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TID-induced degradation in CMOS-
TDI sensor systems
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Space-borne CMOS-based sensor systems with time delay and integration (TDI) functionality are
susceptible to the radiation environment in orbit. Total ionizing dose (TID) impacts CMOS detector
structures and considerably deteriorates performance and image quality. We investigated dynamic
detector-oriented methods to counteract TID-induced degradation effects. We equipped the CMOS-
TDI detector system with in-orbit monitoring capabilities applying charge injection and subsampling
to reveal inherent detector operation feedback and enable system adaptation during operation. Thus,
the impact of radiation was significantly contained. The charge transfer efficiency (CTE) accordingly
reached the pre-radiation level. The relative charge loss was reduced by a factor of 8.1, yielding a
substantial improvement in CTE, and hence, in the geometric resolution. We further applied device
compact modeling, aiming for a comprehensive system model to facilitate adequate prediction of
performance degradation caused by TID, which could be generally applied to upcoming designs of the
CMOS-TDI detector family after external validation.

Keywords Charge injection, CMOS-TDI, Degradation, In-orbit monitoring, Equivalent time sampling,
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State-of-the-art space-borne CMOS-based sensor systems are designed for earth observation or planetary
exploration and are exposed to the radiation environment in orbit!. Protons, electrons, low-energy heavy ions,
and galactic cosmic rays cause both single event effects (SEEs) and cumulative radiation effects?>. SEEs are
random particle-induced events that range from transient upsets to persistent conditions, such as latch-up, with
performance and/or functional impact. Common strategies to mitigate destructive SEEs are hardened device
structures and circuit-level redundancies*. Cumulative radiation effects lead to changes in the semiconductor,
which result in gradual, systematic performance deterioration. One distinguishes between displacement damage
(DD), describing lattice defects related to non-ionizing radiation, and total ionizing dose (TID), referring to the
cumulative charge build up resulting from exposure to ionizing radiation>®.

Using in-orbit calibration systems is a common practice for managing the gradual degradation in image
quality. Various techniques are implemented to update operating parameters to restore system accuracy
during operation. The visible and infrared system on the NOAA-20 satellite (VIIRS), for example, utilizes an
onboard solar diffuser combined with lunar data to correct long-term gain trends, whereas the Chinese set of
remote sensing satellites, SuperView-1, operates with multiple ground permanent artificial targets to verify the
radiometric performance at the system level”.

The CMOS-TDI detector system is designed for future satellite missions, that aim for high-resolution
reconnaissance with a ground sampling distance (GSD) well below 50 cm. It employs a high-voltage CMOS
process for the embedded charge coupled device (eCCD), enabling the transport of a large amount of charge
and thereby resolving complex image scenes with a high dynamic range (Fig. 1f). The readout integrated circuit
(ROIC) is fabricated in a high-speed BICMOS process, ensuring fast readout of the image data. The combination
of the technologies creates flexible and highly integrated detector modules, utilizing TDI operation to fulfill
the growing demands on signal-to-noise ratio (SNR), spatial resolution, and on-chip processing (Fig. 1a)°~!!.
The improvements in system accuracy are accompanied by higher sensitivity and susceptibility to radiation,
underscoring the need for further research into methods to mitigate performance degradation in orbit. The
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Fig. 1. The CMOS-TDI imaging system in orbit and experimental measurement of the impact of TID. (a) The
concept of a TDI line scanner, which effectively extends the exposure time by a charge transfer opposite to the
flight direction. (b) Charge injection threshold for different radiation doses, illustrating the flatband voltage
shift in the eCCD, which leads to a misalignment of the eCCD charge domain. (¢) CTE by increasing radiation
dose degrades the geometric resolution of the detector system; a CTE of 1 represents the theoretical maximum.
(d) ROIC ADC dark noise vs. radiation dose, increasing by a factor of 1.93 at a radiation dose of 110 krad(Si)
and, in turn, reducing the dynamic range. (¢) ROIC ADC transfer function degradation for different radiation
doses, showing a further reduction in the dynamic range and a change in sensitivity, which result in non-linear
effects in the acquired image data. (f) Jamsil-dong, Songpa-gu, Seoul, South Korea, road crossing next to the
Jamsil Olympic Stadium, photographed in 2026 by the Korea Multi-Purpose Satellite-7 (KompSat-7) with a
GSD of 30 cm and a radiometric resolution of 12 bit. Source: Korea AeroSpace Administration (KASA).

common approaches are limited to changes in the focal plane electronics (FPE), they consist of evaluating
system level deviations to estimate and correct performance parameters through gain changes or solely even
via image post-processing!?. They do not target the detector operation and therefore cannot counteract the
radiation-induced performance degradation of the sensor. The degradation of the image quality of the CMOS-
TDI detector system in the radiation environment in orbit mainly relates to TID-induced changes in CCD
structures and deterioration of the performance of CMOS analog-to-digital converter (ADC) circuits'*-17. TID
significantly impacts essential system parameters, such as the dynamic range, SNR, sensitivity, and modulation
transfer function (MTF), and may result in a complete detector malfunction due to charge buildup. DD effects
mainly result in silicon bulk damage, increased dark current and degraded charge transfer efficiency (CTE)
related to CCD-on-CMOS sensors, however, for the CMOS-TDI detector system it plays a marginal role in the
performance compared to the TID-induced degradation due to the application and its inherent structure!®!°.

