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Abstract: This paper presents a high full well capacity (FWC) CMOS image sensor (CIS) for space
applications. The proposed pixel design effectively increases the FWC without inducing overflow
of photo-generated charge in a limited pixel area. An MOS capacitor is integrated in a pixel
and accumulated charges in a photodiode are transferred to the in-pixel capacitor multiple times
depending on the maximum incident light intensity. In addition, the modulation transfer function
(MTF) and radiation damage effect on the pixel, which are especially important for space applications,
are studied and analyzed through fabrication of the CIS. The CIS was fabricated using a 0.11 µm
1-poly 4-metal CIS process to demonstrate the proposed techniques and pixel design. A measured
FWC of 103,448 electrons and MTF improvement of 300% are achieved with 6.5 µm pixel pitch.

Keywords: CMOS image sensors; wide dynamic range; multiple charge transfer; space applications;
radiation damage effects

1. Introduction

Imaging devices are essential components in the space environment for a range of applications
including earth observation, star trackers on satellites, lander and rover cameras [1].

In space applications, charge coupled devices (CCDs) have been used for imaging devices because
they can achieve low noise and high image quality. However, there are constraints for CCDs because
of radiation tolerance, power, and size. The performance of CCDs is very sensitive to radiation in
space. Charge transfer efficiency (CTE) of CCDs is degraded by proton irradiation, which causes
position shifts of objects in images and leads star trackers to cause uncorrectable errors [2]. In addition,
CCDs have a high power consumption because many external components and high supply voltages
are necessary for their operation. These facts make CCDs less effective in the space environment.
Therefore, CCDs have gradually been replaced by CMOS image sensors (CISs) due to their benefits,
e.g., high level of integration, timing and control in a single chip, low power operation, and better
radiation tolerance. CISs can produce high quality images by means of technical development, such as
pinned photodiode (PPD), correlated double sampling (CDS), and recently developed circuit topology
for low noise readout. Moreover, there is a growing interest in small spacecraft and satellites with lower
weights and smaller sizes due to lower development costs and shorter lead times [3]. High integration
ability of CISs is appropriate for small satellite missions.

The main specifications of commercial CISs include quantum efficiency (QE), dynamic range
(DR), saturation level, modulation transfer function (MTF), signal to noise ratio (SNR), dark current,
image lag, non-uniformity, and non-linearity of the photon response. Among them, DR and MTF
are especially important for space applications and these specifications should be maintained in
radiation environments.
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The DR is a quantity that describes the range of light intensity in an image. A high-DR image
sensor can produce images with low to high light levels in an exposure time. It is defined as the ratio
between the maximum saturated pixel output level and noise level in the dark [4]. The DR can be
calculated as

Dynamic range (DR) = 20 log
(

Nsat

Ndark

)
[dB], (1)

where Nsat is the number of electrons collected by a pixel at saturation level, which is also referred to
as full well capacity (FWC), and Ndark is the number of electrons at noise level without illumination.

The improvement of DR is an important issue not only for image quality but also for accuracy of
space sensor applications [5,6]. For example, star trackers use known star positions in an image taken
with CISs on a spacecraft. An algorithm of the star tracker finds centroids of stars by using blurred
spots. Because the wide dynamic range (WDR) of CIS makes the blurred spot more informative,
the accuracy of the star tracker is increased with rapid determination of centroids [7].

Methods for achieving WDR can be categorized as a non-linear or linear. Previous reports have
described DR extension with non-linear methods by several means. A well capacity adjusting method
controlling an overflow gate caused low SNR because of the non-linear response of charge collection [8].
A logarithmic active pixel sensor using logarithmic response of MOS transistor in a weak inversion
region caused high fixed pattern noise (FPN), which limits SNR because of large threshold voltage
variation [9]. Linear-logarithmic pixel was also introduced to compensate the degradation of SNR,
but the pixels were based on the three-transistor (3T) pixel structure, which has poor noise performance
compared to a four-transistor (4T) pixel structure [10].

The linear method for the WDR is to increase FWC physically. In previous works [11,12], the FWC
is required to be larger than 75,000 e− for space applications. To satisfy this requirement, large pixel
pitch was simply adopted. If high resolution is required, the chip size of CISs becomes large, so the
manufacturing cost of the image sensor is increased and optical components also become bulky, which
is not recommended for small satellite applications. Therefore, a demand for high FWC with small
pixel pitch has been raised.

Modulation transfer function (MTF) is another important specification for quantifying image
quality. It defines the ability of an optical system to resolve a contrast at spatial frequency. Higher
MTF makes small objects distinguishable on images. For example, earth observation satellites, which
observe geographical features, weather, and surveillance, require high MTF to distinguish over several
meters or centimeters.

The major cause of MTF degradation is the crosstalk between neighboring pixels, especially for
small-pitch pixels [13]. There can be both electrical and optical crosstalk depending on the cause.
Electrical crosstalk is the phenomenon that photo-generated electrons move to the neighboring pixel
through the substrate. This can be mitigated by shallow trench isolation (STI) and deep trench isolation
(DTI) processes. Optical crosstalk is caused by undesirable photo generated electrons as a result of
light incident in the lateral direction of the pixel. There are two approaches for degradation of optical
crosstalk. The first approach prevents light from entering the PPD of adjacent pixels using a light
guide, which refracts undesirable directions of light [14]. This significantly reduces the optical crosstalk
but increases cost due to the additional process. Another way, which is adopted in this work, is to
physically block the lateral light using a metal layer placed around edges of the PPD [15].

While most electrical parts equipped in a spacecraft have radiation shielding using aluminum or
other metallic materials, CISs are directly exposed to outer space for image capturing. This requires
CISs to have an extremely high level of radiation tolerance. The effects of radiation on CMOS
technology, including MOSFET, capacitors, and various pixel structures, have been individually
researched previously [16,17], but the pixel with an in-pixel capacitor has not been studied before.

