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Design and Characterization of lonizing
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Abstract—An ionizing radiation-tolerant CMOS active pixel body of published work in this area is rather extensive. Some
sensor (APS) image sensor test chip was designed employing th%xamples are described in [1]-[13].
physical design techniques of enclosed geometry anfl-channel  hg gecond advantage is that CMOS APS image sensors can
guard rings. The test chip was fabricated in a standard 0.35:m be desi d to be | tilizing th desian tech-
CMOS process that has a gate-oxide thickness of 7.0 nm. It was _e esigned to be fow power, utllizing the same design tec
irradiated by a ~-ray source up to a total ionizing radiation dose Nhiques that have been developed over the years for low-power
level of approximately 30 Mrd (Si) and was still functional. The CMOS digital and analog circuits. An example that illustrates
most pronounced effect was the increase of dark current, which this low-power feature is the CMOS APS image sensor de-
was linear with total dose level. The rate of dark current increase g.riped in [13] and [14]. At video rate, 30 frames per second

was about 1 to 2 pA/cn?/Krd (Si), depending on the design of the ;
pixel. The results demonstrate that CMOS APS image sensors can (fps), that image sensor consumes about p%0 at a 1.5-V

be designed to be ionizing radiation tolerant to total dose levels POWer supply. A camera based on thatimage sensor can operate
up to 30 Mrd (Si). The fabrication process is standard CMOS, on a single watch battery for a long time.

yielding a significant cost advantage over specialized radiation  The third advantage is economic. Compared to the volume
hard processes. of CCD-based integrated circuits, the volume of CMOS inte-
Index Terms—Active pixel sensor, CMOS active pixel sensor, grated circuits fabricated each year is very high because it en-

CMOS APS, dark current, image sensor, imager, ionizing radia- - ., ynagses not only image sensors but also many other CMOS
tion, ionizing radiation-induced dark current, ionizing radiation-

tolerant CMOS APS, radiation hard, radiation tolerant, digital and analog integrated circuits, in_cludi_ng microproces-
sors. Hence the cost of a CMOS-based imaging system should

be less than its CCD-based counterpart.
. INTRODUCTION Because of the three features described above, CMOS APS

MOS active pixel sensor (APS) image sensors are fabfechnology is emerging as a viable alternative to CCD tech-
Ccated in standard CMOS processes, the same proced¥#89y for power, mass, and cost constrained imaging systems.
that have been employed over the years in fabricating many dfyPrimary set of such applications is space-based applications.
ital and analog integrated circuits. On the other hand, charde-CMOS APS image sensor has already been developed for
coupled device (CCD) image sensors, the incumbent imagf@r and feature tracking applications [15], [16]. A star tracker
sensing technology, require specialized fabrication processggides and controls the spacecraft by observing, identifying, and
Consequently, CMOS APS image sensing technology mégcking star fields. However, the CMOS APS image sensor has
enjoy three advantages over CCD image sensing technologyi0 be tolerant to radiation in order to be space qualified. Conse-

The first advantage is that by employing the same CMO®lently, itis essential for the applications of image sensor-based
fabrication process, CMOS APS image sensing arrays cangfgcecraft instrumentation that CMOS APS image sensors are
monolithically integrated with other CMOS digital and analoglesigned and fabricated to be radiation tolerant. Furthermore,
circuits such as timing-and-control modules, analog signd@bricating the radiation-tolerant CMOS APS image sensors in
processing circuits for noise suppression, analog-to-digigtandard CMOS processes provides a considerable cost advan-
converters, and other application-specific analog and digitalge over other image sensors fabricated in specialized radia-
circuits. The exploitation of this advantage leads to a hightion-tolerant processes.
integrated, highly functional, and highly compact imaging Image sensors are inherently susceptible to pixel leakage cur-
system, commonly referred to as a camera-on-a-chip. Tiant, which accumulates a charge signal even in the absence