In the following, we investigate detector-oriented methods for the CMOS-TDI detector system to dynamically
counteract radiation-induced degradation caused by TID. Design analysis, simulations, and detector
measurements are conducted to identify system adaptation and monitoring options to achieve a constant image
quality over the mission lifetime. We adapt system operation parameters to assess the extent to which the effects
of TID can be overcome and develop a theoretical model to predict TID-induced degradation in the CMOS-TDI
detector system.

Results and discussion

Impact of TID on the CMOS-TDI detector system

TID has an extensive impact on the CMOS-TDI detector system and on the resulting image quality. To assess
the degradation of the eCCD and the ROIC circuitry, we performed experimental detector measurements using
a set of iterative electrical tests during ®*Co () irradiation on four different detectors to emulate the response
of the sensor exposed to TID in orbit. We further conducted SPICE simulation of the eCCD and ROIC circuitry
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to compare and validate the established device compact models. For further methodological details, see the
Methods section at the end of this manuscript.

Linearity of the analog-to-digital converter (ADC)

The relative transfer function degradation was defined as the mean degradation, é 4, of all four detectors for each
radiation dose D, normalized to the pre-radiation result (Fig. 1e). The ADC transfer function was measured by
using a converter-synchronized external input signal to emulate an eCCD output.

It revealed changes in the pattern of integrated nonlinearity (INL), the converter slope, and the zero-scale
level. The observed transfer function degradation decreased sensitivity and, in combination with an increased
noise, resulted in a notable reduction in dynamic range (Fig. 1d). The relative degradation J, appeared
throughout the entire dynamic range, whereas the intensity of the TID-induced INL pattern varied slightly
across the tested integrated circuits. The allocation of the observed degradation mechanism could be narrowed
down to the comparator circuitry by simulation.

A change in sensitivity is common for TID-induced effects on CMOS ADCs, but the concrete error pattern
highly depends on the complexity and the system architecture of the designed integrated circuit'®!72!-22, Further
layout data analysis and parasitic extraction would be needed to investigate the specific circuit part causing the
degradation. The observed increase in ROIC noise is in the range of common findings, where the magnitude of
the increase varies between reported detector architectures!”.

Flatband voltage shift determination
The fill threshold during charge injection is a crucial measure of the eCCD input structure and enables the
assessment of the charge domain alignment. To determine the n+ drain voltage level, at which charge carriers
start to reach the depletion regions below the eCCD input gate ¢, a specific fill threshold test was conducted
iteratively between the irradiation intervals.

It revealed a noticeable TID-induced flatband voltage shift. Fig. 1b illustrates the voltage shift of the fill
threshold, which could be assigned to the flatband voltage shift of the input transfer gate potential Agg,.
Different values for frontside-illuminated (FSI) and backside-illuminated (BSI) eCCDs could be determined,
with a larger change for BSI at the maximum radiation dose of 110 krad(Si). The flatband voltage shift, which
occurs at all eCCD gates, distracted the alignment of the eCCD charge domain.

The observed voltage shift Ag,4. can be explained by the accumulated charge in the gate oxide induced by
ionized radiation. The finding is consistent with reports of similar processes'>!*?%. The significant difference
between FSI and BSI in flatband voltage shifts stems from the different manufacturing processes for the device
types. The additional BSI fabrication steps create donor-like border traps at the silicon-oxide interface, shifting
the flatband voltage as if a positive charge were present*’. Thus, the absolute value of A¢, is higher for BSI
devices.

Activation energy and dark current

Changes on activation energy were measured by assessing the leakage current in a reverse-biased diode formed
by the p-substrate and the n-well (eCCD buried channel) versus temperature. The dark level measurements on
the detector system were performed with an integration time of 6.66 ps.

For the activation energy measurement, a mean reduction of AE, of — 0.195 eV for BSI, and — 0.391 eV for
FSI between non-irradiated and irradiated eCCDs (110 krad(Si)) was shown. We observed a marginal increase
of 0.28 % of the eCCD dark level relative to the ADC full-scale at 110 krad(Si).