In this paper, a modified 4T pixel with a multiple charge transfer technique is proposed to extend
the FWC without a non-linear response or SNR degradation. The measurement results show that the
pixel can hold more than 100,000 electrons by means of the technique in a 6.5 µm pixel pitch. This value



Sensors 2019, 19, 1505 3 of 16

is approximately two times higher than in previously reported works [18–23]. Even though the MTF
of a pixel can be improved either by using a specified fabrication process or design, these approaches
could potentially increase the radiation damage effects. Therefore, metal shielding [24] was adopted to
maintain the radiation tolerance of pixel devices. Two sensor chips were fabricated, one with metal
shielded pixels and the other without metal shielding, and the measurement results show that an MTF
improvement of approximately 307% was achieved by using metal shielding. In addition, the radiation
damage effects of an in-pixel MOS capacitor are also investigated by comparing the performance of
the sensor before and after irradiation.

The remainder of this paper is organized as follows. We describe the pixel configuration of
the proposed CIS with an in-pixel MOS capacitor and its operation in Section 2. The prototype CIS
implementation results, characteristics, and evaluation results are presented in Section 3. Finally,
conclusions are given in Section 4.

2. Sensor Architecture

Figure 1 shows a block diagram of the CIS and simplified readout circuit. The chip is comprised
of a 3000 (H) × 3000 (V) pixel array, column readout circuits with buffer amplifiers, row shift registers,
and Tx controllers.
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Figure 1. CMOS image sensor (CIS) block diagram. CSR, column shift register; ADCs, analog to
digital converters.

There are 10 channel readout circuits in the CIS. The one channel of column readout circuits
consists of a switched capacitor amplifier and unit gain buffer, which use a high gain operational
amplifier. In one channel, 300 sets of two capacitors each were used for sampling reset and signal values
out of the 300-pixel columns. A column shift register (CSR) sequentially selects one of 300 capacitor
sets, and the sampled values are outputted in the form of analog voltage. The output voltages from the
10 channels are converted to digital values by ten off-chip analog to digital converters (ADCs). A row
shift register (RSR) approaches each row in sequence starting at the first. The multiple charge transfer
is controlled by the Tx controllers, which is similar to RSR. All pixel control signals are buffered by
digital drivers.
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2.1. Proposed Pixel Design with Multiple Charge Transfer

Figure 2a,b show a simplified schematic and layout of the proposed pixel. The pixel is similar to a
conventional 4T pixel except that a single MOS transistor is added to the floating diffusion (FD) node
as a charge storage capacitor for the multiple charge transfer technique.
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The pixel maintains beneficial properties of the conventional 4T pixel, such as low noise operation
and high fill factor, unlike other specified pixel architectures for WDR operation [10,25]. Also, the pixel
routing is simpler than in other WDR pixels because no additional control signal is required. In general,
the FWC is limited by PPD capacitance, which depends on the PPD size and doping profile [26,27].
The PPD capacitance can be increased by expanding its size and adjusting the shape of the photodiode
itself [4]. However, p-n junction capacitance of photodiode per unit area is not sufficient to increase
the considerable amount of FWC within the limited pixel size. Increasing the doping profile of the
PPD increases the PPD capacitance and FWC by reducing the depletion depth between the PPD and
the substrate. However, only controlling the PPD doping cannot sufficiently increase the FWC for
space applications.

In this work, instead of directly increasing the PPD capacitance, the FWC is enhanced by
transferring photo-charges to the enlarged FD node multiple times. The use of an in-pixel MOS
capacitor increases the capacitance of the FD node and photo-generated charge can be linearly
integrated on the FD node without information loss.

Figure 3 illustrates a potential diagram of the pixel for the multiple charge transfer. After the
reset of the PPD and FD node as shown in Figure 3a, the integration of charges generated by photon
is started. Before the integrated charges of the PPD are overflowed, the charges are transferred to
the storage capacitor, as shown in Figure 3b,c. Figure 3d illustrates the output signal level after the
charge transfer is repeated three times. The multiple charge transfer improves the SNR because signals
generated from the photo charges tend to be correlated whereas noise is uncorrelated. For example,
the signal and noise are increased by a factor of N and

√
N, respectively, where the N is the number of

charge transfer. As a result, SNR is increased by a factor of
√
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2.2. Pixel Operation for Multiple Charge Transfer

Figure 4a and b show the timing diagrams of single and triple charge transfer operations for
the pixel control signals, respectively. The pixel readout process during TREAD will be explained in
Section 2.4. First of all, one of the 3000 rows in the pixel array is selected by using the row select signal
(SEL), and in case of single charge transfer, the photo-generated charge in the PPD is transferred to
the FD capacitor when the transfer gate control signal (Tx) is high. The pixel signal value is then
sampled by a sampling capacitor in the readout circuit when the signal sampling signal (PSIG) is high.
After sampling the pixel signal value, the FD node is reset to an initial voltage when the RST is high.
The reset value of the FD node is finally sampled using a sampling capacitor in the readout circuit
for an analog delta reset sample (DRS) operation [28]. Starting from the first row, this procedure is
repeated until the last row is processed.
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The control signals for the multiple charge transfer operation are the same as the ones for the
single charge transfer operation except that the Tx becomes high multiple times. As exemplified for
triple charge transfer in Figure 4b, the photo-charge is transferred twice by making the Tx high two
times before the SEL becomes high, and the last charge transfer is performed when the pixel row is
selected, as with the single charge transfer operation.
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Notice that the main difference from the conventional 4T pixel operation is that the operation order
for the pixel reset and the photo-charge transfer is switched. While the photo-charge is transferred to
the FD node after the reset in the conventional 4T pixel, the charge is transferred before the pixel reset,
which allows for multiple charge transfer.