of photons (dark current). Controlling dark current, in terms of
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leakage current in NMOS transistors, aNdchannel intertran- dramatically with radiation. No data were reported beyond 10
sistor (isolation field) leakage current. The physical design teckrd (Si). In [27], it was observed that CMOS image sensors
nigue of enclosed geometry proved to be very effective for sifgbricated in standard processes exhibited an anomalous rise in
nificantly reducing leakage current in NMOS transistors [17Hark current with radiation, the dark current rose exponentially
[18]. TheN-channel intertransistor (isolation field) leakage cumith total ionizing dose, and the devices were failing to operate
rent was substantially curtailed, employing the physical desigfter having been irradiated beyond 50 Krd (Si). The measured
technique ofP-channel guard rings [17], [18]. Employing de-dark current after 50 Krd (Si) of total dose was greater than 5
sign techniques to enhance the radiation tolerance of integraggffcm?. A ~-ray irradiation experiment was performed on an
circuits, hardness-by-design [19] is gaining more acceptance beage sensor that was fabricated in a standard:th5srocess,
cause of the strong economic case that it presents. with a pixel size of 12« 12 zm?. The image sensor was cooled
The magnitude of ionizing radiation-induced thresholtb 220 K and was held at that temperature during the experi-
voltage shift is proportional to the number of holes createdent, in which it was irradiated up to 25 Krd (Si) total dose.
(and trapped) in the gate oxide due to ionizing radiatioifhe dark current was observed to be well behaved and small,
which is proportional to its thickness (volume). Thereforaijsing linearly with dose. However, after 25 Krd (Si) total dose,
the magnitude of ionizing radiation-induced threshold voltaghe image sensor went through a catastrophic and permanent
shift is smaller for thinner gate oxides. For particularly thifiailure, with radiation-induced dark current large enough to sat-
oxides (less than 12 nm thick), the ionizing radiation-inducagate the pixels. Annealing made no difference.
holes in the gate oxide have a much better chance to tunneln [23], [24], and [26], PD CMOS image sensors and some
out of the oxide (requiring only 6 nm effective tunnelingest structures fabricated in standard pr&-and 0.7zm pro-
distance) than to diffuse to the silicon/silicon dioxide interfaceesses are reported. The image sensor format isx&l2 and
lonizing radiation-induced threshold voltage shifts for bdth  the pixel size is 25 25 um?. Dark signal data for two image
and P-channel transistors were experimentally found to geensors that were fabricated in the @um process were re-
considerably smaller when the gate oxide is less than 12 muorted. The first image sensor pixel has a PMOS PD, while the
thick [20], a feature of standard deep submicrometer CMG&cond image sensor pixel has an NMOS PD. The PMOS image
technologies such as 0.38n technology. sensors werg-ray irradiated up to a total dose level of 3.4 Mrd
An awareness of the significance of radiation-tolerant CMO&i). The dark signal was about 1.25 V/s. Neither the PD ca-
APS image sensors is emerging. This emerging awareness mpatitance nor the conversion gain for this pixel was reported,
fests itself by the recent publication of research work in this area dark current density cannot be estimated. The NMOS image
[21]-[28]. However, none of the approaches described in thesensor was also irradiated up to 3.4 Mrd (Si). Then, it was left
publications combines the employment of the physical desi¢gmanneal at room temperature for 562 h. After annealing, the
techniques of enclosed geometry aRechannel guard rings irradiation was resumed to a total dose level of 22.5 Mrd (Si).
and a standard deep submicrometer CMOS fabrication procéée dark signal was about 0.8 V/s. At the reported PD capaci-
(having a thin gate oxide), resulting in image sensors that are tialnce (10 fF), the dark current density is estimated to be about
erant to total ionizing radiation dose levels up to 30 Mrad (Si). hnA/cn?. The dark current increase was rather linear, at an es-
[21], a 512x 512 photodiode (PD) CMOS APS image sensotimated rate of about 3.5 pA/GfKrd (Si). This result is better
with a pixel size of 25x 25 um?, is reported. The process usedhan the results of other previous work (as described above).
to fabricate the image sensor was a standardun7process. However, it includes the 562-h room-temperature annealing ef-
The image sensor wagsray irradiated up to a total dose levelfect. No dark current data without the anneal effect was reported.
of 21 Krd (Si). A large increase in dark current was reportethe pixel design was not reported as well. In [27], a 25566
above 6 Krd (Si). At 21 Krd (Si), the mean dark current derGMOS image sensor, with a pixel size of 20 ym?, is re-
sity was about 45 nA/ch It was reported that this dark cur-ported. The image sensor is fabricated in a specialized radiation
rent was large enough to saturate the image sensor at 0.75-Mtdrd 0.54m process. Some physical design techniques, such as
pixel rate at room temperature. No data were reported beyasdround-gate pixel, were employed in the design of the image
21 Krd (Si). In [22] and [25], a 3% 32 PD CMOS APS and sensor. The measured preradiation dark current was about 30
a 32x 32 photogate (PG) CMOS APS image sensors, withrsd/cm?. The image sensor wagray irradiated up to a total
pixel size of 50x 50 ;xm?, are reported. The process used tdose level of 5.5 Mrd (Si). The increase in dark current was
fabricate the image sensors was a standarg:i2rocess. The rather linear, at a rate of about 6 pA/étkdrd (Si). This result is
image sensors wergray irradiated up to a total dose level ofcomparable to that obtained in [23], [24], and [26]. However, the
10 Krd (Si). At 10 Krd (Si), the PD image sensor dark curreritigh preradiation dark current (30 nA/éjrepresents a major
was about 1.5 nA/ch) while the PG image sensor dark currenpbstacle to deploying this image sensor in an imaging system.
was about 25 nA/c It was reported that the mean dark curFurthermore, this image sensor was fabricated in a specialized
rent increase did not vary linearly with dose level. No data weradiation hard process, which is usually more costly (by at least
reported beyond 10 Krd (Si). In [28], a 3232 PD CMOS APS afactor of two) than standard processes. Table | outlines the fea-
image sensor, with a pixel size of 26x46.4,:m?, is reported. tures and the dark current data reported for each of the image
The process used to fabricate the image sensor was a standartors of the previous work described above.
1.2-um process. The image sensor was irradiated up to a totaWe have hypothesized that employing the physical design
dose level of 10 Krd (Si). At 10 Krd (Si), the dark current wasechniques of enclosed geometry aRechannel guard rings
about 6 nA/cr. It was reported that the dark current increaseéd a standard submicrometer CMOS technology that has a
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TABLE | VAA_PIX

COMPARISON OFPREVIOUS WORK ON TOLERANCE OFCMOS APS
IMAGE SENSORS TOIONIZING RADIATION

Maximum | Dark Current

Reference | Array Pixel Fabrication | Total at Maximum
and Year Size Size Process Dose (Si) | Total Dose Comments Vs :
[2112000 | 512X512 {25ymX | 0.7 ym 21 Krd 45 nAlern PD !

25 um Standard H ¥
221, 125] | 32X32 |[50amX | 12nm T0Krd 15nAlem? | FD L B " Photodiode-
2000 and 50 um Standard s( S - %
1999 25 nAlem? PG N, ;T ___I
[2811997 | 32X32 | 264pmX | 12pm 10 Krd & nAom PD . I e RSEL

26.4um | Standard ek 8
[27] 2001 Not 122umX | 0.5um 25Krd ® Notreported® | 220°K

reported 12 um Standard IOUt to the

[23].124] | 512X512 | 25umX | O0.5umand | 3.4 Mrd 1.25V/s PMOS PD source fllower
[26] 2000 25 um 0.7 um . . . .. . . .
and 2001 Stangara® | 225Mrd | 0.8Vis NMOS PD % Fig. 1. The circuit schematic diagram of the pixel used in the test chip.
[27]2001 [ 256 X256 | 20 ym X | 0.5 pm 5.5 Mrd 60 nAjce PD'

20 pm Specialized o ﬁ!

a) After 25 Krd (Si), the image sensor went through a catastrophic and permanent failure.

b} Dark current was reported to be large enough to saturate the pixels (no pixel rate or frame rate was
reported).

c) Some test structures were fabricated in the 0.5-um standard process, but the reported dark current
data was for image sensors fabricated in the 0.7-pm standard process.

d) Irradiation of the NMOS PD pixel chip was stopped after 3.4 Mrd. The chip was left to anneal at
room temperature for 562 hours before irradiation resumed.