The thermal activation energies are characterized mainly by bulk dark current conditioned by trap-assistant
carrier thermal generation. It indicates that the contribution from TID-generated surface states is marginal and
that displacement damage (DD) has no significant effect within the investigated dose range. The difference in
AE, between BSI and FSI is related to more bulk volume for the tested FSI diode (p-substrate), and, in turn,
more diffusion current in the non-depleted bulk compared to BSI?®. To evaluate a dark current specification in
electrons per pixel per second, additional tests with longer integration times are necessary.

Source follower characterization
The characterization of the source follower (SF) was conducted by assessing the DC transfer function between
the drain of the conducting reset transistor and the resulting SF output voltage (Fig. 2d).
It showed a substantial degradation in the unused lower region (U4 < 4.0 V) and minor deviations inside the
operation region (8.0 V < U4 < 11.0 V), which was expressed as SF gain loss AAg vs. radiation dose (Fig. 2b).
It aligns with common findings that the SF topology is relatively robust and tolerates radiation degradation

with minimal impact on performance?.

Overall view
The primary contributor to the performance degradation was CTE deterioration caused by misalignment of the
eCCD charge domain. The observed ADC non-linearities were critical compared to the marginal SF gain loss.
Regarding the conducted tests, leakage current and subthreshold behavior are known transistor properties
that are affected by TID??%, At the system level, they increase overall power consumption and thus affect the
thermal control loop of the focal plane array (FPA). However, we could not assess the effects on leakage current
and subthreshold behavior, as any increase in leakage current is hardly distinguishable from dynamic switching
losses due to the given lack of accuracy of the test setup. Although, Gamma rays emitted by %°Co (7) sources
induce DD effects through the generation of secondary electrons, they can be disregarded in the structure of the
examined detector system?*C. The CTE degradation is crucial, as CTE is directly linked to the MTE, a key metric
of the magnitude response of an optical system at different spatial frequencies and, hence, image quality®*2.
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Fig. 2. The flexibility of the CMOS-TDI system. (a) CMOS-TDI detector system in a PGA-132 package

with eCCD (top) and ROIC (bottom), picture of the analyzed sensor assembly, Credit: German Aerospace
Center (DLR), WR-HGE. (b) SF gain loss by increasing radiation dose, showing a marginal change of -0.54

% at 110 krad(Si). (c) Flatband voltage shift for FSI and BSI detectors by increasing radiation dose, indicating
0.67 V for FSI, and 1.10 V for BSI at the maximum radiation dose of 110 krad(Si). (d) Physical structure of the
eCCD from the injection side (left), with input transfer gate ¢4, and input summing well ¢;,, to the readout
side (right), with output transfer gate ¢4, output summing well ¢, and the floating diffusion (FD) including
the subsequent source follower (SF) circuitry. (¢) CMOS-TDI block diagram separated by domains and key
parameters, the analog electrical input signal, created by charge injection, is converted into a digital ADC
output code.

Post-processing methods can be applied to correct the ADC non-linearities. The TID-induced SF gain loss has a
minimal and linear impact on the overall performance degradation of the CMOS-TDI detector system.

Adjustable parameters in the CMOS-TDI system to counteract degradation

The investigated version of the CMOS-TDI detector system consists of an 8-pixel test detector. It aims to
achieve higher integration to improve signal integrity and incorporate complex functionality in a reduced form
factor, resulting in an increased sensor operating speed up to 150 kHz and a reduction in overall FPA power
consumption. System performance benefits from the separation into two distinct, specifically selected CMOS
processes: 350 nm CMOS (IMS L035 Opto) for the eCCD and 130 nm BiCMOS (IHP SG13S) for the ROIC
(Fig. 2a). The buried-channel eCCD is suitable for high-voltage operation, yielding a high full well capacity
(FWC) of 150 ke-. The architecture of the 8-pixel test sensor employs a fill-and-spill structure for charge
injection, and overlapping poly-gates ensure high CTE across selectable 128- or 256-stage TDI modes. After the
eCCD readout circuitry (SF), the ROIC converts the eCCD signal into a corresponding 12 bit digital number
(DNjy;) per pixel column. The ROIC ADC consists of a correlated double sampling (CDS) input stage with
interleaved sample-and-hold paths and an auto-zero comparator with a single linear analog ramp. A high-speed
serializer processes the output pixel data. The eCCD clock regime defines the detector systems integration time
and determines the periodic restart of the ADC clocking regime. The phase-locked relation between the control
signals of the ADC’s CDS input stage (¢y, ¢q, dsn> @rq) and the eCCD clock regime is crucial to guarantee the
constant performance of the ADC, independent of the applied integration time (Fig. 2e).

For the eCCD charge domain, the flatband voltage shift of the input transfer gate A¢y. was extracted as
the adjustment data for all other eCCD gates, ¢1_4, Pin> P1g> and ¢y, by assuming equal flatband voltage shifts
for the eCCD gates and considering negligible TID-induced surface states, as well as buried channel eCCD
operation without inversion during low state. The degradation of the ADC transfer function was quantified as
an error function e(DN), enabling a mathematical correction via post-processing. Its coefficients had been fitted
to the mean degradation of all four measured detectors. The SF gain loss AAgy was revealed from the relative
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changes in the SF circuit in the operation region. After performing the detector measurements, we extracted
adjustment and correction data to evaluate which operation parameters were used to adapt the system.

