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ABSTRACT. We present the results of a radiation test program for a 1-megapixel single-photon-
counting and photon-number-resolving CMOS image sensor. The results include
pre- and post-radiation values for dark current, voltage shift at the pixels’ output,
read noise, quantum efficiency (QE), conversion gain, and photon counting ability.
The Center for Detectors at the Rochester Institute of Technology exposed the sensor
to a 50-krad(Si) dose of 60-MeV protons, equivalent to the dose absorbed over 10
11-year space missions at L2 with 1-cm aluminum shielding. The median dark current
of the sensor increased from 0.00085 to 0.0085 e~ /s/pix at 258 K and from 0.0075
to 0.075 e~ /s/pix at 282 K. This is an increase of 2.0 fA/cm?/krad(Si) and
17.8 1A/cm? /krad(Si), respectively. Performance in other metrics remained constant:
0.34 e~ median read noise, 85% peak QE at 490 nm, and photon number resolution.
We report mostly total ionizing dose and displacement damage dose effects and com-
pare the radiation tolerance of the device to the performance of state-of-the-art charge
coupled devices and CMOS devices. The detector exhibits a comparable radiation
tolerance to the expected tolerance of modern CMOS devices.
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1 Introduction

Photon-counting detectors enable the most sensitive astrophysics observations. Future strategic
astrophysics space missions will observe low photon flux sources in ultralow backgrounds at
ultraviolet, visual, and near-infrared wavelengths.> High-energy particle radiation poses a threat
to the long-term performance of instruments used in these missions, potentially degrading their
detectors and readout electronics.

CMOS image sensors (CISs) with deep sub-electron read noise (DSERN) resolve individual
photons, meeting instrument performance requirements of future National Aeronautics and
Space Administration (NASA) flagship missions as recommended by the Pathways to
Discovery in Astronomy and Astrophysics for the 2020s (Astro2020)” decadal survey. These
sensors use a low-capacitance floating diffusion (FD) sense node, resulting in a conversion gain
of hundreds of microvolts per electron.* Although relevant for future missions, manufacturers
often design these types of detectors for commercial use in the low-radiation environment on
Earth, and their performance is unknown in high-radiation environments.

*Address all correspondence to Justin P. Gallagher, jpgcfd @rit.edu
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To characterize the performance of a DSERN CIS before and after exposure to high-energy
protons, the team developed a radiation test program that exposed the sensor to 50 krad(Si),
equivalent to the L2 on-orbit dose a detector receives over 10 11-year solar cycles. The rest
of Sec. 1 describes the sensors. Section 2 describes the hardware used to perform the radiation
testing. Section 3 describes the radiation test program; the simulations that determine 50 krad(Si)
is equivalent to ~110 years on-orbit at L2 and introduces radiation damage in silicon photode-
tectors. Section 4 presents the pre- and post-radiation performance results of the image sensor in
dark current, read noise, conversion gain, and quantum efficiency (QE). Section 5 summarizes
the radiation tolerance of the sensor and compares it to other silicon detectors. Section 6
concludes the paper.

1.1 DSERN CMOS Quanta Image Sensor

A team led by Dr. Eric Fossum developed DSERN CMOS detector platforms over the past
decade.”™® These detectors, named Quanta Image Sensors (QIS), use Taiwan Semiconductor
Manufacturing Company (TSMC)’s 45/65-nm 3D-stacked backside illuminated (BSI) CIS proc-
ess. Gigajot Technology Inc. commercialized the technology and improved its performance and
size in formats up to 163 megapixel.”!*

The DSERN CMOS device reported in this work has 20 1-megapixel QISs, each with minor
variations to the pixel reset and pixel source follower size and type (Fig. 1). The results in Sec. 4
are from sensor #2, one of the 20 image sensor arrays on chip #1, henceforth referred to as
QISSAT1-2. This device represents the first generation megapixel QIS array, whereas later
generations include improved devices (e.g., read noise) that exist in commercial forms that are
not suitable for cryogenic testing. The characterization work was funded by NASA through
a Strategic Astrophysics Technology (SAT) program (PI Figer, SONSSC20K0310). Table 1
includes information about the QISSAT1-2 image sensor.

The detector resolves the photon number using a distal low-capacitance high-gain FD sense
node to increase the conversion gain for a single electron to overcome the voltage noise.'® The
sense node capacitance has contributions from several pixel components including (1) the over-
lap capacitance from the transfer gate (TG), (2) the overlap capacitance from the reset gate (RG),
(3) the source follower gate capacitance, and (4) the intermetal coupling capacitance from wiring
(Fig. 2). As an example, consider the low-noise pixels described in Ref. 15 that reduced the
effective FD capacitance to 0.464 fF, corresponding to a conversion gain of 345 uV/e™.

g

Fig. 1 A silicon die is wirebonded in a chip carrier. The die contains 20 1-Megapixel CMOS image
sensors in a grid.
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Table 1 QISSAT1-2 detector information.