&) Neither conversion gain nor PD capacitance was reported far the PMOS PD pixel. Based on the PD
capacitance reported for the NMOS PD pIXeI (10 fF), its dark current is about 7 nA/cm?.

f) Pre-radiation dark current was 30 nA/cm?.

gate-oxide thickness of 12 nm or less will significantly enhanc
the ionizing radiation tolerance of CMOS APS image sensor -
A CMOS APS image sensor test chip was designed using t
above-described physical design techniques. The process u - § !
to fabricate the test chip is a standard 0;388-CMOS process, 1 #
with a gate-oxide thickness of approximately 7.0 nm. The te &

chip was theny-ray irradiated to total ionizing radiation dose %%
levels up to 30 Mrd (Si) and characterized.

In this paper, the design and characterization of the test ct
are presented. This paper has four main sections. Section Il (
scribes the test chip. Section Ill presents the irradiation expe §:
ment setup and results. Section IV describes the ionizing ra¢ 8- e ——
ation induced dark current and its mechanism. Section V is_a

Fig. 2. The layout of the four different pixels used in the test chip.
discussion, followed by conclusions in Section VI.

Pixeld =

of each of the photodiodes of Pixell and Pixel3 is 1m¥ and
the drawn length of the perimeter is 14uin. The drawn area
The physical design techniques of enclosed geometry amitthe photodiode of Pixel2 is 64,6m? and the drawn length
P-channel guard rings were used to design and lay out a sebbits perimeter is 32.Qum. Each of the photodiodes of Pixell
four N-type radiation tolerant active PD pixels. The four pixeland Pixel3 is designed to have an N-well to further enhance the
have the same circuit schematic diagram, which is shown photosensitivity. Each of the metal contacts to the photodiodes
Fig. 1. As revealed by the circuit schematic diagram, each pixafl Pixell and Pixel2 is designed not to have the salicide layer,
can be reset individually independent of its row or its columwhile each of those of Pixel0 and Pixel3 is designed to have the
within the pixel array. The feature of individual pixel reset isalicide layer. This was done to assess the impact of the sali-
important for some space applications such as star and feattide layer on various performance parameters, particularly pho-
tracking. The layout of the four pixels (Pixel0, Pixell, Pixel2tosensitivity and levels of pre- and postradiation dark current.
and Pixel3) is shown in Fig. 2. The size of each of the pixelgable Il summarizes the key design parameters for each of the
is 16.2x 16.2 yum?. To enhance the photosensitivity, the phofour pixels.
todiode area of each of the four pixels is designed not to haveThe four pixels were compiled into a pixel array. The array
the salicide layer. The salicide layer has the advantage of losize is 256x 256, constituting an imaging area of approximately
ering the resistance (for example, p-n junction series resistadcgéx 4.1 mn¥. The array was divided into four subarrays, each
or polysilicon sheet resistance) but has the drawback of trai28x 128. Each of the four subarrays has only one of the four
mitting less of the incident photons through to the silicon undepixels. The peripheral circuits were then integrated around the
neath. The drawn area of the photodiode of Pixel0 is @in2 pixel array. The peripheral circuits were designed to be ion-
and the drawn length of its perimeter is 3418. The drawn area izing radiation tolerant, employing the same design techniques

Il. DESCRIPTION OFTEST CHIP
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TABLE 1l
KEY DESIGN PARAMETERS FOREACH OF THE FOUR PIXELS
Design Parameter Pixel0  Pixel1 Pixel2 Pixel3 y
2 '\:‘-\\‘.\,\_“‘h\ "'1'1 n"" 1
PD drawn area (um?) 61.2 15.9 64.0 15.9 A\
PD drawn perimeter { #m) 348 141 320 141 '\_‘ ” i | H (i
|
N-well PD No Yes No Yes % I 2 L
Salicide tayer of the PD area. No No No No ﬁ 4
Salicide layer of the PD metal contact Yes No No Yes ﬁ
Recessed n” implant Yes Yes No Yes :}'
Drawn fill factor (ratio of PD area to total 23.3% 6.1% 24.4% 6.1% ::_‘;
pixel area) —
| iy
TABLE Il o,

PRIMARY PARAMETERS OF THEFABRICATION PROCESS

Fabrication process parameter  Description

Technology 0.35- u m Standard CMOS ¥ .
Process Mixed mode, twin well Y 1'?.' 1 | ” I| ,,
Supply voltage 3.3V , ) | kkl\g\\ '\\\\h‘\
Gate oxide thickness 7.0 nm el ""'"'ll”'

Device isolation LOCOS

Number of polysilicon layers 1 or 2 (2 were used) s

Number of metal layers 2 to 5 (3 were used)

Fig. 3. A photograph of the die in its package.

used in the pixel array. The main peripheral circuits are row and TABLE IV
column decoders, row buffers, and an analog circuit processor. MAIN FEATURES OF THETEST CHIP
The row and column decoders are similar and are used to sele=t e