2.3. Pixel Design for Modulation Transfer Function

The MTF, which can be measured in vertical and horizontal directions, is degraded by crosstalk
between adjacent PPDs. One of effective ways to minimize crosstalk is to maximize the distance
between the neighboring PPDs. However, this requires smaller PPD area for a limited pixel
size, resulting in smaller fill factor and quantum efficiency (QE). Figure 5a,b show top-down and
cross-section views of the two adjacent pixels. In Figure 5a, the PPD, active devices, and in-pixel
capacitor are placed to maximize the PPD area. The control signals are routed horizontally not to
interfere with the incident light for high QE. In this design, the vertical MTF is much better than the
horizontal MTF because the distance between the adjacent PPDs in the vertical direction is much larger
than that in the horizontal direction due to the active devices and in-pixel MOS capacitor placed under
the PPD.
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As shown in Figure 5b, the horizontal MTF is deteriorated by lateral light, and this cannot
be improved by using STI. In order to improve the horizontal MTF without modifying the pixel
design (especially the PPD size and shape, which were already optimized for optical and radiation
performances), metal shielding [24] has been applied as shown in Figure 5c,d.

In this work, the layout of PPD, active devices, and MOS capacitor cannot be changed due to
consideration of other parameters and radiation damage effects. Figure 5c shows a proposed method
of metal routing for enhancing MTF performance. The cross-section view in Figure 5d shows the
mechanism for blocking the lateral light by the shielding metals.
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Since M1 was already used for the signal and power routings, as shown in Figure 5b,d, the space
for shielding was insufficient. Even though the use of a stacked metal shielding (M2 and M3) helps to
reduce the optical crosstalk, it also reduces the QE [29]. Therefore, only M2 was used for shielding in
order to maintain the QE. The shielding metals can help to prevent generation of photo-charges near
the PPD edges by blocking lateral light, so the horizontal MTF is improved. In addition, photo-charges
that are generated in an active area can affect the pixel performance, so the active area is fully covered
by metal layers to prevent the incident light. The measurement results show that the horizontal MTF
has improved by three times from 0.131 to 0.402 with metal shielding.

2.4. Readout Circuit Design and Operation Procedure

Figure 6a describes a readout circuit of a single channel and its control signals. One set of
capacitors consisting of two sampling capacitors (CSIG and CRST) is used to sample the pixel signal
and reset values, respectively, from one-pixel column. Three hundred sets of sampling capacitors in
one channel process the pixel values that are generated from 300 pixel columns. A switched-capacitor
amplifier holds the sampled pixel values for the output buffer while also working as a variable gain
amplifier (VGA). A two-phase non-overlapped clock generator generates the clock signals (P1 and
P2) for the switched-capacitor amplifier. In order to sequentially transfer the sampled charges on the
300 sets of sampling capacitors, the clock signals are controlled by the column shift register (CSR),
which is aligned with the CSRIN.

The circuit operation is as follows. As explained in Section 2.2, the pixel signal and reset values
are sampled on the CSIG and CRST, respectively, while the PSIG and PRST are high. This is illustrated in
Figure 6b,c. After sampling is completed, the output enable signal (OEN) becomes high and this shorts
the bottom plates of the CSIG and CRST, as shown in Figure 6d. Then, the CSEL signal bus consisting
of 300 control signals sequentially connects the top plates of the CSIG and CRST from the first set of
sampling capacitors up to the 300th set to the input nodes of the amplifier. This makes the sampled
charges on the CSIG and CRST move to the feedback capacitor (CF) and generate differential voltage
outputs as follows.
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VOUTP =
VRST −VSIG

2
, VOUTN = −VRST −VSIG

2
. (2)

Finally, the differential outputs are buffered by the two unit-gain amplifiers and routed to the
off-chip ADC.

Notice that the proposed switched-capacitor amplifier performs a single-ended to differential
signal conversion. The differential signaling is extremely important for space application because the
off-chip ADCs are often placed far from the CIS in a shielded location due to the radiation damage
effect. Therefore, the output signal traces become very long and are susceptible to common noises and
interferences. The differential signaling helps to remove common noises and interferences effectively
and maintain the signal integrity.

2.5. Radiation Damage Effects on the Proposed Pixel Structure

The effects of energetic particle radiation on CMOS devices and circuits in space can be categorized
as total ionizing dose (TID) and displacement damage dose (DDD). The TID effect causes a build-up
of trapped charge in the gate oxide of a CMOS device. The DDD effect occurs when high energy
particles penetrate a silicon substrate. The energetic particles collide with silicon atoms and generate
the dislocation of the silicon atoms which causes Frenkel pair defects. These effects cause a threshold
voltage shift in CMOS devices and result in an excessive leakage current or a variation in device
operating voltage.

In a CIS, the radiation damage effects deteriorate the optical performances, such as dark current,
temporal noise, and random telegraph noise [30] or result in the generation of permanent hot pixel [31,32].
It is known that the radiation damage effect on CMOS devices is decreased as CMOS technologies
shrink to deep sub-micron regimes and the oxide thickness becomes thinner. However, pixel devices
do not benefit from advanced technologies because a thick gate oxide is still used in the pixel device.
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In a conventional 4T pixel, the size of the transfer gate and PPD affects the dark current
performance under radiation [33–35]. While small PPD size and short gate length help to reduce the
radiation damage effect on the dark current, the FWC also decreases as a result of the reduced PPD
capacitance. Moreover, the leakage current from the PPD to FD node can increase. In general,
the radiation damage effect of a pixel device is reduced as the device size shrinks, and hence,
the increment of dark current due to irradiation is alleviated [36]. Recent pixel design demands
smaller pixel size in order to increase pixel resolution for a fixed chip area. Therefore, pixel design
requires careful consideration of the trade-off between optical performance and radiation tolerance.