Pixel parameters of QISSAT1-2

Signal output Analog voltage to off-chip ADC?
Pixel pitch 1.1 um?

Pixel thickness ~3 umP

Reset gate Tapered reset gate?
Source follower Buried channel MOSFET?
SF width 0.18 um?

SF length 0.22 ym?
Fabrication process TSMC 45/65 nm 3D BSI CMOS?
Pixel substrate 45 nm

ASIC substrate 65 nm

Full-well depth ~210 electrons®

Frame rate Up to 30 fps?

2Reported in Ref. 14.

PEvaluated from fringing within photodetector layer
°Reported in Ref. 9.

9Reported in Ref. 15.

NetActive (b) VDD VDD
= .n+

<
W)
(W)

Fig. 2 TCAD-simulated cross-section doping profile of the pixel found in Ref. 17 (a) and a rep-
resentation of the pixel circuit (b).

To measure incident photons, the FD and storage well (SW) are reverse-biased by shorting the
RG and TG. After this, the RG and TG are set to a high-impedance state leaving the pixel floating.
As the pixel integrates, incident photons generate signal carriers in the form of electron—hole pairs
that migrate toward the SW. Before charge transfer, the FD is sampled multiple times to measure
the FD voltage. Real-time correlated multiple sampling hardware averages the samples to calculate
the average reset sample. After charge transfer, the system samples the new FD signal and subtracts
the average signal sample from the average reset sample to calculate the change in voltage from the
transferred charge. The system connects to each FD via the row select and column select.

2 Hardware Test System

The hardware test system consists of a vacuum cryogenic dewar (Fig. 3) and a custom electronics
system. A Lakeshore temperature controller monitors and holds the detector temperature with
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Fig. 3 Dewar with the custom warm electronics mounted on top used for detector testing.

a thermal stability of less than a millikelvin. The dewar has ports where the detectors can be
positioned. For radiation testing, we use a side port with a thin aluminum plate to minimize
the activation of hardware exposed to the beam.

The system includes electronics located inside the dewar (cold) and outside the dewar
(warm). The warm electronics include power supplies and an off-the-shelf field programmable
gate array (FPGA) that runs a custom hardware program. The hardware program is responsible
for generating detector clocks, programming the cold electronics, receiving data from the analog-
to-digital converter (ADC), and sending data to a computer interface. The cold electronics are
located inside the dewar. They produce detector clocks, generate bias voltages and currents,
measure the analog output voltages from the detector, and convert those voltages into digital
numbers. The computer receives raw data from the FPGA, deinterlaces the image, and saves
it to memory in real time.

3 Methods

The team characterized a 1-megapixel QIS CIS before and after exposure to high-energy protons.
The device was exposed to a 60-MeV proton beam up to a total dose of 50 krad(Si). The follow-
ing sections describe radiation damage effects in silicon detectors, simulations of radiation on a
space mission at L2, and the ground-based radiation test program. The radiation test program
used procedures from Refs. 18-20 and is similar to other programs.?'~>*

3.1 Radiation Damage in Silicon Image Sensors

High-energy radiation environments degrade detectors over time due to accumulated damage and
single-event effects (SEEs). Radiation damage mechanisms in semiconductor materials fall under
three general categories: DDD, total ionizing dose (TID), and SEEs.*>*® For silicon, the effects of
a charged particle passing through the detector may (1) displace atoms from their lattice sites
increasing thermal excitation of valence electrons at lattice defects (DDD), (2) generate charge
traps at the silicon—oxide interface and material (TID), and (3) induce a local over-density of
ionized charges that produce latch ups and SEEs.”>?’ The work in this paper focuses on
TID and DDD effects and will not discuss SEE in detail.

3.1.1 Total ionizing dose effects

Charged particles and electromagnetic radiation ionize atoms along their trajectory through
photosensitive materials, generating electron—hole charge carriers.”® The energy deposition from
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the ionizing radiation leads to the buildup of oxide-trapped charge and the generation of Si/SiO,
interface traps degrading the electrical characteristics of CMOS devices.”’ Charge trapping near
and/or at the semiconductor oxide interface can result in a number of aging mechanisms in
advanced CMOS technologies.*® One aging mechanism is the voltage shift of the pixel output
and biases, e.g., threshold and flat-band voltage shift in charge coupled device (CCDs) and
CMOS devices.>'* As metal-oxide semiconductor (MOS)-based devices (CCDs, CMOS) use
a metal-insulator—semiconductor silicon dioxide structures, threshold and flat-band shifts change
the sense node output voltage, which may lead to the bias voltage range of sensor circuits limiting
instrument lifetime in Mrad dose environments.*>*

3.1.2 Displacement damage dose effects

High-energy particles can permanently damage a detector by colliding with lattice nodes as they
pass through.®’ The displacement damage from the collision generates vacancy—interstitial pairs,
most of which immediately recombine.*® Vacancies that survive will migrate in the lattice and
form stable defects. This alters the electrical and optical performance of the device as charge
carrier generation and recombination can now pass through new localized energy states in the
band gap.