To counteract potential changes in operational parameters due to aging or radiation, all crucial eCCD control
nodes, such as transport gates, drain connections, reset gates, and the SF idle current source, were accessible via
digital-to-analog converters (DACs) (Fig. 2d). Consequently, the CMOS-TDI detector system was flexible in
responding to changes in the orbit environment and to different mission requirements during system design.
The linear regression resulted in different flatband shift ratios for BSI and FSI vs. the radiation dose (Fig. 2¢).
The degradation of the ADC transfer curve revealed one degradation curve per radiation step and enabled a
correction by the error function e(DN). Considering every measured radiation step, a marginal mean SF gain
loss ratio was extracted (Fig. 2b). The changes could be contained by adjusting the SF idle current I;f via a DAC
(Fig. 2d).

The accuracy of the extraction method of the flatband voltage shift can be increased by utilizing physical
simulation. The bidirectional design, including an even number of TDI gates, should be further analyzed to
establish equal relations between the buried channel potentials and the depletion regions below the injection
and readout sides and determine the resulting uncertainties for the two operating directions. The simulation
shall consider the unique design properties of each overlapping poly-gate, including precise thickness and
applied gate oxide voltage, which are major terms in the determination of the threshold voltage shift*>. The
applicability of e(DN) is limited to this specific ROIC design version. For every new design, the characterization
should be verified, including validation of the function type of e(DN) to achieve the smallest residual error. In
addition, we aim to incorporate radiation-hardening-by-design measures in the next revision of the ADC, such
as implementation of enclosed layout transistors (ELT) and optimization of transistor aspect ratios to avoid
parasitic leakage current**~38. Nevertheless, to improve accuracy, the present data set, based on four of 512
operating ROIC channels, could be expanded by measuring additional ROIC devices. The performance impact
of the change in SF gain is secondary to the degradation in the ADC transfer function and the significant eCCD
charge-domain misalignment.

Opverall, adjustment data for the eCCD charge domain misalignment and the SF gain loss are available to
perform a system adaptation of the CMOS-TDI detector. In addition, an error function can be used to post-
process data sampled by the ROIC and to correct the ADC transfer function degradation.

Monitoring to verify the detector system performance

We equipped the CMOS-TDI detector system with in-orbit monitoring capability to unveil time-domain
information of the eCCD output signal that was previously inaccessible during operation. Three inherent tests
constituted an initialization phase that could be applied periodically to monitor the performance of the eCCD
charge domain and the SF circuitry. The extraction of time-domain information of the eCCD output signal was
realized by the subsampling operation mode. It combined equivalent time sampling (ETS) with CDS to derive
time-domain information about the converter input signal (Fig. 3¢)**~*%. We used the impulse charge injection
test to monitor the CTE (Fig. 3d), and the fill threshold test for the assessment of the flatband voltage shift*’.

Figure 3a shows the subsampling result for two eCCD outputs with different settling characteristics. It enabled
amore accurate assessment of the signal settling characteristic and its relation to the ADC timing regime, without
probing or adding load to any sensitive circuit node by design. Hence, it allowed for time-domain adjustment
between the ADC regime and a degraded eCCD output signal by providing inherent detector feedback during
operation in-orbit (Fig. 3b). For the impulse charge injection test, significant changes in the output impulse shape
were observed during irradiation, with the output charge impulse changing drastically due to misalignment of
the eCCD charge domain (Fig. 3e). The fill threshold test revealed a significant flatband voltage shift (Fig. 1b).

The subsampling test monitors any timing or level changes of the eCCD output signal. The subsampling
output is proportional to the derivative of the ADC input signal or rather the output signal of the eCCD. Although
time-domain information can be extracted from the results to detect relative changes during operation, they still
include the asymmetric system response of the CDS input stage amplifier*. This should be considered in future
research, investigating further absolute assessment of the original converter input signal or the eCCD output
signal. The measurement results of the charge impulses confirm that the corresponding impulse charge injection
test is highly suitable for monitoring changes in CTE, which are linked to MTF performance and enable in-orbit
assessment of changes in image quality®>4%17. The established potential alignment of the eCCD buried-channel
(transport), the corresponding input (injection), and output (readout) sections is significantly disturbed, which
in turn affects the transfer conditions for the charge packets. Similar effects are reported, in which CTE degrades
considerably due to charge-domain misalignment and the buildup of unwanted charge barriers*®. The analysis
using the EPER method clearly indicates the misalignment. To distinguish and characterize the different types
of charge losses, future research should aim to enhance the in-orbit monitoring capabilities including first pixel
edge response (FPER)?. The fill threshold test assesses the flatband voltage shift, which causes the reported
CTE degradation (Fig. 1c). In addition, performing the test in orbit provides monitoring data about the real
accumulated total ionizing dose.