Feature Description
the particular row(s) and column(s) of the array that are unde
consideration at a given time. The windowing function and the Pixel array size 256 X 256
electronic pan and tilt functions can be realized by manipulatin Pixel size 16.2 pm X 16.2 ym
the digital inputs of those decoders. The row buffers are used |maging area 4.4 mm X 4.1 mm
drive .the pixel control signals, such as re;et and row selgct, Number of pixel sub-arrays 4
the pixels across the array. The analog signal processor is us Pixel sub-array size 128 X 128

to sample-and-hold the output signal voltage level (illuminate:

level) and the output voltage reset level (dark level). Pseudoco Output Analog

related double sampling (Pseudo CDS) is realized off-chip b Individual pixel reset {regional shuiter) Yes

taking the difference between those two analog voltage level Electronic windowing, panning, and tutmg Yes

This difference constitutes the analog output video signal. Die size 5.2 mm X 5.0 mm
The chip was fabricated employing a standard Q.8%-

CMOS fabrication process. Table Il shows the primary pa

rameters of the fabrication process. The total size of the di

is approximately 5.% 5.0 mn?. The total number of the 1/O

pads on the test chip is 42. A 121-pin ceramic pin grid arr

(PGA) package was used to house the die. A photograph of}

die attached to the package and wire bonded is shown in F|g

Table IV shows the main features of the test chip.

Number of /O pads 42
Package ' 121-pin ceramic PGA

mination conditions and at multiple total dose levels ranging
50 Krd (Si) up to 30 Mrd (Si). The intermediate total
se levels at which measurements were performed are approx-
imately 100, 200, 300, and 500 Krd (Si) and 1, 2, 5, 10, and
20 Mrd (Si). During irradiation, the image sensor test chip was
biased and pixels were set to reset voltage level, simulating ac-
The irradiation of the test chip was performed using &'Cotual operation. At all the total dose levels, up to and including
~-ray radiation source. The MIL-STD-883E, Method 1019.5pproximately 30 Mrd (Si), the image sensor test chip was func-
lonizing Radiation (Total Dose) test standard was followed. Thi@nal. The highest total dose level to which the image sensor test
software and hardware of the camera board system were mokip was exposed (approximately 30 Mrd (Si)) was the highest
ified for more automated image data acquisition. The capturtatal dose level that can be realized within the time allocated to
images were saved as raw data during measurement. Anotherirradiation experiment.
piece of software was used to analyze the data. Irradiation and’he output video signal voltage under dark conditions was
measurements were performed at ambient temperature and pmesasured for each pixel within the pixel array by integrating
sure. Output video signal was measured under both dark andtile test chip image sensor in the dark for a certain integration

I1l. | RRADIATION EXPERIMENT SETUP AND RESULTS



1800

100000.0

Dark Current Density (pA / cm?)

g
g

100.0

0.01

10000.0 {--

Dark current density versus total dose level for each of the four pixel designs

Pixel0
Pixel1
Pixel2
Pixel3

Pre-radiation data: _Slope of inear region
338.0pA/cm® 1.8 pA/em?/Krd (Si)
264.0pA/cm® 1.2 pA/om? / Krd (Si)
197.9pA/em® ,1.6 pA/ cm? / Krd (SI)
256.5pA/em® 1.1 pAfem? /Krd (Si)

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 48, NO. 6, DECEMBER 2001

—~&~Pixel0
—&-Pixel1
——Pixel2
—»~Pixel3

Responsivity [V / {Lux-Sec)]

1

Total lonizing Dose [Mrd (Si)]

100

Fig. 4. Dark current density versus total dose level for each of the four pixelsg

TABLE V
CONVERSIONGAIN, SATURATION VOLTAGE, AND PIXEL ELECTRON CAPACITY
FOR EACH OF THE FOUR PIXELS
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1.000

0.100

Responsivity versus total dose lavel for each of the four pixel designs

Pixel0
Pixell
Pixel2
Pixef3

Pro-radiafion:
1110 V/ (Lux-Sec)
1.351 V/ (Lux-Sec)
0536 V / (Lux-Sec)
1.266 V/ {Lux-Sec)

S

—&— Pixel0
—=—Pixell
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|~ Pixeld
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. 5. Responsivity versus total dose level for each of the four pixels.

10000.0
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Pre-radiation:
49.3 mLux
42.6 mLux
59.3 mLux
44.2 mLux

Pixel0
Pixel1
Pixel2
Pixet3

Pixel Conversion gain  Saturation voltage  Pixel electron capacity 1000.0
(nVie) W) (Ke) ;
Pixel0 9.88 0.74 74.9 é
Pixell 13.30 0.59 444 8
Pixel2  9.80 0.90 91.9 it
Pixel3 13.30 0.57 429 e Pheo

—8—Pixell
—&— Pixel2

—*—Pixel3

10,0
0.01 0.1 il 10
Total lonizing Dose [Mrd {Si)]