In this work, the pixel design followed previous researches for a conventional 4T pixel except for
the in-pixel MOS capacitor. It has been reported that an amount of charges that can be trapped in an
interface of SiO2/Si depend on the MOS capacitor size and radiation dose [37]. The trapped charges
cause a shift in threshold voltage and variation of capacitance [17,37–42]. However, the radiation
damage effect on a MOS capacitor used inside a pixel has not been studied yet. In order to analyze
the effect of radiation on an in-pixel MOS capacitor, two different pixels having different sizes of
capacitors has been fabricated and tested. The pixel performance under a radiation environment has
been analyzed, and the analysis results are presented in the next section.

3. Experimental Results

3.1. Overall Performance with Enhanced Full Well Capacity

The prototype CIS was fabricated using a 0.11 µm 1P4M CIS process. The chip microphotograph
and the captured image of the ISO 12233 chart are shown in Figure 7a,b, respectively.
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Figure 7. Chip microphotograph and captured image: (a) Chip microphotograph including a pixel
array, pixel control block, and switched capacitor amplifiers of 10 channels; (b) Captured image (ISO
12233 chart).

Figure 8a shows the measured pixel output voltages versus light intensity with different amounts
of charge transfer. It is clearly shown that the saturation voltage of the pixel output linearly increases
as the amount of charge transfer increases. The FWC of 103,448 e− with the pixel readout voltage of
1 V was achieved by transferring the charges three times and the measured read noise—which was
mainly generated by the off-chip ADCs and measurement board—was 24.7 e−. For the read noise
measurement, the integration time of the CIS was set to 52 µs and the VGA gain to 4 for minimizing
the dark and shot noise. Then, two dark images were captured, and the standard deviation was
calculated from the difference of the two images for removing the fixed pattern noise. The read noise
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was calculated from the standard deviation considering ADC resolution, VGA gain, and conversion
gain. The DR was achieved 72.4 dB resulting in the read noise. The DR could be further improved
by using on-chip ADCs, which achieve much lower read noise. For example, a 106.7 dB DR can be
achieved with 0.48 e− read noise, which is reported in [43].Sensors 2019, 19, x  10 of 16 

 

 
(a) (b) 

Figure 8. Measured pixel characteristic: (a) Readout voltages with a different amount of charge 
transfer; (b) Quantum efficiency chart with various wavelengths. 

With a 6.5 um pixel pitch, the PPD size is 28.31 um2 and the fill factor is 67%. As shown in Figure 
8b, the measured QE varies from 13.6% to 68.4% for the spectrum ranging from 375 nm to 875 nm, 
and the peak QE is 68.4% at 550 nm. Performance of the CIS is summarized in Table 1. 

Table 1. Characteristics of the CIS. 

Parameter Value 

Technology 0.11 μm CMOS 

Pixel Pitch 6.5 μm × 6.5 μm 

Resolution 3000 × 3000 pixels 

Chip size 22 mm × 22 mm 

Fill factor 67% 

Output voltage swing Vsat (gain=1) 1 V 

Modulation transfer function (MTF) at 

Nyquist 
0.4 

Conversion gain 8.55 μV/e− 

FD capacitance 19.6 fF 

Full well capacity 103,448 e− 

CIS read noise 24.7 e− 

Dynamic range 72.4 dB 

Quantum efficiency @ 550 nm 68.4% 

3.2. MTF Measurement Results 

The MTF measurements have been made using the ISO 23333 slanted-edge method. The 
maximum output voltage of the bright pixel near the edge was limited to 50% of the saturated pixel 
output and the knife-edge was used as a target with a 5 degree tilting angle [24,44]. The MTF was 
measured in the vertical and horizontal directions and was expressed at Nyquist frequency.  

Two different CISs utilizing pixels with and without metal shielding have been fabricated in 
order to compare the MTF performance. Table 2 shows the MTF measurement results, and it clearly 
shows that the horizontal MTF has been increased from 0.131 to 0.402, resulting in a 300% 
improvement. The measured MTF curves with spatial frequency are also shown in Figure 9. 
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With a 6.5 um pixel pitch, the PPD size is 28.31 um2 and the fill factor is 67%. As shown in
Figure 8b, the measured QE varies from 13.6% to 68.4% for the spectrum ranging from 375 nm to
875 nm, and the peak QE is 68.4% at 550 nm. Performance of the CIS is summarized in Table 1.

Table 1. Characteristics of the CIS.

Parameter Value

Technology 0.11 µm CMOS
Pixel Pitch 6.5 µm × 6.5 µm
Resolution 3000 × 3000 pixels
Chip size 22 mm × 22 mm
Fill factor 67%

Output voltage swing Vsat (gain = 1) 1 V
Modulation transfer function (MTF) at Nyquist 0.4

Conversion gain 8.55 µV/e−

FD capacitance 19.6 fF
Full well capacity 103,448 e−

CIS read noise 24.7 e−

Dynamic range 72.4 dB
Quantum efficiency @ 550 nm 68.4%

3.2. MTF Measurement Results

The MTF measurements have been made using the ISO 23333 slanted-edge method. The maximum
output voltage of the bright pixel near the edge was limited to 50% of the saturated pixel output and
the knife-edge was used as a target with a 5 degree tilting angle [24,44]. The MTF was measured in the
vertical and horizontal directions and was expressed at Nyquist frequency.

Two different CISs utilizing pixels with and without metal shielding have been fabricated in order
to compare the MTF performance. Table 2 shows the MTF measurement results, and it clearly shows
that the horizontal MTF has been increased from 0.131 to 0.402, resulting in a 300% improvement.
The measured MTF curves with spatial frequency are also shown in Figure 9.
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Table 2. Measured MTF results with metal covering.