Overall, performance monitoring is based on three inherent tests, including the extraction of previously
inaccessible time-domain information from the eCCD output signal during operation via subsampling. It
enables a more accurate assessment of the CMOS-TDI detector system’s status in orbit and provides inherent
detector feedback to conduct targeted dynamic adjustment of the detector system.

Dynamic degradation containment for constant image quality

To achieve a constantly high image quality and system performance over the lifetime in orbit, the extracted
adjustment data was applied to the detector. We conducted an impulse charge injection test on one irradiated
detector (110 krad(Si)) to assess the effect of detector system adaptation and demonstrate the containment of
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Fig. 3. The monitoring capability of the CMOS-TDI detector system. (a) Results of the subsampling operation
mode: PX7 is directly connected from eCCD to ROIC and not accessible for external measurement, resulting
in nominal bandwidth and settling time. In contrast, PX8 is externally loaded to access the circuit node

via probing and, therefore, shows limited bandwidth (eCCD output PX8). The degraded settling (2) differs
significantly from the correct settling (1), illustrating the monitoring of any timing or level changes during
operation. (b) Schematic illustration of the eCCD and ADC control signals. All crucial eCCD and ADC control
signals, such as ¢, ¢4, ¢sp» and ¢4 can be reconciled with the time-domain monitoring result to maintain
the inherent cross-domain signal constraints by reconfiguring the underlying detector state machine. (c)
Schematic illustration of the subsampling operation mode as a form of signal reconstruction, adapted from™.
(d) Impulse charge injection scheme for CTE calculation by the extended pixel edge response (EPER) method,
indicating the key elements?. (e) Impulse charge injection result for different radiation doses, illustrating a
drastic change in impulse shape above a radiation dose of 20 krad(Si) due to the misalignment of the eCCD
charge domain.

TID-induced degradation. The eCCD charge domain and voltage domain were adjusted by A¢g4. and AL,
respectively. In contrast, the ADC degradation was corrected mathematically using the inverse function of
e(DN) to generate the adapted detector system. The SF gain loss was compensated by adjusting the idle current
Iy via a current source, which was controlled by a high-accuracy 14 bit DAC.

The flatband voltage shifts for the eCCD gates were compensated by reducing the gate potentials by the
extracted voltage difference A¢gg.. Figure 4 illustrates the results of the impulse charge injection test before and
after system adaptation. The absolute pre-radiation impulse level could not be recovered (Fig. 4a). The degraded
charge train was compensated towards a more confined impulse with reduced charge losses, resembling the
normalized original impulse shape (Fig. 4b). Hence, the adaptation improved the alignment of the eCCD charge
domain setting, and the relative charge loss was reduced by a factor of 8.1 compared to the irradiated and
misaligned system. The error function e(DN) enabled a non-compensatory mathematical correction for data
sampled by the ROIC ADC, revealing the residual relative degradation after applying the correction on all four
measured detectors below +1% for the full dynamic range (Fig. 4c).

The charge injection level seems to be influenced by unequal flatband voltage shifts below the gates of the
eCCD input section. The system adaptation may benefit from a more specific voltage shift extraction method
based on physical simulation, and a higher relative accuracy of the DACs used for adjustment, especially at
the very sensitive input section (¢;q, ¢gc> and ¢,). In summary, adapting the operation parameters during
irradiation substantially improves geometric resolution in the flight direction by maintaining the CTE at the
pre-radiation level. As the change in SF gain loss was minimal, the relative accuracy of the used DAC has to be
reasonable, but in terms of upcoming highly integrated applications, relative accuracy may become a critical
design issue. The compensation of the degradation in the ADC dynamic range is not possible, as there are
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Fig. 4. Dynamic system adaptation for degradation containment. (a) Absolute result of the impulse charge
injection test before (Irradiated, 110 krad(Si)) and after detector system adaptation (Adapted, 110 krad(Si)),
compared with the pre-radiation result (Pre-rad), illustrating the reduction of the impulse level towards pre-
radiation status. (b) Relative result of the impulse charge injection test before (Irradiated, 110 krad(Si)) and
after detector system adaptation (Adapted, 110 krad(Si)), compared with the pre-radiation result (Pre-rad),
showing the corrected charge train as an impulse with reduced charge loss and the resembled impulse shape
of the pre-radiation status. (c) Residual relative ADC degradation after applying the inverse function of the
error function e(DN) for different radiation doses on one exemplary detector, indicating a residual relative
degradation of below +0.5% for the full dynamic range.

currently no means of counteracting the effect of increased noise, namely, there are no adaptable operation
parameters within the analog circuitry of the ADC input stage.