3.2 Simulating Radiation Effects

We simulate the radiation environment and shielding using the Space Environment Information
System (SPENVIS).* The simulations provide justification for the ground-based test require-
ments in regard to particle type and mean energy. This section describes simulation results
on the radiation abundance and effects on the detector from solar-emitted particles (SEP), trapped
ions, and galactic cosmic rays (GCRs). We use the results to justify using 60-MeV protons as can
be found at a mono-energetic beamline facility to provide the TID and DDD.

SPENVIS models the unshielded fluence for solar-emitted particles, trapped ions, and
GCRs. We use Geant4 tools and choose to model the attenuation through 1 cm of aluminum
telescope shielding, as there is no clearly defined telescope structure and instrument shielding
for a future NASA mission, such as the Habitable Worlds Observatory. The simulation calculates
TID as a function of shielding thickness and DDD by convolving the shielded fluence with
silicon’s non-ionizing energy loss (NIEL) spline for protons.

Figure 4 shows the integrated fluence of SEP protons, GCR protons, trapped electrons, and
trapped protons for an 11-year mission at L.2.%° Integral fluence is the total number of particles

Unshielded Proton and Electron Fluence for Mission
T T T T
Solar Protons

o
GCR Protons (&

Trapped Protons (%

. 'Trop.?e(_j Electrons (o
Mission Lifetime: 4015 days

1011

A
o

(@)
©

Integral Fluence (cm™2)

10° L L
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Energy (MeV)

Fig. 4 Plot showing the unshielded radiation environment at L2. Solar protons are taken from the
emission of solar protons model. Trapped ions use AP-8 MAX and AE-8 MAX models, and GCR
protons use 1SO-15390.
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Fig. 5 Attenuated solar proton integral fluence (a) and flux (b) as a function energy for a sensor at
L2 with variable thickness Al shields.

with energy at or greater than a given energy. We model solar protons using a near-Earth inter-
planetary orbit generated from a combination of James Webb Space Telescope and wide-field
infrared survey telescope (WFIRST) orbital parameters, including a direct transfer orbit. During
the transfer orbit, a spacecraft passes through trapped ions in Earth’s magnetosphere. The GCR
background fluence is ~7 x 10® protons/cm? throughout the 11-year mission, corresponding to
a GCR background rate of ~2 protons/cm? /s. This rate is comparable to the rate experienced by
the Gaia, geostationary operational environmental satellite, and ACES telescopes, cumulatively,
which measure a continuum particle background of 1 to 3 counts/cm? /s.***! However, Gaia was
launched and operated following the peak activity of solar cycle 24. During this solar cycle, the
number of SEP events was much less than expected and the ratio of GCR protons to SEP protons
for Gaia’s first 72 months is likely much higher than the total mission average for future mis-
sions. The simulations presented in this paper integrate over an 11-year solar cycle (4015 days).
They show that solar protons with energies in the range of 10 to 100 MeV dominate the abun-
dance of particles over 11 years at L2 while matching the same GCR background as measured
by Gaia.

SPENVIS transports the shielded environment through generalized telescope shielding
using the Multi-layered Shielding Simulation Software.*” The model shield is a spherical
aluminum shell with a variable thickness. Figure 5 shows the mean proton energy shifts when
passing through shielding. For 1 cm of aluminum, the mean proton energy incident on the
detector is ~50 MeV where the abundance of solar protons (3 x 10'%) is more than an order
of magnitude greater than the >200 MeV GCR background (7 x 10%). Of course, a complex
telescope structure and its alignment with respect to the sun will attenuate the results presented
here and may increase or decrease the ratio of SEP to GCR protons. For example, if multiple
detectors are used in a mosaic, some detectors may receive a higher dose than others
detectors.®

SPENVIS convolves the proton fluence with the NIEL distribution to calculate DDD. We
find for 1 cm of shielding, the NIEL weighted spectrum (MeV/g) for protons in the range of 10 to
1000 MeV to peak at a proton energy 52 MeV, with a mean of 59 MeV. For this reason, we
choose to expose the detector to 60-MeV protons and because our vacuum hardware requires
the protons to pass through a ~2.4-mm-thick aluminum port before it reaches the detector,
which decreases the monoenergetic beam energy by ~2 MeV. To compare with studies that use
10-MeV protons such as those used to evaluate the expected radiation damage on detectors in
the Gaia telescope,* the NIEL curve at 10 MeV is approximately twice the NIEL at 60-MeV
protons. A 10-MeV proton beam needs to provide half the number of protons to cause the same
DDD as 60-MeV protons.