100

time. The average dark output voltage of a specific pixel type
was calculated by averaging the dark output voltages from all
the relevant pixels within that pixel-type subarray. Then, the ifig. 6. Dark lux versus total dose level for each of the four pixels.
tegration time was varied (six values of integration time were
used) and the corresponding average dark output voltages wareh that the light brightness level measured at the surface of
measured for each pixel type (16 frames of data were acquiredred test chip was approximately 2.0 lux. The aperture of the
each integration time). The average dark output voltage was tHigiht source and its distance to the test chip were such that the
plotted against integration time (for each pixel type), producirgguivalentf-number of the optical system was 2.0. The inte-
a straightline, the slope of which is the average dark signal (dagkation time was varied and the corresponding average output
output voltage per unit time). Then, the conversion gain and thieltages were measured for each pixel type. The average output
area of each pixel were factored in, and the average dark cupitage was then plotted against exposure (which is defined as
rent per unit area was obtained. The data are presented in Fighé, multiplication of the light brightness level by integration
which shows the average dark current density in pA/garsus time), producing a straight line, the slope of which is the av-
the total dose level in Mrd (Si) for each of the four pixels. lerage responsivity (output voltage per unit light brightness level
should be noted that the conversion gain of each pixel is dep@er unit time). The data are presented in Fig. 5, which shows
dent on its design and on the fabrication process. The conversibba average responsivity in V/(lux.s) versus the total dose level
gain for each of the pixels was calculated based on the expéniMrd (Si) for each of the four pixels.
mental results of comparable test structures. The test structurels is most desirable to have an image sensor with both high
were designed to measure the area capacitance and the perimneggronsivity and low dark signal. To be able to assess both per-
capacitance of the relevant photodiodes. Table V shows the ctarmance parameters concurrently, the concepdark lux is
version gain, measured saturation voltage, and resultant pixsed. The dark lux of an image sensor is a figure of merit that
electron capacity (number of electrons needed to reach satwambines both the responsivity and the dark signal of the image
tion) for each of the four pixels. sensor. It is obtained by dividing the dark signal (V/s) by the
In a similar manner of measuring the output video signatsponsivity [V/(lux.s)]. The dark lux reveals how much equiv-
voltage under dark conditions, the output video signal voltagéent light the image sensor requires to output a voltage signal
under illumination was measured. The light source used hasgual to its dark signal, independent of integration time. The
lux-like spectrum, simulating the response of the human eyewer the dark lux is for an image sensor, the better its com-
The light source projected a flat field of illumination on the surbined dark signal and responsivity performance is. The dark lux
face of the image sensor test chip. The current controlling tfie mlux) versus the total dose level [in Mrd (Si)] is shown in
output light brightness level of the light source was adjustdtig. 6 for each of the four pixels.
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Dark Current Density Histogram for Pixel0 Dark Current Density Histogram for Pixel2
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Fig. 7. Dark current density histograms for PixelO. Fig. 9. Dark current density histograms for Pixel2.
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Fig. 8. Dark current density histograms for Pixel1. Fig. 10. Dark current density histograms for Pixel3.

The dark current density data presen_ted In Fig. 4is an aver el-to-pixel (and transistor-to-transistor) electrical isolation.
dark current d(_ensny data. It was obtained for a specific pix nce the gate oxide is more critical than the field oxide, it is
type by averaging Fhe dark output voltage_s from all the relev own at a slower rate such that its quality is high. The gate oxide
pixels within that pixel type subarray. While the data presentedlyin (anout 7 nm in our case) while the field oxide is thick,
|n_F|g. 4are very useful for assessing t_he Impact of ionizing ra déually ranging from 0.25 to 0.40m. The transition area from
ation on dark current, th_ey have the dls_advantage of concealmg thin gate oxide to the thick field oxide, commonly referred
dark current nonuniformity agross_the pixel type subarray._To "as “Bird’s Beak” (illustrated in Fig. 11), is under enhanced
fess the dark cur:rent n()tljllpn|;orlm|ttr)]/_, a dark cu[]retr;]t dens'? ?ﬁ'ress. Its interface with the silicon may have a high density of
ogram approach was ulilized. in this approach, the coun (f angling bonds and traps. This transition region is believed to
quency) O.f relevant pixels, within the sp_eC|.f|c plxel—type'sub-lay a significant role in the generation of the pixel dark cur-
array, having the same c_iarl_< current density is plotted against ?aft in the absence of any radiation. The PD is reverse-biased,
dark current density. This histogram plot was done for each Offith a depletion region width (illustrated in Fig. 11) that usually

ionizing radiation dose level. The resultant set of histograms f%{ f 1 .
) - . N o . t ,d d th I f th
Pixel0 is depicted in Fig. 7. Similar sets of histograms are dsi_gges fom 1 to 2:m, depending on the value of the reverse

: o . . . s voltage.
picted in Figs. 810 for Pixel1-Pixel3, respectively. The ionizing radiation effects on this pixel structure are very
likely to be the buildup (trapping) of positive charge (holes)
IV. 10NIZING RADIATION -INDUCED DARK CURRENT within the oxide and the creation of interface (silicon/silicon

A simplified cross-section of a typical PD-type CMOS APSlioxide) states (traps) [20], [28]-[31]. The gate oxide of the
pixel is schematically illustrated in Fig. 11. The primary part oflevices under consideration is particularly thin; consequently,
this pixel is the PD, which may be formed by mmplanting the the effect of holes trapping within the gate oxide is consider-
p-substrate. This implant is relatively shallow and thelayer ably small [20]. The created interface traps that have energy
thickness usually ranges from 0.15 to 0;28. The doping con- levels within the silicon bandgap contribute to the processes
centration of the 1 layer is high, usually ranging from 1®to  of charge carriers (electrons/holes), emission (generation), and
10'° cm~2, while the doping concentration of the p-substrate sapture (recombination), which leads to an increase in the pixel
low, usually ranging from 18 to 10'® cm™3. A layer of gate dark current [29]. The rate of charge carrier recombinafibn
oxide covers the PD area. Areas covered by field oxide provi¢iger unit volume per unit time) can be expressed according to
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Vad wheregq is the electronic charge arfg, is the silicon bandgap

energy. Equation (4) may be expressed by the following equa-
tion [29]:

w
4 Id = (aDtkTw/O—pO—N) qUKWT; (5)

whereD; is the (interface) trap concentration (per unit area per
“Bird's Beak” Reset Select unit energy). To transfer from (4) to (5)2; was assumed to be
uniform across the silicon bandgap. The intrinsic carrier concen-
\1\ Photodiode | — * out trationn; is temperature dependent according to the following
Field Oxide | Gate Ooids Field Oxide proportionality [32]:
i Wt _

n+ Jilnt
/7

R
Ly

3 Ey
n; x T3e(zFr), (6)
PD Depletion Region
The dark current density described by (5) is a strong function
P sub of the absolute temperatufié Not only doesl” explicitly ap-
pear in (5) butyy, is a function off’, as described by (2), and
Fig.11. Schematicillustration of a simplified cross-section ofatypicaICMOIﬁS1 also a function off", as desgnb?d .by 6. .Furthermore’ bioth
APS PD pixel (not to scale). e bandgap energy, and the intrinsic Fermi level; are tem-
perature dependent [32]. An activation energy for dark current