MTF (Horizontal) MTF (Vertical)

Metal covering 0.402 0.406
Without covering 0.131 0.406
Improvement (%) 307 0

3.3. Radiation

Figure 10 shows a simplified block diagram and actual pictures of the radiation test setup. The TID
and DDD test setups are similar except for radiation source and exposure time. In the radiation chamber,
the CIS chip is placed at a set distance from the radiation source, which is determined by the amount
of radiation delivered to the chip per hour and electrical devices except for the CIS chip are protected
from radiation by lead blocks. For the TID test, gamma rays generated by cobalt-60 (60Co) were used as
a radiation source and the amount of radiation exposed to the chip was set to 236 rad per hour. Proton
particles with a fluence of 1.48 × 1010 particles/cm2 are accelerated with an energy of 45 MeV by a
MC-50 cyclotron, and the CIS chip was exposed to the accelerated proton particles for the DDD test.
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increasing the size of an in-pixel MOS capacitor, however, the dark current performance after 
radiation, especially for the DDD effect, can be severely worsened. Therefore, in-pixel capacitance 
should be carefully chosen based on an understanding of the trade-off. 

Figure 10. Radiation test setup: (a) Simplified block diagram; (b) Displacement damage dose (DDD)
test with metal shielding to protect the other electrical parts; (c) DDD test setup without metal shielding;
(d) Front view of total ionizing dose (TID) test setup using lead blocks; (e) Overall TID test setup
including radiation source.

Three important performance measures (QE, power consumption, and dark current) are evaluated
by the radiation test. While radiation did not affect QE and power consumption of the CIS, dark current
was significantly increased depending on the size of in-pixel capacitor. The radiation damage effect on
an in-pixel MOS capacitor on the dark current performance can be explained with the measurement
results shown in Figure 11. The CIS with two different sizes of in-pixel MOS capacitors was fabricated
and was tested for the TID and DDD. Figure 11a shows the test results for the CIS with an in-pixel
MOS capacitance of 16.3 fF; the average dark current of CISs was 133.15 e−/s before the radiation
test and it increased to 490.5 and 622.78 e−/s after the TID and DDD tests, respectively. With an
in-pixel MOS capacitance of 19.6 fF, as shown in Figure 11b, the dark current significantly increased to
931.59 and 2585 e−/s for the TID and DDD test, respectively. Only a 20% increase in in-pixel MOS
capacitance deteriorates the dark current performance by about two times for the TID and by four
times for the DDD. The possible reasons for the sharp increase in dark current are the threshold voltage
shift of the MOS capacitor due to the trapped charges in the oxide area and Shockley–Read–Hall (SRH)
generation by the radiation induced defects. The measurement results indicate that there exists a
critical trade-off between the FWC and the radiation damage effect on the dark current. With the
multiple charge transfer technique, the FWC can be significantly enhanced by increasing the size of an
in-pixel MOS capacitor, however, the dark current performance after radiation, especially for the DDD
effect, can be severely worsened. Therefore, in-pixel capacitance should be carefully chosen based on
an understanding of the trade-off.
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Figure 11. Radiation damage effects with two different in-pixel MOS capacitors: (a) 16.3 fF MOS
capacitor (b) 19.6 fF MOS capacitor.

Table 3 compares the radiation performance of this work with that of commercial image sensors
which were tested with the similar radiation conditions. Dark current increment observed after
irradiation of the commercial sensors varies from about 200% to 2700%, which is similar to the findings
in this work.

Table 3. Comparison of the dark current with other image sensors (unit: e−/s).

This work [45] [46] [47] [48]

Pre-Rad 133 6600 190 3135 20

TID *
(Percentage increase)

491
(368%)

932
(700%)

180,000
(2727%)

1554
(818%)

6110
(195%) N/A

Proton **
(Percentage increase)

623
(468%)

2585
(1941%) N/A N/A N/A 500

(2500%)

* TID: total dose of 7~8 krad of cobalt-60 gamma ray. ** DDD: total proton fluence of 1 × 1010 ~ 1.5 × 1010/cm2

under 50 MeV.

4. Conclusions

A high FWC CIS for space applications was presented in this paper. The proposed pixel achieves
high FWC by utilizing an in-pixel MOS capacitor and multiple charge transfer. In addition to the
FWC, two important performance measures for space applications (MTF and radiation tolerance)
were explained and a method to improve MTF was suggested. The radiation damage effect on an
in-pixel MOS capacitor, which has not been reported in the other literatures, was studied by fabricating
and measuring a CIS with two different size of the MOS capacitors. It was found that the size of the
capacitor should be determined with consideration of the radiation damage effect because a small
increment in the MOS capacitance can severely increase dark current under a radiation environment.
The fabricated 3000 × 3000 CIS achieved an FWC of 103,448 electrons and metal shielding in the
horizontal direction improved the MTF by 300%.

Author Contributions: W.-T.K. and B.-G.L. conceived and designed the CIS; W.-T.K., C.P., and H.L. conducted
measurements of the CIS; I.L. consulted radiation test methodology.

Funding: This research was supported by the MSIT (Ministry of Science and ICT), Korea, under the ITRC
(Information Technology Research Center) support program(IITP-2019-0-01433) supervised by the IITP (Institute
for Information & communications Technology Promotion) and the GIST Research Institute Project through a
Grant provided by GIST in 2019.

Acknowledgments: The authors express their sincere thanks to the staff of the MC-50 Cyclotron Laboratory
(KIRAMS), for the excellent operation and their support during the experiment and DB HiTek for the
CIS fabrication.



Sensors 2019, 19, 1505 14 of 16

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bigas, M.; Cabruja, E.; Forest, J.; Salvi, J. Review of CMOS image sensors. Microelectron. J. 2006, 37, 433–451.
[CrossRef]

2. Hancock, B.R.; Stirbl, R.C.; Cunningham, T.J.; Pain, B.; Wrigley, C.J.; Ringold, P.G. CMOS active pixel
sensor specific performance effects on star tracker/imager position accuracy. In Functional Integration of
Opto-Electro-Mechanical Devices and Systems; International Society for Optics and Photonics: Bellingham, WA,
USA, 2001; Volume 4284.