Figure 6 shows the TID and DDD a detector receives during an 11-year mission at L2.
Our ground-based radiation test should provide a TID of ~5 krad(Si) with a DDD of at least
1.18 x 108 MeV /g(Si). For a 60-MeV proton beam, this corresponds to ~3 x 10'° protons/cm?,
though we choose to expose the sensor to 3 x 10! protons/cm? or 10 mission equivalent
lifetimes.
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Fig. 6 Total ionizing dose (a) and displacement damage dose (b) as a function of Al shield thick-
ness for one solar cycle.

3.3 Radiation Test Program

The team conducted the radiation test program at the Francis H. Burr Proton Therapy Center at
the Massachusetts General Hospital (MGH) (Fig. 7). MGH houses a 230-MeV cyclotron where
the proton beam can be directed to one of four gantries. For this experiment, we had the MGH
technician calibrate the beam to a mean proton energy of (60.0 £ 2.8) MeV within a 3-in. uni-
form circle centered on the detector before the beam intensity falls off. We exposed the device to
incremental cumulative proton doses of 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, and 50 krad(Si) to evaluate
detector performance up to 10 consecutive solar cycles (110 years). We operated the detector at
300 K despite our intention to operate at 200 K due to power supply issues for our compressor
and chiller that were only found once on site. At this higher temperature, we expect the detector
to anneal at a faster rate than at 200 K.*> From the results in this paper, we found a space-based
QISSAT image sensor would satisfy the Large Ultraviolet Optical Infrared Surveyor (LUVOIR)
dark current requirement 0.002 e~ /s/pix at 260 K, much warmer than 200 K.*

After assembly, the system captured a series of dark frames every 60 s, one 4.3-ms and one
1060-ms integrations (Sec. 4.2). Before the test, we turned the system off and moved it aside to
calibrate the beam alignment and fluence. The facility technician calibrated the beam profile and
location using a radiochromic film (Fig. 8) and calibrated fluence and mean energy using an
EMC-4 Faraday cup with a 13-mm aperture connected to a Keithley 6517A electrometer.

Fig. 7 Two pictures of the radiation test program showing equipment ready for transportation to
MGH (a) and the dewar with lead bricks in the beam line (b).
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(a) ()

Fig. 8 Radiochromic film after it was used to verify the alignment and beam profile (a) and the film
taped on the dewar port before calibration (b).

The electronics applied power and bias voltages to the detector array before, during, and
after each irradiation. Before each exposure to radiation, the sense node and photodiodes were
reset and reverse-biased. Then, the reset gate and TG were opened with the TG held at a negative
bias (—1.8 V). The electronics did not actively capture frames (read and reset clocks) during
irradiation, thus leaving pixels floating during irradiation. At the end of each exposure, the elec-
tronics immediately resumed data capture of dark frame pairs. After 20 pairs, the software halts
data capture and alerts the team to begin the next dose of radiation.

After the program, the team disassembled the system and transported it back to the lab.
Within 24 h, they reassembled the system and verified that the performance did not change
between disassembly and reassembly.

4 Results

The pre- and post-radiation performance results include dark current, read noise, conversion gain,
QE, and detector bias voltage shift. Post-radiation results for dark current, read noise, conversion
gain, and QE were captured after a 36-h anneal with the detector annealing at 314 K. The detector
temperature for voltage shift and measurements during irradiation was 302 K. The detector
temperature is 200 K unless otherwise reported in the figure legend.

4.1 Dark Current
Dark current is the signal generated in a pixel when devoid of light. It is typically reported in
e~ /s/pixel or pA/s/cm? for CIS. The dominant dark current mechanisms are from (1) the
thermal excitation of electrons in the pixel bulk material, (2) the generation of charge at the
silicon—oxide interface, and (3) quantum tunneling. Dark current is the slope of a linear fit
to an integrated signal as a function of time in a dark environment from a hundred frames per
integration time (Fig. 9).

At higher temperatures, the dark current shows a non-linear effect at short (0.1 s) and long
(~6 s) integration times. This is due to pixels with an output voltage above or below the voltage
range of the analog readout circuit, i.e., “at the rail.” As the analog readout circuits use one
common mode voltage and the output voltage will vary from pixel to pixel, it is possible the
readout circuit connects to a pixel with an output voltage outside the rails. Combining this with
an on-chip programmable gain amplifier (PGA), a significant number of pixels (>10%) will be at
the voltage rail of the readout circuit. For example, a PGA gain of 10X decreases a 2-V ADC
sampling range to 0.2 V. Post-processing software identifies pixels that are at the rail and masks
these pixels.

Dark current may also be evaluated from the mean dark current per pixel (Fig. 10).
A noticeable tail persists at higher dark currents showing more than 70% of pixels to be lower
than the mean dark current after irradiation compared with 55% before. The mean dark current
increased from 0.0063 to 0.083 e~ /s/pixel. The median dark current increased from 0.0044
to 0.030 e~ /s/pixel.
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Fig. 9 Sensor dark current: two plots of dark current before radiation (a), (b) and two plots of dark
current after radiation (c), (d).
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Fig. 10 Dark current distribution before and after radiation in linear (a) and log (b) scale. The width
of the distribution increased after radiation with a noticeable tail at higher dark current.