_ generation®, may be defined such that (5) may be expressed
the Shockley—Hall-Read (SHR) theory by the following €qUgy the following empirical equation [21], [29]:
tion [32]:

Iy = Ljmoe™ (78 (7)

OpTpUth (pn — nf) Ny

R= e TE (2) : . o

YT 7)} + o, [p +nie=(Tr 7)} wherel,.., is a constant denoting the mathematical limit/gf

whenT approachesc. According to (7), the graphical rela-

wheres, ando,, are the hole and electron capture cross-seflonship betweeing, (1a) and(kT)~" is astraightline, and the
tions, respectively), is the (interface) trap density, is the Magnitude of its negative slope is the activation endrgy
(interface) trap energy leveE; is the intrinsic Fermi levelp Previously obtained experimental data of ionizing radiation-
andn are the hole and electron concentrations respectivgly. induced dark current as a function of temperature validate the
is the intrinsic carrier concentratioh js Boltzmann's constant, &nalysis presented in this section [21], [22], [28], [33], [34].
T is the absolute temperature, ang is the carrier thermal ve- 11€S€ data cover both CMOS APS [21], [22], [28] and CCD

locity, which is given by the following equation [32]: [33], [34] image sensors. The activation en.er@ywas found.
to be 0.63 eV in [21], from 0.50 to 0.70 eV in [22], 0.50 eV in

[28], 0.63 eV in [33], and 0.50 and 0.68 eV in [34].

3KT (2) The activation energy is highly dependent on the fabrication
m* process but is generally half the bandgap endrgywhich is
1.12 eV at room temperature [32]. The reason behind this is

_that the net thermal generation ra@& £,), expressed by (3),

s an acute maximum for the mid-bandgap energy level (at
= E;). Interface trap states have a range of energy levels;
wever, only those levels that are close to mid-bandgap signifi-
g?ntly contribute to the net thermal generation and consequently

to the dark current.

(o [n + nie(

Uth =

wherem* is the conductivity effective mass.

At thermal equilibriumpn = n? and the net recombination
generation rate is zero. However, the depletion region of t
PD pixel (schematically illustrated in Fig. 11) is depleted frornT*
free carriers; thus <« n; andp <« n;. The depletion region 0
(surface) is in thermal nonequilibrium conditions, and the n
generation raté; as a function of the trap energy levig] may

be expressed by the following equation [29]:
V. DISCUSSION

G(E) = —R = TpOnUeh i IV 3) The main goal of this researgh effort is to assess whether

i CMOS APS image sensors fabricated in standard CMOS fab-
rication processes can be radiation tolerant. The first step of this
This net thermal generation contributes to the pixel dark curreagsessment process is tolerance to ionizing radiation, which is
The density of the pixel dark current part that is contributed e subject of this paper. Assessing tolerance to ionizing radia-
the interface trap$; may be expressed by the following equation was selected as a starting point in the assessment process
tion [29]: because it is believed that total dose ionizing radiation effects
are likely to take place first. Assessments of tolerance to dis-
placement damage and to single event effects are planned for
future work but are not the subject of this paper. No claims are

By —F; _(B=E N
gne( kT )+gpe ( kT )

EQ
Iy = q/o G(E,) dE, (4)
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made in this paper regarding the tolerance of CMOS APS image TABLE VI

sensors o displacement damage o single eventeffects, DA SO viore R G0 TRORC A Tresmes sy
Utilizing the physical design techniques of enclosed ge- TOTAL DOSE, AND AFTER 30 Mrd (SI) ToTAL DOSE

ometry andP-channel guard rings comes with a silicon area

penalty. We estimate this silicon area penalty to be increasir Pixel Pre-radiation 1 Mrd (Si) 30 Mrd (Si)

the area required by a given pixel by a factor of roughly two

Other work found this penalty factor to range from 1.5 to 3.5Pixel0  0.25% 3.61% 8.79%
depending on the particular circuit [17]. On the other hanc o o 0
since an essential ingredient of our approach is the utilization (Pixel1  0.33% 3.31% 13.21%

thin gate oxides, the devices are fabricated in modern standz .
CMOS fabrication processes. In this research effort, the devic Pixel2  0.12% 1.48% 9.61%
were fa_brica’ged in a standarql 0.8 process thaF hz?\s a pixel3  0.33% 3.33% 13.07%
gate-oxide thickness of approximately 7.0 nm. Fabricating th
devices in modern standard CMOS fabrication processes miu-
gates the silicon area penalty. This is compared to specialized
radiation-tolerant fabrication processes that are usually laggifiges other than room temperature, but these measurements are
behind modern fabrication processes by at least one generatjsianned for future work. On the other hand, based on a body of
Furthermore, specialized radiation-tolerant processes are meuilished work [21], [22], [28], [33], [34], and on the analysis
costly by at least a factor of two than modern standard fabgiresented in the previous section, we believe that the dark cur-
cation processes. A comparison was made between the siligent of our devices is very likely to exhibit the same exponential
area needed for a set of digital cells designed in a Qu25- temperature dependence. According to (7), and for an activation
process using the above-described physical design techniggiesrgy of 0.6 eV, the dark current performance improvement is
and that needed for the same cells designed in a ©mB0- about an order of magnitude from room temperature’@yto
process without using any of those physical design techniqu@sC, and about two orders of magnitude from room tempera-
[17]. It was found that the former achieves a higher densityre to—23°C. The dark current performance improves more
up to a benefit factor of 3.2, depending on the particular cellith the increase of the activation energy. Lastly, it should be
under consideration. It was further observed that increasing #sted that the dark signal as a percentage of saturation signal at
complexity of the circuit decreases the benefit factor, but inJaMrd (Si) total ionizing radiation dose is better than that at 30
complete digital circuit it was at least 1.5 [17]. Mrd (Si) by a factor that ranges from 2.5 to 6.5, depending on

