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ABSTRACT   

12 Mpix color commercial-of-the-shelf (COTS) image sensor from CMOSIS was tested with proton radiation. The target 

mission required an irradiation with protons of energy of 50 MeV and fluences up to 1·1012 p/cm2. Several intermediate 

steps were introduced to check the behavior of the image sensor. A low-cost test camera was developed to control the 

image sensors, acquire the images, and monitor the currents and voltages during the tests. Each color was characterized 

separately according to the EMVA 1288 standard. Such treatment allowed also analysis of the bayer filter deposited on 

the image sensor surface. Post-radiation characterization revealed that a significant deterioration in the parameter 

performance was found independently of the pixel color. The most affected parameters were dark current and dark signal 

nonuniformities (DSNU) which have increased from about one to two orders of magnitude.   
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1. INTRODUCTION  

In the last years the complementary metal-oxide-semiconductor (CMOS) active pixel sensors (APS) have overcome 

several technological problems and are competing with their counterparts, namely: coupled-charged devices (CCD) [1-

4]. They were successfully used in several space missions ie. IRIS1 in XMM or Cluster II missions in on-board cameras 

for visual feedback of spacecraft-launcher separation or antenna deployment [5], HAS in PROBA-2 mission for solar 

observations [6], Cobra in COMS-1 for ocean color imaging [7], or Sapphire in UKube-1 [8]. Although the radiation 

hard devices are available as custom design and they were widely investigated in harsh environment [9-13] it is worth to 

mention that even commercial-off-the-shelf (COTS) CMOS image sensors (CIS) are of interest for space applications [8] 

due to their low cost and availability. This trend is becoming stronger in the recent years and nowadays the COTS 

components are tested considering mission parameters as orbit, duration, spacecraft shielding, etc. Thus, reducing 

substantially costs and time necessary for design and manufacturing of a rad-hard components and the overall mission 

costs eventually.  

Every CIS is characterized by set of parameters which usually deteriorate during radiation tests, but in the majority cases 

the most affected parameter is the dark current [9]. It is a primary source of noise in an imager due to lattice defects or 

metal impurities in the silicon lattice of the image sensor [14]. A lattice defect or impurity creates an alternative current 

path and therefore they can be collected in depletion region, partially filling the potential well. Dark current is a main 

problem in a low-light photography where the dark current competes with the current generated by the incident light 

which is the case of the space cameras. Additionally, dark current varies from pixel to pixel on the image sensor due to 

variations in defects and impurities creating the largest source of dark signal nonuniformities (DSNU) and fixed pattern 

noise (FPN). Since the dark current depends strongly on the number of defects it is the proton radiation which should 

deteriorate substantially the performance of the image sensor because it is responsible for displacement damage in the 

material (defects creation). Additionally, protons are the important radiation source in the low earth orbit (LEO). 

Therefore, in this paper we present the results of the proton radiation tests on the COTS CIS from CMOSIS 

(CMV12000) with the fluences up to 1012 p/cm2. The image sensor will be used in the LEO mission.  

2. EXPERIMENTAL 

2.1 Sample description 

CMV12000 image sensor consists of about 12 Mpix organized in an array of 3072 x 4096 pipelined global shutter pixels 

which allow exposure during read-out. The size of the pixel is 5.5 µm x 5.5 µm. There are 5 supply voltages: VDD33 = 

1.98 V, VDD33 = 3.3 V, VDD_PIX = 3 V, VDD_RES = 3.3 V, and VDD18_PLL = 1.98 V. The image sensor has 64 8-, 

10- or 12-bit digital low-voltage differential-signaling (LVDS) outputs (serial). The image sensor also integrates a 
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programmable gain amplifier and offset regulation. It can be programmable using the serial peripheral interface (SPI). In 

our experiment 16 LVDS lanes at 10 bits were used. Since it is the color image sensor it has an RGB bayer filter 

deposited on the surface of the pixels. The sequence is shown in Figure 1. The letters indicate the colors GB – green 

pixel in the row with blue pixels, B – blue, R – red, GR – green pixel in the row with red pixels.  

 

Figure 1. Color sequence in the bayer filter for CMV12000 image sensor. 