Overall, eCCD charge domain adjustments are crucial detector-oriented methods for the CMOS-TDI
detector system to counteract TID-induced degradation. The investigation shows that dynamic adaptation of
the detector system significantly contains the impact of radiation. The CTE after system adaptation accordingly
reaches the pre-radiation level for pure buried-channel operation, which confirms that the contribution of bulk
defects is negligible compared to with the TID-induced voltage barrier effects. The mathematical correction for
the relative degradation in the ROIC ADC allows the TID-independent assessment of data recorded with the
ADC.

Device compact modeling to predict radiation impact

Modeling the impact of radiation on the CMOS-TDI detector system enabled the prediction of TID-induced
changes in the eCCD and ROIC. Initially, we elaborated extended device models using manufacturer and
published experimental data for the eCCD voltage domain and ROIC ADC circuitry. We further adapted the
initial models after validation by the system level results of the detector measurements. Within the validation,
the results of the ADC transfer function test and the SF characterization were compared to the corresponding
system simulation results based on the extended device model libraries (BSIM3)*. The identified relative
degradations were used to adapt the underlying device models.

The function on mobility for ROIC and eCCD showed no influence on the performed comparison in the
investigated dose range, hence, the resulting coefficients of the describing functions were set to zero. Additionally,
the function type for the eCCD NMOS threshold voltage was changed from a quadradic polynomial to an
empirical four-parameter saturating function, improving the model by decreasing the residual deviation between
simulation and the results of the detector measurements. Figure 5a shows the achieved improvement for the
ADC transfer function degradation. The matching between simulation and experimental data was significantly
improved up to 10 krad(Si) and above 60 krad(Si), yielding an overall maximum deviation of 10% for the whole
range of the input signal ;. The eCCD voltage domain degradation also showed improved model alignment with
the experimental data (Fig. 5b).

The adapted models, following validation of the initial extended device models, provide more precise
predictions of TID-induced effects on the ROIC and SF circuitry. However, the applied method for model
adjustment is limited in accuracy due to the transfer of relative system-level measurement results to device
models. Utilizing simplified test structures or single devices for the purpose of external validation may increase
robustness and accuracy for both established model libraries*>*°. The deviation in matching between 10 krad(Si)
and 60 krad(Si) for the ROIC can be attributed to limitations of the simulation methodology used (SPICE).
The effects of parasitic elements extracted from the layout cannot be considered due to the unavailability of
layout data. The circuit consists of 186 transistors. Within the mentioned dose range, both parasitic elements
and capacitive negative feedback have a significant impact on the convergence of the simulation. This results in
higher complexity in the iterative simulation. Consequently, the achievable accuracy using a conventional SPICE
approach should be interpreted as limited for the whole investigated dose range. In future research, performing
parasitic extraction (PEX) and including the results in an enhanced simulation environment can improve the
accuracy of the device models. In addition, migrating the device models to BSIM4, which incorporates more
enhanced capacitive effects, can also increase confidence and resolve convergence problems in capacitive-
sensitive parts of the circuit.

Opverall, the extended device compact models adequately predict performance changes caused by TID in the
ROIC and eCCD voltage domain for the examined detector system. They form the basis of a comprehensive
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Fig. 5. Device compact modeling to predict radiation impact. (a) Model and measurement data of ROIC

ADC degradation by increasing radiation dose for an input voltage of @t = 0.2 V before and after model
adaptation, indicating an improved overall matching between the adapted model and the measurement. (b)
Model and measurement data of eCCD voltage domain (SF) degradation by increasing radiation dose for a
gate voltage of U 5 = 9.73 V before and after model adaptation, showing an improved overall matching between
the adapted model and the measurement. (c) Highly-integrated detector model of the CMOS-TDI detector
family, assembled on a ceramic carrier, including high-voltage drivers and optical filter. It constitutes a flexible
detector module with 8092 7 X 7 um pixels, capable of operating at a line rate of 75 kHz and using up to 128
TDI stages, Credit: German Aerospace Center (DLR), WR-HGE’.

system model, including TID effects, to enable a more profound assessment of upcoming designs for the CMOS-
TDI detector family (Fig. 5¢). Future research should address the external validation on independent and
simplified structures on the same CMOS technologies to enable the models to perform a reliable and independent
performance prediction. The prediction can be further enhanced by including PEX into the established model
flow to enable a comprehensive physical simulation of the eCCD and ROIC voltage domain.

Conclusion

In order to derive maximum benefit from the technological advance in sensor accuracy and sensitivity for
space missions, it is crucial to contain the impact of the radiation environment on satellite imaging systems.
The flexible architecture of the next-generation CMOS-TDI sensor system meets the very high optoelectronic
requirements, while charge injection and subsampling ensure inherent monitoring of the detector performance
and enable dynamic detector-targeted approaches to counteract TID-induced performance degradation during
operation in orbit.