A major concern of this research effort was the dark curretite pixel design.
performance of the image sensors after having been exposet@ihe data presented in Fig. 5 show that the responsivity of the
to high levels of total ionizing radiation dose. Depending oimage sensors was more or less unchanged after having been
the application, an unacceptably high level of dark current éposed to high levels of total ionizing radiation dose. In fact,
to deem the image sensor unusable even if it is still function@ixel2 showed some increase in responsivity from preradiation
after having been exposed to high levels of total ionizing radis a total ionizing radiation dose level of 30 Mrd (Si). The re-
ation dose. The data presented in Fig. 4 show that the increapensivity of an image sensor is a rather complex performance
of dark current with total ionizing radiation dose is rather lineaparameter. It quantifies the efficiency by which incident photons
The rate by which the dark current density increases ranges frane converted to voltage. Responsivity encompasses two major
about 1 to 2 pA/crvKrd (Si), depending on the pixel design.image sensor performance parameters. The first one is quantum
Table VI shows the dark signal at video rate (30 fps) as a pafficiency, which quantifies the conversion of incident photons
centage of the saturation signal for each of the four pixels befdweelectrons. Quantum efficiency is dependent on the wavelength
irradiation, after 1 Mrd (Si) total dose, and after 30 Mrd (Si) totadf incident photons. The second one is conversion gain, which
dose. For Pixel0 and Pixel2 at 30 Mrd (Si), the video-rate dadkiantifies the conversion of electrons to voltage. Gaining insight
signal is less than 10% of the saturation signal. Pixell and Pixel8 the behavior of responsivity as a function of total ionizing ra-
are not very far behind, with a video-rate dark signal of abodtation dose level requires data on quantum efficiency and con-
13% of the saturation signal. This means that for Pixel0 anersion gain as functions of total ionizing radiation dose level.
Pixel2, more than 90% of the pixel signal capacity is availabMeasuring quantum efficiency and conversion gain is a very te-
for signal generated by incident photons (as opposed to daikus and time-consuming process that could not be performed
signal), which is considered acceptable for many applicatiorster each total ionizing radiation dose level within the relatively
This performance improves (scales linearly) for applications rehort time permitted under the MIL-STD-883E, Method 1019.5,
quiring frame rates higher than 30 fps and degrades for applitanizing Radiation (Total Dose) test standard that was followed.
tions requiring frame rates lower than 30 fps. In all applicationEyven though the measurement techniques that we adopted were
independent of the frame rate, this performance is very likely &mtomated, a need for even more automated measurement tech-
considerably improve by cooling the image sensor chip. Thisques (such that quantum efficiency and conversion gain can
is because the ionizing radiation-induced dark current is velpg measured under the above-mentioned standard) does exist.
likely to be an exponential function of temperature as describ&tie measurement of quantum efficiency and conversion gain as
by (7) in the previous section. Because of logistic reasons, fections of total ionizing radiation dose level is being consid-
have not yet performed dark current measurements at tempenad for future work.
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The dark lux data presented in Fig. 6 combine both the re “Bird’s Beak”
sponsivity and the dark signal of the image sensor. Itis obtaine . ’Z
by dividing the dark signal by the responsivity and is rather Photodiode X
linear as a function of total ionizing radl'atlon do;e level. The Field Oxide ey :' }Field Oxide
dark lux reveals how much equivalent light the image senso T n+ T

requires to output a voltage signal equal to its dark signal, in = W
_dependent of integration t_ime. The_ lower the Qark lux is for anpp Depletion Region

image sensor, the better its combined dark signal and respo

sivity performance is. The ratio of the dark lux to the pigat-

uration luxis the same as the ratio of the dark signal to the pixe

saturation signal. Saturation lux is defined as the illuminatior P sub
level in lux that causes the pixel to saturate at a given frame rat
This ratio (dark to saturation) is shown in Table VI for a frame
rate of 30 fps (video rate). The dark lux has the same tempeF&L 12. Schematic illustration of the recessedimplant (not to scale).
ture dependence as that of the dark current. Based on a body of

published work [21], [22], [28], [33], [34] and on the analysis “Bird's Beak”
presented in the previous section, it is very likely that the darlk Photodiode ;

lux performance exhibits the same exponential temperature d )

pendence described by (7), and thus considerably improves t Field Oxide Gate Oxide ! iField Oxide
cooling the image sensor chip. _//.k n+ s
The changes in responsivity, depicted in Fig. 5, may be du /V """"""""""""""" -

to changes in conversion gain and/or changes in quantum epp Deplstio
ficiency. However, the dark current, depicted in Fig. 4, and the

dark lux, depicted in Fig. 6, are rather linear. This leads us to sut

mise that the conversion gain has remained rather constant a: P sub

function of the total ionizing radiation dose. This conjecture is

based on the fact that dark signal does not depend on quantum

efficiency, as the source of dark signal is not the conversion fg#. 13. Schematic illustration of the nonrecesaedimplant (not to scale).
incident photons to electrons, which is the fundamental nature

of quantum efficiency. The dark signal, however, depends implant is schematically illustrated in Fig. 12, while the non-
the conversion gain, which quantifies the conversion of geneecessed. ™ implant is schematically illustrated in Fig. 13. We
ated electrons (in this case in the absence of incident photogg)mise that the increase in quantum efficiency is due to expan-
to voltage. Based on this conjecture, we further surmise that &ien in the depletion region, particularly near the “Bird’s Beak”
changes in responsivity are mainly due to changes in quantamea. This would lead to more incident photons being absorbed
efficiency as a function of the total ionizing radiation dose. Wgand hence more electrons being generated) within the depletion
do not currently have quantum efficiency or conversion gaigion. We further surmise that the additional photons being ab-
data as a function of total ionizing radiation dose to support ttéerbed would have relatively long wavelengths, i.e., in the red
conjecture. However, obtaining such data is being consideraald near infrared region of the frequency spectrum (wavelengths
for future work, as described above. from about 0.6 to about 1.0m).