Figure 11 shows the pre- and post-radiation dark current for the QISSAT1-2 over a range of
200 to 300 K. The median dark current increased by an order of magnitude from 0.00085 to
0.0085 e~ /s/pix at 258 K and from 0.0075 to 0.075 e~ /s/pix at 282 K. This implies a mean
dark current increase of 2.0 fA/cm?/krad(Si) at 258 K and 17.8 fA/cm?/krad(Si) at 282 K.
Dark current from quantum tunneling, surface generation, and/or leakage current may explain

the dark current plateau at temperatures less than 250-K leakage current and is also reported
in Ref. 14.

4.2 Integrated Signal during Radiation Program

As explained in Sec. 3, radiation effects can increase dark current and can be measured as the
integrated dark signal rate as a function of radiation dose. The electronics measured the dark
signal after each cumulative dose to evaluate the change in the detector’s dark current
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Fig. 11 Plot of QISSAT dark current before (solid) and after (dotted) receiving 50 krad(Si) of 60-
MeV protons.
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Fig. 12 Plot showing the integrated dark signal between cumulative doses. The signal increases
as radiation damage accumulates within the detector.

(Fig. 12). The mean signal before the start of the radiation test program was 0.04 e~ /pixel. This
mean signal increased to 0.06 e~ /pixel after 5 krad(Si) and 0.12 e~ /pixel after 50 krad(Si). We
did not measure any transient change in signal after each dose including the 16-h capture follow-
ing the 5-krad exposure.

4.3 Read Noise

Read noise is the measurement uncertainty induced by the readout circuit in the detector. To
measure read noise, the device captures dark images with a short integration time (~130 us).
The read noise of a pixel is the standard deviation from multiple dark images (Fig. 13). The
read noise varies only slightly, increasing by 2.7% from 0.33 to 0.34 e~ after 50 krad(Si).
For CIS, the read noise can increase as gate oxides degrade under increasing doses.*”*® As the
source follower (SF) dominates the QIS read noise, it is likely degradation of the SF oxide will be
a dominant factor in the decrease in post-radiation read noise performance. Unexpectedly, there
was an increase in pixels on the left side of the distribution with a read noise of 0.20 to 0.23 e™.
The cause of this is not fully understood, but it represents an increase in measurement
uncertainty.
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Fig. 13 Plot of the QISSAT read noise before and after radiation.

4.4 Conversion Gain and Single-Photon Counting

Conversion gain is a ratio of the number of analog—digital units of the ADC to the number of
electrons integrated in the pixel storage well (ADU/e™). With photon-number-resolving devices,
the conversion gain is the average distance (ADU) between resolved photon peaks.

In the conversion gain experiment, the device captures multiple images under constant uniform
illumination. A histogram of pixel measurements shows the so-called photon counting histogram
(PCH) (Fig. 14). A custom interactive data language (IDL) PCH fit algorithm determines the loca-
tion of peaks in the histogram in ADU, over-plots a vertical line for the peak location, and assigns
an integer number corresponding to a number of photoelectrons. The conversion gain is the slope of
a linear fit to the ADU location as a function of photoelectron number (e7).

For a given dose of radiation, the number of charge traps in the oxide depends on the thick-
ness of the dielectric layer.*” The trapped charges cause a shift in threshold voltage and variation
of capacitance,** resulting in a variation in conversion gain. However, pre- and post-radiation
results show the conversion gain (19 ADU/e™) remained the same as the location of photon
peaks did not shift. The photon counting histograms use a region of pixels on the detector array.
If the variation of p—n junction capacitance increased due to radiation, the photon peaks would
overlap and become indistinguishable. As the center of peaks remained the same, it can be
concluded that single-photon sensitivity is not sensitive to doses up to 50 krad(Si). The lack
of variation is comparable to other CMOS devices using small node sizes, e.g., a p-type
CMOS pixel exposed to more than a Mrad(SiO,).”

(a) PCH Before/After 50krad Radiation (b) Conversion Gain Fit Post—Radiation
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Fig. 14 Photon-counting histogram of multiple pixels before and after radiation (a) and a linear fit to
the post-radiation peak locations (b) with a conversion gain slope of 19.01 ADU /e~ for the detector
array.
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There was a noticeable change in the valley-to-peak separation distance of photon peaks
where photon peaks in post-radiation data appear more resolved than pre-radiation data as the
post-radiation dataset has an order of magnitude more frames. After 10 solar cycles, the detector
still resolves the photon number indicating that both the input referred pixel gain and mean read
noise remained in proportion. If the read noise increased, the peaks would maintain their mean
value but overlap with neighboring peaks where they are no longer resolved. If radiation damage
increased the capacitance of the FD sense node, the input-referred pixel gain would decrease and
the mean location of peaks would shift toward zero ADU.