2.2 Test camera and electrical setup 

The camera is an elegant breadboard which allows reading the images, driving the image sensor with internal or external 

sources, and reading/writing the registers (see Figure 2). It consists of three main parts: (i) a motherboard with the 

necessary electronics to communicate with the image sensor like FPGA, memory, UDP for image transfer and RS 232 to 

access the registers, (ii) LVDS bridge for CMV12000 which allows driving the imager with external sources and monitor 

the supply voltages and currents, (iii) a small remote PCB with the zero-insertion socket to hold the imager with 

accompanying decoupling passive elements. The remote PCB is connected to LVDS bridge by means of 4 HDMI cables, 

making the camera flexible for different radiation setups as well as for temperature/vacuum setups. This camera is 

working with 200 MHz clock and the image transfer is up to 1 Gbit/s. Since the FPGA can be programmed for different 

image sensors and only the small PCB needs to be changed for another image sensor, this solution is very cheap and let 

to save a lot of development time.  

 

Figure 2. Left: picture of the LVDS bridge plugged to the motherboard. Right: Remote PCB with image sensor. 

The image sensor was driven by means of two Keithley 2230G-30-1 power supplies and the currents and voltages were 

monitored by means of Data Acquisition Unit Agilent 34970A. The values of voltages were set as indicated in the 

section 2.1 in all five supply rails. 

To check the integrity of the internal electronics also the built-in pattern was read during initial, intermediate, and final 

measurements. 

2.3 Optical setup 

The optical measurements were made according to EMVA Standard 1288 – Standard for Characterization of Image 

Sensor and Cameras, Release 3.0, November 29, 2010. Since CMV12000 is an RGB color image sensor, it is necessary 

to characterize each pixel color separately. Therefore, the optical setup consists of a color light source (three LEDs: red, 

green, and blue), integrating sphere (Newport 819-SF-6), power meter (Newport 2936-C) with photodetector (Newport 

883-SL), wavelength meter (Thorlabs CCS200). The linearity of the light source is better than 0.995 measured from the 

center of the image sensor to the edges. The scheme is shown in the Figure 3. 
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Figure 3. Schematic of the optical setup. 

The distance between the output of the integrating sphere to the DUT is set to 8 times the aperture of the integrating 

sphere. The device under test (DUT) was replaced with power meter as well as wavelength meter to measure the 

properties of incident light. The power and wavelengths were as follows: red – 630 nm – 69 nW; green – 535 nm – 70 

nW; blue – 465 nm – 69 nW. The full width at half maximum (FWHM) < 50 nm for each color. The values of the power 

were set to allow relatively long exposure times before saturation of the images. The exposure times for photon transfer 

method (PTM) were in the range from 1 ms to 600 ms. Two dark and two gray (flat) images were taken at each exposure 

time. For DSNU and photo response nonuniformity (PRNU) the images were taken at exposure time corresponding to 

50% of the full well saturation. The images for dark current calculations were taken at 6 equally spaced exposure times 

from 100 ms to 600 ms. 

2.4 Proton radiation setup 

Experiments with high energy protons of 50 MeV were conducted at Université catholique de Louvain (UCL), Belgium. 

At UCL a CYCLONE110 (CYClotron de LOuvain-la-NEuve) is a multiparticle, variable energy, isochronous cyclotron 

capable of accelerating protons up to 65 MeV. The beam diameter was of about 90 mm and the flux can be adjusted to 

the needs of the applications. For this mission the necessary safe fluence for the spacecraft was estimated at the level 

of 1011 p/cm2. Therefore, the final fluence was chosen as 10 times the safe fluence. The intermediate steps and the 

radiation conditions are listed in the Table 1. The image sensor was non-operational during the irradiation and only dark 

current measurements were performed as the intermediate measurements. During irradiation the image sensor was placed 

in similar board as remote PCB, but all the rails were short-circuited. 

Table 1. Radiation conditions 

 Unit Step 1 Step 2 Step 3 Step 4 

Proton energy MeV 50 50 50 50 

Fluence p/cm2 1e+9 1e+10 1e+11 1e+12 

Flux p/cm2/s 1e+7 1e+8 1e+8 1e+8 

Exposure time min 1.7 1.7 16.7 160 

3. RESULTS AND DISCUSSION 

Characterization consists of several points: (i) acquiring of the set of images with different exposure times for PTM, dark 

current, and DSNU/PRNU, (ii) acquisition of internal test pattern, (iii) monitoring of currents and voltages. The PTM 

was performed only for the pristine devices and as final measurements at ALTER labs. The final measurement was taken 

about one week after the irradiation because the samples were activated and had to remain in the radiation facility. Dark 

current was measured during the intermediate steps at the radiation facility. All the measurements and radiation tests 

were performed at room temperature 22 ± 3 °C. 