We found that system adaptation in the eCCD charge domain maintained performance at a consistently high
level, and the compensation of the eCCD flatband voltage shift provided a significant reduction in the relative
charge loss by a factor of 8.1, while the relative shape of the injected charge impulse could be completely restored.
The CTE of the irradiated detector system was significantly increased and reached the pre-radiation level.

Overall, the investigation shows, that dynamic detector-oriented methods are able to efficiently contain
systematic TID-induced degradation and may substantially contribute to achieve long-term reliability of
CMOS-TDI sensor systems over lifetime in space missions. Performance changes caused by TID in both, ROIC
and eCCD voltage domain, can be adequately predicted by compact device modeling for the examined detector
system. It should be validated externally on simplified and independent CMOS structures and considered for
general application in upcoming designs of the CMOS-TDI detector family. The reported extent of degradation
containment, and thus the considerable gain in image quality, outweighs the effort for the implementation of
additional control functionalities in CMOS-TDI sensor systems and may set a new standard for future missions.

Methods

All detector measurements were conducted unbiased, with all pins shorted together and grounded at a dose rate
of 10 krad(Si)/h on four detectors. Pre-analysis revealed substantial bipolar effects in the eCCD. Additionally,
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the current dose rate suggests a relatively low threshold for possible circuit failure!. Consequently, we decided to
use an unbiased grounded radiation mode to minimize the risk of total device failure. Each test was performed
iteratively, with intervals between %0Co (7) radiation exposure at steps 0, 5, 10, 20, 40, 60, 70, 90, and 110 krad(Si)
by remote testing. The Gamma rays, which were emitted by °Co (y) sources induce bulk defect induced dark
current random telegraph signals (DC-RTS) through the generation of secondary electrons?. For the relatively
highly doped buried channel in the examined detector system, DD effects were not noticeable and could be
neglected inside the investigated radiation dose®’. The detectors were measured at room temperature in the dark,
with the light-sensitive area covered. The detector measurements included the following electrical tests:

ADC transfer function test The transfer function was determined by recording the ROIC ADC output code
as a function of the differential input level @ using a converter-synchronized external input signal to emulate
an eCCD output signal®.

Fill threshold test The input n+ drain voltage level, at which charge carriers start to reach the input gate ¢,
through ¢4., was quantified by iterating the low level of the input n* drain during constant charge injection
(Fig. 2d)*. The DC-blocking gate ¢4, acted as a barrier to minority charge carriers injected via ¢;y. If the ap-
plied voltage at ¢4, was more positive, a less positive low level of ¢;4 was sufficient to get the depletion region
below ¢y, filled with charge carriers. TID accumulated charge in all gate oxides of the eCCD. Consequently,
the start of charge injection into the input gate ¢;,, occured earlier with increasing radiation dose D, resulting
in a higher channel potential at the input n+ drain during fill-and-spill to initiate the fill operation. The dif-
ference in channel potential was directly assigned to the TID-induced shift of the input transfer gate ¢4, as a
change in flatband voltage, given that the operating conditions avoid surface inversion (- 3.0 to 7.5 V). It was
assumed that the flatband voltage shifts below all gates of the eCCD structure are identical.

Source follower characterization The eCCD SF circuitry transfer function was obtained by applying a DC
voltage at the drain of the conducting reset transistor (Q1, Fig. 2d) and measuring the resulting DC voltage at
the interface between the eCCD output and the ROIC ADC input with an external ADC>2.

Constant charge injection test Fill-and-Spill operation was conducted by maintaining a constant injection
level at the input gate ¢;,,>>>.

Impulse charge injection test The degradation of overall charge transport quality from injection to readout
was obtained by injecting a charge impulse train with the applied input gate potential ¢;;,,_p; and calculating
the CTE by the extended pixel edge response (EPER) method?>%¢. The relative charge loss 1 was calculated by
the relation between the deferred charge S; and the last line of the impulse S; (Fig. 3d):

n=S M

Subsampling This operation mode was performed using the eCCD output signal generated by constant
charge injection. Subsampling combined ETS with CDS to gain derived time-domain information of the
converter input signal**=*3. It was based on a specific configuration of the ROIC ADC, which originated from
applying gated or boxcar integrators exclusively on periodic signals*!. Constant charge injection provided a
periodic signal at the eCCD output, emulating constant pixel values for each readout. The sampling window,
which was much smaller than the period of the measured signal, was swept across it, producing at the output
alengthened replica of the input signal, i.e., a reconstructed waveform (Fig. 3c)**. The CDS architecture of the
ADC input stage implied a crucial constraint for the acquired replica, namely that the subsampling output was
proportional to the derivative of the converter input signal.