4.5 Quantum Efficiency
QE refers to the efficiency of a detector in registering incident photons into a signal. The team
used NIST-traceable calibrated diodes to measure the absolute number of photons, replacing the
detector with a diode during system calibration.’’>* A second diode on the integrating sphere
monitors the light level during experiments and system calibration. System calibration records
the ratio of measured signal between the calibrated and monitoring diodes over a range of
wavelengths (200 to 1200 nm) for both “on” and “off” images, the latter of which occurs when
a metal plate blocks the light source at the entrance of the monochromator. The absolute number
of photons at the location of the detector is determined via the ratio of the monitoring diode signal
during calibration to the signal measured in the QE experiment.

The QE of the QISSAT1-2 had an average change of ~5% to 10% from 500 to 800 nm and
did not change significantly beyond 800 nm (Fig. 15). The device has a peak QE of 80% at
480 nm and decreases at longer wavelengths where the device is less sensitive due to the small
thickness of the photosensitive layer (~3 ym from Table 1). The QE performance of CIS
degrades at shorter wavelengths when exposed to high-energy proton radiation due to displace-
ment damage effects that produce traps in the material.>* The number of events, or radiation-
induced traps, within a pixel will depend on the overall pixel area and volume. As the QISSAT1-2
has pixels that are smaller than other scientific CIS devices, the number of events will be lower
with respect to the smaller pixels. However, it is not clear if this will proportionally degrade the
QE as this will depend upon the trap location with respect to the pixel circuit elements and bulk
flow of charge carriers.

4.6 Inter-pixel Capacitance

Inter-pixel capacitance (IPC) is an effect where charge one pixel influences the performance of
neighboring pixels through mutual capacitance among electronic structures associated with a
pixel and its neighbors. Although this effect is completely deterministic and can be deconvolved,
its impact on low flux signal-to-noise and <1.1 um pixel pitch devices is being explored.

QE Before/After 50krad Radiation
T T

T .

Detector: QISSAT1-2 ]

Pre-radiation: solid line with points A
Post-radiation: dotted line with triangles J

100 F

Absolute Quantum Efficiency

400 600 800 1000 1200
Wavelength (nm)

Fig. 15 Plot of QE before and after radiation testing.
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Fig. 16 IPC of the QISSAT1-2 device (a) before and (b) after radiation.

The IPC analysis identifies pixels that have a high signal (1000 from the mean of a frame)
and symmetric distribution of the signal surrounding them. This type of pattern is taken as a sign
that the central pixel was hit with a centrally and normally incident particle, such as a secondary
from a cosmic ray shower or high-energy photons from radioactive materials in the environment.
After this rejection, the software averages the remaining pixel with neighbors and normalizes the
averaged thumbnail to the maximum signal. The normalized QISSAT1-2 IPC results before and
after radiation testing are shown in Fig. 16.

For most neighboring pixels, the QISSAT IPC is less than half a percent with a small shift
further from an ideal IPC of zero after high-energy radiation. Given that shifts occur in both
positive and negative IPC, it is possible the QISSAT IPC was not significantly affected.

Although we consider IPC, we note that the results would also measure the diffusion of
charge carriers in the semiconductor bulk from the central pixel to the neighboring pixels
but not isolate this effect from IPC. This is known as charge diffusion crosstalk (CDC).
As modern CIS pixels continue to shrink to sub-micron sizes, CDC becomes a critical issue
to sensor QE performance.”® CIS devices use deep trench isolation (DTI) structures, physical
potential barriers in between pixels, to prevent charge carriers from diffusing among neighboring
pixels.®?

As the QISSAT1-2 is based on a pathfinder design for early QIS development, it is possible
DTI structures were not yet implemented in the QISSAT1-2, for example, using shallow trench
isolation structures instead. If the QISSAT1-2 does not use DTI and CDC is found in Fig. 16,
then the overall crosstalk performance will improve with the use of DTL

4.7 Voltage Shift of the Pixel Output

Figure 17 shows the mean reset voltage of the FDs in the image sensor as a function of proton
dose. A voltage shift of 1.2 mV /krad(Si) is measured in the reset samples of the pixel. For
50 krad(Si), the small voltage shift of the QISSAT1-2 is comparable to modern CMOS devices.
During space mission, the voltage shift can be mitigated through appropriate adjustment to the
operating biases in flight. However, future missions to Europa that encounter greater than 1 Mrad
of radiation are expected to see shifts greater than a volt. This shift must be considered for mis-
sions that use modern CMOS devices where biases for the sensor have a small range (e.g., O to
3.3 Vand 0 to 5 V). For example, the QISSAT1-2 has an analog output voltage swing of one volt
for a given set electronics gain.