Monitoring of currents and voltages was performed during image acquisition. The voltage values were constant during 

all the operation time of the image sensor and read; VDD18 – 1.98 V, VDD18_PLL – 1.98 V, VDD33 – 3.296 V, 

VDD_RES – 3.3 V, VDD_PIX – 2.999 V. The currents showed negligible changes (see Figure 4) except VDD_PIX 

which is a peak current which occurs for some ms during image acquisition up to 1 A. Since the monitoring is much 

slower and not synchronized with image acquisition such changes can be observed when the image sensor is switching 

between standby and acquisition mode. 
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Figure 4. Evolution of the supply currents at different radiation steps. 

Pixel performance obtained by PTM is shown in the Table 2. The letter ‘i’ means the initial value and letter ‘f’ the value 

after final measurements. In general, all the parameters showed strong deterioration after receiving the fluence of 1·1012 

p/cm,2 but some of them behave differently depending of the pixel color. Blue and red pixels showed 50% decrease in 

the responsivity, whereas the green pixels of about 30%. Similar trend, showing that the performance of blue and red 

pixels is worse than green pixels is seen also for quantum efficiency, saturation capacity, and linearity error. The 

dynamic range and signal to noise ratio decreased up to 50% and 25%, respectively. In this case, however, all the colors 

behave in the same way. The increase of the linearity error indicates that the deviation of the measured characteristics 

from the ideal one has increased. 

Table 2. Pixel performance. SNR – signal to noise ratio 

Sample 

number 
Responsivity  

Quantum 

efficiency 

Saturation 

capacity 

Dynamic 

range 

Temporal 

dark noise 

Linearity 

error 
SNRmax 

 A/W % e- dB e- % dB 

218 GB i 0.15 35 6492 39 68 0.93 38.1 

218 GB f 0.10 23 2018 22 98 2.04 33.0 

218 GR i 0.16 37 7828 42 64 0.92 38.9 

218 GR f 0.10 22 2296 22 90 2.10 32.9 

218 B i 0.15 39 7473 40 69 0.99 38.7 

218 B f 0.06 17 1222 21 67 2.44 30.9 

218 R i 0.18 35 7459 41 65 0.95 38.7 

218 R f 0.08 16 1079 21 55 2.62 30.3 

The mean dark current, the DSNU and PRNU are shown in the Table 3. The mean dark current was determined by 

averaging the dark signal of all the pixels with the same color at each exposure time. After the irradiation the PRNU 

increased twice and DSNU increased about 5 times irrespective of the pixel color. In the case of the dark current the 

increase is about two orders of magnitude.  

Table 3. Dark currents, PRNU, and DSNU – initial and final measurements.  

Sample 

number 
  218 GB i 218 GB f 218 GR i 218 GR f 218 B i 218 B f 218 R i 218 R f 

Dark 

current  

DN/s 6.86 650 6.79 650 6.86 645 6.79 650 

e-/s 56.2 5220 58.2 5498 56.7 5264 59.0 5561 

PRNU % 1.62 3.13 1.61 3.15 1.64 3.5 1.52 2.83 

DSNU DN 1.92 9.27 1.92 9.28 1.92 9.29 1.91 9.27 

The evolution of the dark current is shown in the Figure 5. The increase in the dark current is expected due to 

displacement damage and ionization effects and it is comparable with other results for CIS irradiated with 50 MeV 
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protons [15]. The experimental generation lifetime damage factor K [16, 17] was calculated as the slopes of the lines in 

Figure 5 (right). The values of K for different colors for 50 MeV protons read: KGB = 3.36·10-12, KGR = 3.57·10-12, 

KB = 3.39·10-12, and KR = 3.6·10-12 all in units of nA/particle. The values are slightly different between the different 

colors but are in line with other values reported for 50 MeV protons in silicon [18]. The decrease observed in the final 

measurement is the effect of the annealing processes since the measurement was taken one week after the irradiation 

campaign (room temperature storage). As explained in [18] these processes can be divided into two types: (i) induced 

defects experience a fast recovery after the irradiation due to the recombination and rearrangement of defects; (ii) 

permanent damage which is a damage remaining after completion of the short-term anneal. Indeed, a long-term 

annealing is still observed with very slow annealing rates. In our case, after annealing of about 170 hours at room 

temperature the devices have recovered of about 26% irrespective of the pixel color concerning dark current. 

