) [%] 𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌 𝐱𝐱𝐱𝐱𝟎𝟎𝟑𝟑 [𝐬𝐬],  

𝛃𝛃 [𝟗𝟗𝟗𝟗%], I/O 
𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌 𝐱𝐱𝐱𝐱𝟎𝟎𝟑𝟑 [𝐬𝐬],  
𝛃𝛃 [𝟗𝟗𝟗𝟗%], cap. 

Pristine  
(avg. all) 

4.5 ± 0.6 8.5 ± 0.8 19.0 ± 0.1 30.9 ± 0.3 2.6 ± 0.3 908 ± 5 3.1 ± 0.1 7.6, 3.1 
[6.6 – 8.7] 

7.9, 7.7 
[7.2 – 8.7] 

TVAC 5.0 ± 1.2 8.5 ± 0.3 15.0 ± 0.1 21.4 ± 0.8 −6.1 ± 0.5 907 ± 5 3.0 ± 0.3 9.0, 4.0 
[7.9 – 10.3] 

10.4, 6.2 
[9.2 – 11.7] 

Vibration 4.8 ± 0.1 8.9 ± 0.3 15.2 ± 0.1 22.3 ± 1.1 −5.2 ± 0.9 907 ± 6 3.0 ± 0.3 8.8, 2.8 
[7.3 – 10.6] 

10.7, 2.4 
[7.5 – 15.4] 

Radiation  
no bias 

5.0 ± 0.6 9.1 ± 0.3 16.9 ± 0.3 21.0 ± 2.2 −7.5 ± 4.0 878 ± 10 2.9 ± 0.1 7.0, 9.5 
[6.7 – 7.4] 

8.2, 8.6 
[7.5 – 8.9] 

Radiation  
10 V bias 

5.0 ± 0.6 9.1 ± 0.3 20.9 ± 1.6 22.7 ± 2.1 −9.9 ± 0.8 863 ± 68 3.9 ± 0.8 7.0, 4.4 
[6.4 – 7.8] 

7.5, 7.4 
[7.1 – 7.9] 

Cumulative  
no bias 

4.6 ± 0.7 8.6 ± 0.3 14.6 ± 0.9 34.6 ± 2.1 −7.0 ± 3.6 908 ± 12 3.1 ± 0.1 7.4, 9.8 
[6.8 – 7.9] 

7.5, 6.6 
[6.6 – 8.5] 

Cumulative  
10 V bias 

4.6 ± 0.7 8.6 ± 0.3 21.1 ± 2.0 22.2 ± 2.2 −11.0 ± 0.5 844 ± 18 2.8 ± 0.2 7.0, 4.6 
[5.9 – 8.3] 

7.4, 2.5 
[5.5 – 9.9] 
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