5 Discussion

The following section summarizes the radiation tolerance of the QISSAT, compares the increase
in dark current to other detector technologies, and discusses the potential the detector technology
has to serve as the baseline detector platform for future NASA missions.
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Fig. 17 Plot of mean floating diffusion voltage during reset samples as a function of dose showing
a shift of ~1.2 mV/krad(Si).

5.1 Device Testing Summary

After exposure to a 50 krad(Si) dose of 60-MeV protons, the median dark current increased by a
rate of 2.0 fA/cm? /krad(Si) at 258 K and 17.8 fA /cm? /krad(Si) at 282 K. Performance in other
metrics, such as 0.34e~ median read noise, 85% peak QE at 490 nm, and conversion gain,
remained the same.

The increase in dark current is minimal, as the beginning of life performance is maintained
by cooling the device an additional 8 K per solar cycle at L2. As the QISSAT1-2 achieves the
dark current specification of 0.002 e~ /pix/s for the High-Definition Imager (HDI) of the
LUVOIR concept mission at 262 K, a projected operating temperature of 254 K would maintain
the specification well above the baselined temperature of 170 K.*® This relaxes the thermal
design, which may now be satisfied using a simple two-stage thermoelectric cooler.

5.2 Comparison to Other Detector Technologies

The dark current increase as a function of radiation dose for the QISSAT1-2 is compared with
other CMOS and CCD devices in Table 2. The results shown here do not categorize the dark
current increase to either TID or DDD effects but rather consider the overall increase as the dark
current performance is one of the key metrics to consider for future NASA science goals to
measure the concentration of gases in the atmosphere of exoplanets.

The authors note it is difficult to find publications with radiation tolerance results for
silicon CMOS/CCD image sensors within the last 5 years (Table 2). We include results for
a p-type BSI trench-pinned CMOS device, which uses a 90-nm process’ and is representative
of CMOS radiation tolerance when using small (<100 nm) lithography process nodes. The
QISSAT1-2 exhibits a comparable radiation tolerance to the expected tolerance of modern
CMOS devices.

The detectors in Table 2 were selected as they were exposed to a similar radiation program
reported in this work: high-energy protons were used with an energy range of 20 to 100 MeV
with a dose of a few to hundreds of krad(Si). For a majority of values in the table, the dark current
increase was reported pA/cm? /krad or pA/cm? and did not need any unit conversion. In more
than half of the reported results, the detector temperature was not 20°C but within +20°C. In
these cases, the dark current increase was extrapolated to 20°C using a dark current doubling
temperature provided by the respective publication. If doubling temperature was not reported, we
used the doubling temperature from Fig. 11. For cases where the dark current was reported in
electrons/pixel/second, we converted the pixel to a cross-sectional area via the pixel pitch and
converted it into Amps.
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Table 2 Dark current increase from radiation damage for various silicon image sensors.

High-energy proton-induced dark current rate at ~20°C

Device Thickness (um) pA/cm? /krad
QISSAT1-2 (this work, 50 krad(Si))*® 3 0.043
p-type BSI trench-pinned CMOS (up to 30 krad(SiO,))>° 35 0.033
p-type BSI trench-pinned CMOS (up to 100 krad(SiO,))>° 35 0.06
STAR-250 APS®68 3 0.30
STAR-250 APS®"@ 3 15
Radiation hardened CMOS APS®® Not reported 2
e2V Fl Jade (BW 204)%° 6 10
e2V CIS106 (variant 7)%° 11 18
e2V CIS106 (variant 8)%° 11 19
e2V FI Jade (BW 206)%° 6 20
e2V CIS106 (variant 6)° 11 21
CCD47-20 (FSI)®! 25 20
CCD55% 25 31
CCD57% 25 38
CCD47-20 (BSI)*! 25 40
e2V Fl Jade®® 6 58
CCD47-20%" 25 66
Tektronix 1024CCD622 25 145
ccps? Not reported 2000

gInterpolated using doubling temperature from Fig. 11.
PInterpolated using data extracted from Fig. 11.

5.3 A DSERN CMOS Detector Platform for NASA Instruments

The radiation tolerance of the QISSAT1-2 is comparable to the tolerance expected from modern
commercial-of-the-shelf CIS. The QISSAT1-2 is an early-generation QIS architecture, made to
evaluate the performance of design variations to the pixel. This early-generation QIS sensor
maintained a dark current lower than the specification for the HDI instrument of LUVOIR.
It exceeds the frame rate and noise specifications by more than an order of magnitude, though
improvements to the detector NUV/NIR QE and full well depth will bring the device closer to
all the detector specifications for future missions (see Sec. 5.4). The detector platform also
has potential for missions that aim to study Jupiter’s moons. These missions need detectors that
operate after exposure to a TID greater than a Mrad due to trapped particles in Jupiter’s
magnetosphere.**