3. Radhakrishnan, R.; Edmonson, W.W.; Afghah, F.; Rodriguez-Osorio, R.M.; Pinto, F.; Burleigh, S.C. Survey
of Inter-Satellite Communication for Small Satellite Systems: Physical Layer to Network Layer View.
IEEE Commun. Surv. Tutor. 2016, 18, 2442–2473. [CrossRef]

4. Martin-Gonthier, P.; Magnan, P.; Corbière, F.; Estribeau, M.; Huger, N.; Boucher, L. Dynamic range
optimisation of CMOS image sensors dedicated to space applications. Proc. SPIE 2007, 6744, 67440U.
[CrossRef]

5. Meynart, R.; Martin-Gonthier, P.; Neeck, S.P.; Magnan, P.; Corbiere, F.; Shimoda, H. Overview of CMOS
process and design options for image sensor dedicated to space applications. In Sensors, Systems, and
Next-Generation Satellites IX; International Society for Optics and Photonics: Bellingham, WA, USA, 2005.

6. Beletic, J.; Holland, A.D.; Woffinden, C.; Swindells, I.; Pratlong, J.; Jerram, P.; Cassidy, R.; Bourke, D.;
Jorden, P.R. Teledyne e2v sensors optimised for ground-based and space applications. In High Energy, Optical,
and Infrared Detectors for Astronomy VIII; International Society for Optics and Photonics: Bellingham, WA,
USA, 2018.

7. Delabie, T.; De Schutter, J.; Vandenbussche, B. An Accurate and Efficient Gaussian Fit Centroiding Algorithm
for Star Trackers. J. Astronaut. Sci. 2014, 61, 60–84. [CrossRef]

8. Decker, S.; McGrath, R.D.; Brehmer, K.; Sodini, C.G. A 256 × 256 CMOS imaging array with wide dynamic
range pixels and column-parallel digital output. IEEE J. Solid-State Circuits 1998, 33, 2081–2091. [CrossRef]

9. Kavadias, S.; Dierickx, B.; Scheffer, D.; Alaerts, A.; Uwaerts, D.; Bogaerts, J. A logarithmic response CMOS
image sensor with on-chip calibration. IEEE J. Solid-State Circuits 2000, 35, 1146–1152. [CrossRef]

10. Bae, M.; Jo, S.H.; Choi, B.S.; Lee, H.H.; Choi, P.; Shin, J.K. Wide dynamic range linear-logarithmic CMOS
image sensor using photogate and cascode MOSFET. Electron. Lett. 2016, 52, 198–199. [CrossRef]

11. Lepage, G.; Materne, A.; Renard, C. A CMOS image sensor for Earth observation with high efficiency
snapshot shutter. In Proceedings of the 2007 International Image Sensor Workshop, Ogunquit, ME, USA,
7–10 June 2007.

12. Ogiers, W.; Uwaerts, D.; Dierickx, B.; Scheffer, D.; Meynants, G.; Truzzi, C. COMPACT CMOS VISION
SYSTEMS FOR SPACE USE. In Proceedings of the 2nd Roundtable Micro-Nano Technol. Space ESA/ESTEC,
Noordwijk, The Netherlands, 15–17 October 1999.

13. Meynart, R.; Estribeau, M.; Neeck, S.P.; Magnan, P.; Shimoda, H. CMOS pixels crosstalk mapping and its
influence on measurements accuracy for space applications. In Sensors, Systems, and Next-Generation Satellites
IX; International Society for Optics and Photonics: Bellingham, WA, USA, 2005.

14. Hsu, T.H.; Fang, Y.K.; Lin, C.Y.; Chen, S.F.; Lin, C.S.; Yaung, D.N.; Wuu, S.G.; Chien, H.C.; Tseng, C.H.;
Lin, J.S.; et al. Light Guide for Pixel Crosstalk Improvement in Deep Submicron CMOS Image Sensor.
IEEE Electron Device Lett. 2004, 25, 22–24. [CrossRef]

15. Furumiya, M.; Ohkubo, H.; Muramatsu, Y.; Kurosawa, S.; Okamoto, F.; Fujimoto, Y.; Nakashiba, Y.
High-sensitivity and no-crosstalk pixel technology for embedded CMOS image sensor. IEEE Trans. Electron
Devices 2001, 48, 2221–2227. [CrossRef]

16. Fleetwood, D.M. Evolution of Total Ionizing Dose Effects in MOS Devices With Moore’s Law Scaling.
IEEE Trans. Nucl. Sci. 2018, 65, 1465–1481. [CrossRef]

17. Schwank, J.R.; Shaneyfelt, M.R.; Fleetwood, D.M.; Felix, J.A.; Dodd, P.E.; Paillet, P.; Ferlet-Cavrois, V.
Radiation Effects in MOS Oxides. IEEE Trans. Nucl. Sci. 2008, 55, 1833–1853. [CrossRef]

18. Ma, C.; Liu, Y.; Li, Y.; Zhou, Q.; Wang, X.; Chang, Y. A 4-M Pixel High Dynamic Range, Low-Noise CMOS
Image Sensor with Low-Power Counting ADC. IEEE Trans. Electron Devices 2017, 64, 3199–3205. [CrossRef]

http://dx.doi.org/10.1016/j.mejo.2005.07.002
http://dx.doi.org/10.1109/COMST.2016.2564990
http://dx.doi.org/10.1117/12.747548
http://dx.doi.org/10.1007/s40295-015-0034-4
http://dx.doi.org/10.1109/4.735551
http://dx.doi.org/10.1109/4.859503
http://dx.doi.org/10.1049/el.2015.2907
http://dx.doi.org/10.1109/LED.2003.821597
http://dx.doi.org/10.1109/16.954458
http://dx.doi.org/10.1109/TNS.2017.2786140
http://dx.doi.org/10.1109/TNS.2008.2001040
http://dx.doi.org/10.1109/TED.2017.2702624


Sensors 2019, 19, 1505 15 of 16

19. Fujihara, Y.; Nasuno, S.; Wakashima, S.; Aoyagi, Y.; Kuroda, R.; Sugawa, S. 190–1100 nm Waveband
multispectral imaging system using high light resistance wide dynamic range CMOS image sensor.
In Proceedings of the 2016 IEEE Sensors, Orlando, FL, USA, 30 October–3 November 2016; pp. 1–3.