The tests of the ADC transfer function and the SF characterization were supported by a SPICE simulation bench
that provided a representation of the experimental conditions to identify and attribute TID-induced errors in the
voltage domain. In contrast, a corresponding physical simulation environment for the fill threshold test could
not be established due to missing data. The evaluation focused on the relative degradation compared to the pre-
radiation results, using the non-irradiated data as a calibration reference. The thermal activation energy Ea of
the eCCD was determined by measuring the leakage current at various temperatures in a reverse-biased diode
(7.0 V) formed by the p-substrate and the n-well (eCCD buried-channel).

Detector system adaption

The results of the detector measurements (ADC transfer function test, SF characterization, and fill threshold
test) provided the data to correct the degradation effects on the ROIC voltage domain and to adjust operational
parameters of the eCCD voltage domain and charge domain. The degradation of the ADC transfer function was
extracted as an error function e(DN) by the following steps:

A pre-radiation dark level correction of the ADC transfer function test was performed using this reference as
the lowest value of the range of validity for e(DN).

« The error function (2) was fitted to the mean degradation results of all four measured detectors, with its coef-
ficients o, 51, @, and 3, per measured radiation dose. The function type was selected for the lowest residual
error across all four measured detectors.

e(DN) = <(a1 - 1)e_% + 1) ((az - l)e_% + 1) (2)
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The inverse function of e(DN) was applied as a mathematical correction for this specific detector type, based on
a known radiation dose D.

The eCCD voltage domain degradation was reflected in a loss of the SF gain Ay. It was calculated by linear
regression of the SF characterization results within the operating region (8.0 V < U4 < 11.0 V), yielding the
TID-induced deviation AAgy and the corresponding required change in SF idle current Al .

The adjustment data for the eCCD charge domain (CCD gates) were extracted from the fill threshold test
to assess the flatband voltage shift for the eCCD input transfer gate (A¢g4,.). Data preprocessing was performed
using the error function e(DN), eCCD voltage domain compensation, and dark level correction. The shift of
¢4 was directly assigned to the adjacent gate ¢;;,, the transport gates ¢, ¢, ¢3, and ¢, and the output section
(¢sw and ¢;g), aiming to counteract degradation in the charge domain. The operation parameters of the detector
system were updated by considering the extracted adjustment data of Ay and Agge.

Finally, we conducted the impulse charge injection test on one of the four previously irradiated detectors to
assess the effect of detector system adaptation and demonstrate the containment of TID-induced degradation.
The mathematical correction using e(DN) was applied to the ROIC-sampled data.

Device compact modeling

Our approach to modeling TID-induced effects was based on a two-step degradation modeling process.
Initially, we developed extended device models using manufacturer-provided and published experimental data.
We additionally adapted the initial models after validation using the system level test results from the detector
measurements.

In the first step, we theoretically derived the TID degradation for both implemented technologies, IHP-
SG13S (ROIC) and IMS-L035-Opto (eCCD), using extended device models.

The THP-SG13S TID radiation test report provided all the data necessary to directly determine the
parametrization of the transistor models, specifically vth0 for the threshold voltage and u0 for the mobility**%.
The experimental radiation test data up to 500 krad(Si) showed a significant change in the transfer characteristic
for exemplary high-voltage (HV) MOS transistors. The observed increase in drain current at zero gate voltage
from 13 pA for a non-irradiated device to 21 pA at 200 krad(Si) and the threshold voltage shifts, stated up to -30
mV for PMOS and -200 mV for NMOS devices for a radiation dose of 200 krad(Si), have been assigned to
radiation-dependent parameters u0 and vth0, respectively. Both parameters were implemented into an initial
extended device model by a specific function of the dose D in krad(Si).

A more generic procedure was used for IMS-L035-Opto, based on published experimental data from a
similar process, combined with the results of a formal guide on modeling the impact of radiation on CMOS
structures, due to a lack of specific radiation test data for the investigated eCCD technology®*>°. Therefore, the
theoretical approach relied on detailed knowledge of the process design kit (PDK), including doping profiles,
oxide thicknesses, and an initial pre-radiation device model for the implemented NMOS transistor. A polynomial
function was used to extend the model parameters vth0 and u0 to fit the derived data.

We employed SPICE simulation, including extended device model libraries, to assess TID-induced
degradation of the eCCD and ROIC voltage domain. It helped identify radiation-sensitive circuitry that could
degrade performance and guided the selection of intermediate electrical tests during the detector measurements.

In the second step of the degradation modeling approach, the test results of the detector measurements at
the system level were used to validate and, consequently, adapt the initial extended device models. In the course
of model validation, the extended device models for the ROIC and the eCCD voltage domain were adapted,
considering the deviations between the results of the detector measurements (ADC transfer function test and
the SF characterization) and the SPICE simulation results by adjusting the parameters for threshold voltage and
mobility as a function of the total ionizing dose parameter D.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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