Another key advantage of CMOS devices over CCDs is that they are direct readout devices.
They do not suffer from the loss of charges trapped by permanent radiation damage while trans-
ferring charge across the detector array. In addition, future instrument designers will need to
manage bias voltage shift. For comparison, the PEM-CCD devices on the Gaia Space Telescope
were baselined to tolerate a maximum expected bias voltage shift of 0.5 V over 10 years.®> Over
10 years at .2, Gaia’s instruments receive 5 krad of radiation or a voltage shift of 100 mV /krad.
Extrapolating this for the Jovian moons, a Gaia-like instrument would need to account for a shift
of 100 V. The QISSAT has a bias voltage shift of 1.2 mV /krad or 1.2 V for a Mrad, which is
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mostly attributed to the thin oxide thickness. CCDs have a much thicker oxide layer compared
with DSERN CMOS. Most oxides in commercial CCDs are thick (~100 nm),’*% whereas
CMOS devices fabricated with a 45-nm process can achieve oxides less than 1 nm.%"¢®

In addition to great radiation tolerance, DSERN CMOS devices enable future missions to
baseline smaller and lighter science instruments. Commercial DSERN CMOS devices use a wide
range of pixel sizes spanning from 1.1 up to 4.6 um. A gigapixel format DSERN CMOS detector
array with 2.2-ym pixels would be 65 mm on a side and could perform Nyquist-sampling at
500 nm with an f/8 beam, as demonstrated in Ref. 69. Compare this to the larger 6.5-um pixels
baselined for the HDI instrument of the LUVOIR concept mission.*

5.4 Suggested Design Improvements

Although the first-generation DSERN CMOS devices have phenomenal performance that
already meets or exceeds detector performance requirements for future NASA missions, they
were not designed for astrophysical applications. The technology should be scaled to larger pixel
pitches with thicker versions for better long wavelength response and versions with backside
processing for the best short wavelength response.”’"’> Of course, a thicker device will increase
the dark current contribution from the bulk generation—-recombination process, though the dark
current floor of the QISSATI1-2 is likely not from bulk effects that would decrease with
temperature.

Although devices can be mosaicked for gigapixel focal planes, it may be more effective to
develop gigapixel detectors. The large format sensor is already segmented and operates with
multiple sub-arrays in parallel, thus mitigating against serious faults that might otherwise cause
a whole detector to fail. The detector platforms are made using a standard 3D integrated CMOS
process employed by the semiconductor industry, leveraging decades of improvements in fab-
rication to produce high-yield and reliable devices.

One promising area for future development is the use of cosmic ray rejection operational
modes that leverage non-destructive reads. Current implementations of DSERN CMOS devices
measure the total integrated signal from an exposure by sampling the FD voltage before and
after the transfer of the signal. This readout mode is not a limitation of the on-chip circuits but
rather the modifiable hardware program that clocks the device that is optimized for commercial
applications.

As is often the case for IR detectors, such as the WFC3-IR and NIRSpec detectors,”” an
exposure consists of multiple non-destructive reads throughout the integration. This “up-the-
ramp” sampling technique (Fig. 18) is useful because the effect of a cosmic ray hit is identifiable
and can be removed from the data during post-processing. When a cosmic ray hits a pixel,
a significant jump in the rate is observed, which detection software uses to split the ramp into

Up-the-ramp Sampling with Cosmic Ray Hit

y
integrated
signal
I induced signal
: jump from
| cosmic ray
® >

I Reads before Cosmic Ray Hit ~ time
I Reads after Cosmic Ray Hit
Fig. 18 Up-the-ramp sampling technique and the induced signal jump of a cosmic ray hit. The

jump can be identified and removed.
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separate segments. The software fits and averages the slopes in the segments to best estimate
the signal rate, removing the cosmic ray effect, and preserving the exposure.”*’°

6 Conclusion

The image sensor presented in this paper offers the possibility of large-format single-photon
counting and photon-number resolving CIS for use in future NASA missions recommended
by the decadal survey. It delivers several important advantages for astronomy projects. Many
of these benefits overlap very well with future needs, including needs not satisfied by any
existing technologies, and are as follows:

1. The DSERN allows single-photon counting.
2. The photon counting leads to low noise re-binning and coadding measurements.

3. The pixels are demonstrated in a range of sizes from 1.1 to 4.6 um, increasing the design
flexibility for future science instruments.

4. The potential for very small pixels leads to small detectors and thus small instruments. For
example, a critically sampled diffraction-limited point spread function would require an
~f/8 beam.

5. Small pixels provide for instrument designs that could have oversampled focal planes
without increasing noise or reducing the field of view. This feature would be advantageous
in applications that require precise measurement of centroids (e.g., lucky imaging) and/or
measurement of object shapes (e.g., weak lensing).

The high performance of the technology at room temperature yields new design phase space
for science instruments and attendant technologies (i.e., readout and refrigeration), allowing
dramatic reductions in size, weight, and power for focal planes up to gigapixel formats.
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