20. Wakashima, S.; Kusuhara, F.; Kuroda, R.; Sugawa, S. A linear response single exposure CMOS image sensor
with 0.5 e− readout noise and 76 ke− full well capacity. In Proceedings of the 2015 Symposium on VLSI
Circuits (VLSI Circuits), Kyoto, Japan, 17–19 June 2015; pp. C88–C89.

21. Yeh, S.-F.; Hsieh, C.-C. Novel Single-Slope ADC Design for Full Well Capacity Expansion of CMOS Image
Sensor. IEEE Sens. J. 2013, 13, 1012–1017. [CrossRef]

22. Seo, M.-W.; Suh, S.-H.; Iida, T.; Takasawa, T.; Isobe, K.; Watanabe, T.; Itoh, S.; Yasutomi, K.; Kawahito, S.
A Low-Noise High Intrascene Dynamic Range CMOS Image Sensor With a 13 to 19b Variable-Resolution
Column-Parallel Folding-Integration/Cyclic ADC. IEEE J. Solid-State Circuits 2012, 47, 272–283. [CrossRef]

23. Sakakibara, M.; Oike, Y.; Takatsuka, T.; Kato, A.; Honda, K.; Taura, T.; Machida, T.; Okuno, J.; Ando, A.;
Fukuro, T.; et al. An 83dB-dynamic-range single-exposure global-shutter CMOS image sensor with in-pixel
dual storage. In Proceedings of the 2012 IEEE International Solid-State Circuits Conference, San Francisco,
CA, USA, 19–23 February 2012; pp. 380–382.

24. Blouke, M.M.; Estribeau, M.; Magnan, P. Pixel crosstalk and correlation with modulation transfer function of
CMOS image sensor. In Sensors and Camera Systems for Scientific and Industrial Applications VI; International
Society for Optics and Photonics: Bellingham, WA, USA, 2005.

25. Culurciello, E.; Etienne-Cummings, R.; Boahen, K. High dynamic range, arbitrated address event
representation digital imager. In Proceedings of the 2001 IEEE International Symposium on Circuits and
Systems, Sydney, NSW, Australia, 6–9 May 2001; Volume 2, pp. 505–508. [CrossRef]

26. Mizobuchi, K.; Adachi, S.; Akahane, N.; Sawada, H.; Ohta, K.; Oshikubo, H.; Sugawa, S. 4.5 µm Pixel Pitch
154 ke- Full Well Capacity CMOS Image Sensor. In Proceedings of the International Image Sensor Workshop,
Bergen, Norway, 25–28 June 2009; pp. 235–238.

27. Goiffon, V.; Estribeau, M.; Michelot, J.; Cervantes, P.; Pelamatti, A.; Marcelot, O.; Magnan, P. Pixel Level
Characterization of Pinned Photodiode and Transfer Gate Physical Parameters in CMOS Image Sensors.
IEEE J. Electron Devices Soc. 2014, 2, 65–76. [CrossRef]

28. El Gamal, A.; Eltoukhy, H. CMOS image sensors. IEEE Circuits Devices Mag. 2005, 21, 6–20. [CrossRef]
29. Catrysse, P.B.; Blouke, M.M.; Liu, X.; Sampat, N.; Williams, J.G.M.; El Gamal, A.; Yeh, T. QE reduction due to

pixel vignetting in CMOS image sensors. In Sensors and Camera Systems for Scientific, Industrial, and Digital
Photography Applications; International Society for Optics and Photonics: Bellingham, WA, USA, 2000.

30. Hopkins, I.H.; Hopkinson, G.R. Random telegraph signals from proton-irradiated CCDs. IEEE Trans.
Nucl. Sci. 1993, 40, 1567–1574. [CrossRef]

31. Virmontois, C.; Goiffon, V.; Magnan, P.; Girard, S.; Inguimbert, C.; Petit, S.; Rolland, G.; Saint-Pe, O.
Displacement Damage Effects Due to Neutron and Proton Irradiations on CMOS Image Sensors
Manufactured in Deep Submicron Technology. IEEE Trans. Nucl. Sci. 2010, 57, 3101–3108. [CrossRef]

32. Virmontois, C.; Goiffon, V.; Magnan, P.; Saint-Pe, O.; Girard, S.; Petit, S.; Rolland, G.; Bardoux, A. Total
Ionizing Dose Versus Displacement Damage Dose Induced Dark Current Random Telegraph Signals in
CMOS Image Sensors. IEEE Trans. Nucl. Sci. 2011, 58, 3085–3094. [CrossRef]

33. Eid, E.S.; Chan, T.Y.; Fossurn, E.R.; Tsai, R.H.; Spagnuolo, R.; Deily, J.; Byers, W.B.; Peden, J.C. Design
and characterization of ionizing radiation-tolerant CMOS APS image sensors up to 30 Mrd (Si) total dose.
IEEE Trans. Nucl. Sci. 2001, 48, 1796–1806. [CrossRef]

34. Goiffon, V.; Virmontois, C.; Magnan, P.; Cervantes, P.; Place, S.; Gaillardin, M.; Girard, S.; Paillet, P.;
Estribeau, M.; Martin-Gonthier, P. Identification of Radiation Induced Dark Current Sources in Pinned
Photodiode CMOS Image Sensors. IEEE Trans. Nucl. Sci. 2012, 59, 918–926. [CrossRef]

35. Becker, H.N.; Johnston, A.H. Dark current degradation of near infrared avalanche photodiodes from proton
irradiation. IEEE Trans. Nucl. Sci. 2004, 51, 3572–3578. [CrossRef]