 

Figure 5. Left: Evolution of the dark current during radiation test. The steps correspond to the fluences: 1e+9, 1e+10, 1e+11, 

and 1e+12 p/cm2 starting from step 1 to step 4. Right: Dark current change dependence on the fluence for all pixel colors. 

In the Figure 6 histograms of the dark signal are shown for different exposure times after irradiation with fluence 1·1011 

p/cm2 and evolution of the dark signal after different irradiation steps at 200 ms (initial exposure time for 50% of 

saturation capacity) for GB pixels. Analyzing the dark signal histograms allows to find rapidly defect pixels in the 

pristine devices and the evolution of the imager response to different external perturbations like temperature change, 

radiation, etc. In the case of the studied CIS, the pristine device showed one hot pixel (completely saturated) in green-

blue set of pixels. Besides, the image sensor response was quite homogenous, about 0.1% and 1.5% of the pixels could 

be considered as outliers or deviated from the gaussian fit to the logarithmic histogram [19] for 100 ms and 600 ms, 

respectively. After irradiation with 1011 p/cm2 the number of outliers and hot pixels increased significantly. The number 

of hot pixels reached about 105 in comparison to only 1 for the pristine device at 600 ms exposure time. At the right-hand 

side of Figure 6, it can be seen, that with increasing fluence more pixels differ from the gaussian form of the histogram. 

For the fluence of 1·1012 p/cm2 the deviation is about 20% of the overall pixel number for exposure time of 200 ms. This 

is very important information for space application where the integration time can be quite large.    

 

Figure 6. Left: Logarithmic dark signal histogram after irradiation with fluence of 1·1011 p/cm2 at different exposure times. 

Right: Logarithmic dark signal histogram at 200 ms exposure time for different irradiation steps. 
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To have complete image of the dark current changes, a histogram of dark currents of each pixel is shown in Figure 7. At 

the left-hand side there is a histogram for four pixel colors after the irradiation with fluence of 1·1011 p/cm.2 The mean 

value of dark current for all color pixels is about 1000 e-/s, which is also seen in the histogram. The right-hand side of the 

Figure 7 shows a logarithmic histogram of dark current for green-blue pixels for different irradiation steps. It is 

interesting that this sensor shows well known exponential tail in the dark current histogram for pristine device and for 

lowest fluence of 1·109 p/cm2 [9]. For the higher fluences a second peak between 14 – 16 ke-/s can be observed, and it is 

more pronounced for fluence 1·1012 p/cm2. Similar second peak was observed by Beaumel in HAS2 imager after 

irradiation with 62 MeV protons with fluence of 1.95·1011 p/cm2 [20]. After the second peek an exponential tail can be 

seen. 

 

Figure 7. Left: Logarithmic dark current histogram after irradiation with fluence of 1·1011 p/cm.2 Right: Logarithmic dark 

current histogram for GB pixel at different irradiation steps. 

4. SUMMARY AND CONCLUSIONS 

Radiation test with 50 MeV protons have been performed on COTS CMV12000 image sensor from CMOSIS. After 

irradiation to final fluence of 1·1012 p/cm2 and one week of annealing the image sensor showed a strong degradation of 

performance. Although all pixel colors were affected, the most susceptible for proton radiation were blue and red pixels, 

which is especially visible in the responsivity, quantum efficiency, and saturation capacity. Since the entire image sensor 

is made of the same material (Si) it is the bayer filter composition for red and blue pixels which has affected those 

parameters. The DSNU and dark current increased about 5 and 100 times, respectively, independently of the color pixel. 

Thus, confirming that it is bayer filter which affects the measurements which required illumination with light. 

We have developed an EMVA standard compliant system for characterizing image sensors and developed a low-cost 

camera to drive different types of image sensor. The camera consists of the main electronics and the remote socket to 

hold an image sensor, which makes it flexible test board for temperature, vacuum or radiation tests with image sensors. 
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