The design of Pixell is almost identical to that of Pixel3. The Another noteworthy concern of this research effort was the
only difference is that the PD metal contact of Pixel3 is salspatial nonuniformity of dark current. The histograms presented
cided while that of Pixell is not. The dark current, responsivitin Figs. 7—10 have rather tight distributions. They reveal that the
and dark lux data show that Pixell and Pixel3 have nearly idattark current spatial nonuniformity is not as major a concern as
tical performances. This suggests that the design difference s first thought. The worst case dark current spatial nonuni-
tween the two pixels has minimal effect on their performance®rmity is estimated to be about 3—-4% of saturation level. This
The PD metal contact area is very small compared to either therst case scenario is for a total ionizing radiation dose level of
PD area or the pixel area, and thus the minimal effect of tH3® Mrd (Si).
design difference on the performance was within expectationsThe size of each of the four pixel subarrays is ¥2828.
Pixel2 has a design feature that distinguishes it from the oth@nly pixels within an 80< 80 window in the center of the sub-
three pixels. Each of the other three pixels has a recessedarray were considered for data collection and analysis. This
implant while Pixel2 does not. This design difference was netas decided upon for two reasons. The first one is to avoid the
expected to make a big difference in the responsivity perfagelge effect. Pixels of columns and rows near the edges of an
mance. However, the responsivity of Pixel2 is distinct from thanage sensor array are in close proximity to the peripheral cir-
of the other three pixels, as it has a fairly low preradiation valueuits. Unlike the pixels, peripheral circuits usually have more
and then shows a noticeable increase as a function of total iometal, in terms of both area and number of layers. Also, there
izing radiation dose over the range from 1 to 10 Mrd (Si). As a discontinuity in the layers underneath, as the cross-sec-
presented above, we surmise that this increase in responsivitijas of the pixel structure is different from that of the periph-
mainly due to increase in quantum efficiency. The recessed eral circuits. Similarly, there is also a discontinuity at the edges

n Region
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of the four subarrays. The discontinuity and the high densigvent effects, including latchup. A next-generation design is cur-
of metal mechanically and electrically stress the pixels of thrently planned, including the monolithic integration of a radia-

rows and columns near the edge. Consequently, the dark &ind-tolerant analog-to-digital converter with the image sensor.
optical properties of these pixels are different, and are not a

“true” representation of the pixel array. Usually the data from VI. CONCLUSION

a few edge rows and columns are discarded. For example, i .

a 1024x 2024 image sensor array is required, then it mar;/ EF(Ne have demonstrated that CMOS APS image sensors can be

designed as 1040 1040, bearing in mind that data from eigh esigned to be ionizing radiation tolerant to total dose levels up

lines from each side will be discarded. For the image sensor t %?0 qu (Si). The most pronounced eﬁect on the perfqrmance
was the increase of dark current, which was linear with total

is th i f thi h 32020 wi in th .
Is the subject of this paper, perhaps a 0 window in the gse level. The rate of dark current increase was about 1 to

center of the subarray would have been sufficient to avoid tg @/cm?/Krd (Si), depending on the design of the pixel. The

edge effect. However, there is a second reason that necessit tg . . S L
g aprication process is standard CMOS, yielding a significant

that we trim this window down to 88 80: the practical man- t advant ialized radiation hard |
agement of the data collection, storage, and manipulation. I%’j; advantage over specialized radiation hard processes. in

each total dose level, data had to be collected for different val dggnAthth_ew high level thtOIer?ch ZIO |ort1|2|ng ;ag"'?‘t'or;’
of integration time. For each integration time, data from man IMage sensors nave the advantage of being fow

frames had to be collected. This was repeated for each pixel t OéN erll'tE'u rtner_m tore, ?tk:jer r?k? ﬁuog:\zﬁ;ar:; ée_ctromcs can be
within a chip and for each condition under which the measur lonolithically integrated wi € Image sensor

ments were made. The different conditions ranged from darkqﬁhz&ng dtf(l:eMsc,)agfe bphyst!cal design ttehchmquebsr and _thet same
very bright illumination. A number of chips were considered pandard LMV aprication process, thus enabling miniaturiza-
ion of radiation-tolerant imaging systems. This combined set

well. All these measurements had to be performed within t i : )
time limit dictated by the above-referenced standard that W%Sbeneflts makes CMOS APS tecr_mol_ogy a V|abl_e glternanve
CCD technology for many applications in radiation harsh

followed. We conducted some experimental data analysis, atﬁd . o
based on the results of these trials, we chose a set of paraﬁ{é\@ronments such as space applications.
ters for the test plan. Our choices of these parameters were such
that the data collected have a manageable size that undoubtedly
leads to valid results. The authors would like to thank W. Snoeys of the European
The process used to fabricate the devices was a stand@ehter for Nuclear Research for fruitful discussions in the early
0.35um CMOS process. We believe that this fabricatiostage of this work. The authors would like to acknowledge con-
process has two critical factors that significantly contributed teibutions by their colleagues at Photobit Technology Corpora-
the results. The first factor is the thin gate oxide (about 7 ntion, Photobit Corporation, the European Center for Nuclear Re-
in this case), which considerably mitigates the effects of tearch, NASA Goddard Space Flight Center, Science Applica-
charge trapped within the oxide [20]. The second factor is thiédns International Corporation, and Sandia National Laboratory.
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