36. Goiffon, V.; Magnan, P.; Saint-pe, O.; Bernard, F.; Rolland, G. Total Dose Evaluation of Deep Submicron
CMOS Imaging Technology Through Elementary Device and Pixel Array Behavior Analysis. IEEE Trans.
Nucl. Sci. 2008, 55, 3494–3501. [CrossRef]

37. Winokur, P.S.; Boesch, H.E.; McGarrity, J.M.; McLean, F.B. Field- and Time-Dependent Radiation Effects at
the SiO2/Si Interface of Hardened MOS Capacitors. IEEE Trans. Nucl. Sci. 1977, 24, 2113–2118. [CrossRef]

http://dx.doi.org/10.1109/JSEN.2012.2227706
http://dx.doi.org/10.1109/JSSC.2011.2164298
http://dx.doi.org/10.1109/ISCAS.2001.921358
http://dx.doi.org/10.1109/JEDS.2014.2326299
http://dx.doi.org/10.1109/MCD.2005.1438751
http://dx.doi.org/10.1109/23.273552
http://dx.doi.org/10.1109/TNS.2010.2085448
http://dx.doi.org/10.1109/TNS.2011.2171005
http://dx.doi.org/10.1109/23.983133
http://dx.doi.org/10.1109/TNS.2012.2190422
http://dx.doi.org/10.1109/TNS.2004.839165
http://dx.doi.org/10.1109/TNS.2008.2005294
http://dx.doi.org/10.1109/TNS.1977.4329176


Sensors 2019, 19, 1505 16 of 16

38. Benedetto, J.M.; Boesch, H.E. Mosfet and MOS Capacitor Responses to Ionizing Radiation. IEEE Trans.
Nucl. Sci. 1984, 31, 1461–1466. [CrossRef]

39. Saks, N.S.; Ancona, M.G.; Modolo, J.A. Radiation Effects in MOS Capacitors with Very Thin Oxides at
80 degK. IEEE Trans. Nucl. Sci. 1984, 31, 1249–1255. [CrossRef]

40. Winokur, P.S.; Schwank, J.R.; McWhorter, P.J.; Dressendorfer, P.V.; Turpin, D.C. Correlating the Radiation
Response of MOS Capacitors and Transistors. IEEE Trans. Nucl. Sci. 1984, 31, 1453–1460. [CrossRef]

41. Saks, N.S.; Ancona, M.G.; Modolo, J.A. Generation of Interface States by Ionizing Radiation in Very Thin
MOS Oxides. IEEE Trans. Nucl. Sci. 1986, 33, 1185–1190. [CrossRef]

42. Bhat, N.; Vasi, J. Interface-state generation under radiation and high-field stressing in reoxidized nitrided
oxide MOS capacitors. IEEE Trans. Nucl. Sci. 1992, 39, 2230–2235. [CrossRef]

43. Boukhayma, A.; Peizerat, A.; Enz, C. A Sub-0.5 Electron Read Noise VGA Image Sensor in a Standard CMOS
Process. IEEE J. Solid-State Circuits 2016, 51, 2180–2191. [CrossRef]

44. Magali Estribeau, P.M. Fast MTF measurement of CMOS imagers at the chip level using ISO 12233
slanted-edge methodology. In Sensors, Systems, and Next-Generation Satellites VIII, (4 November 2004);
International Society for Optics and Photonics: Bellingham, WA, USA, 2004; Volume 5570. [CrossRef]

45. Gomez Rojas, L.; Chang, M.; Hopkinson, G.; Duvet, L. Radiation effects in the LUPA4000 CMOS image
sensor for space applications. In Proceedings of the 2011 12th European Conference on Radiation and Its
Effects on Components and Systems, Sevilla, Spain, 19–23 September 2011; pp. 800–805.

46. Semiconductor, O. NOIH2SM1000A: HAS2 Image Sensor. Available online: https://upverter.com/
datasheet/1dbf6474f4834c5ac73294b488ac44ae8ac1f8ca.pdf (accessed on 3 March 2019).

47. CYPRESS. STAR1000: 1M Pixel Radiation Hard CMOS Image Sensor. Available online: https://www.
cypress.com/file/98376/download (accessed on 3 March 2019).

48. Innocent, M.; Cools, T.; Luypaert, C.; Esquenet, C.; Janssens, S.; Vroom, W.; De Bondt, J.; Mudegowdar, I.C.;
Pintens, P.; Deruytere, P.; et al. HAS3: A Radiation Tolerant CMOS Image Sensor for Space Applications.
In Proceedings of the International Image Sensor Society, Hiroshima, Japan, 30 May–2 June 2017.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/TNS.1984.4333530
http://dx.doi.org/10.1109/TNS.1984.4333491
http://dx.doi.org/10.1109/TNS.1984.4333529
http://dx.doi.org/10.1109/TNS.1986.4334576
http://dx.doi.org/10.1109/23.211425
http://dx.doi.org/10.1109/JSSC.2016.2579643
http://dx.doi.org/10.1117/12.565503
https://upverter.com/datasheet/1dbf6474f4834c5ac73294b488ac44ae8ac1f8ca.pdf
https://upverter.com/datasheet/1dbf6474f4834c5ac73294b488ac44ae8ac1f8ca.pdf
https://www.cypress.com/file/98376/download
https://www.cypress.com/file/98376/download
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Sensor Architecture 
	Proposed Pixel Design with Multiple Charge Transfer 
	Pixel Operation for Multiple Charge Transfer 
	Pixel Design for Modulation Transfer Function 
	Readout Circuit Design and Operation Procedure 
	Radiation Damage Effects on the Proposed Pixel Structure 

	Experimental Results 
	Overall Performance with Enhanced Full Well Capacity 
	MTF Measurement Results 
	Radiation 

	Conclusions 
	References

