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Abstract—We present the first reported use of a CMOS 

Single Photon Avalanche Diode (SPAD) arrays for the detection 
of high energy photons (X-rays), utilizing a 3D-stacked backside 
illuminated (BSI) SPAD image sensor, and cabinet biological 
X-ray irradiator. We detected photon peak energies from 30 to 
120 keV, and an increase in SPAD bias voltage results in higher 
relative average counts per pixel. Furthermore, after an 
absorbed radiation dose of 3.75 Mrad, the difference in DCR was 
found to not be statistically significant, with a calculated 
two-sided P-value of 0.787. This unveils new applications in 
X-ray detection.  

Keywords—Single photon avalanche diode; CMOS image 
sensor; CMOS SPAD; X-ray detection; SPAD Array; backside 
illuminated. 

I. INTRODUCTION 
Single Photon Avalanche Diodes (SPAD) are highly 

sensitive solid-state photon detectors, usually optimised for 
detection of single photons within the visible spectrum, and 
capable of picosecond timing resolutions. A SPAD is a 
pn-junction, reverse-biased beyond its breakdown voltage to 
operate in Geiger-mode, allowing incident photon to generate 
charge carriers in the depleted region. This in turn causes 
impact ionization to occur, which results in avalanche 
breakdown and, in an appropriate circuit configuration, 
detection of a single photon as an output signal. 

The high sensitivity and timing performance of SPADs has 
led to reports of SPADs in many applications, including 
Fluorescence Lifetime Imaging Microscopy (FLIM), Light 
Detection and Ranging (LiDAR), Time-of-Flight (ToF) 
imaging, Single Photon Counting (SPC), high speed imaging, 
biological particle tracking and visible light communications 
[1]–[6]. The consequent commercial potential has led to the 
development and availability of a range of CMOS SPAD 
sensors and arrays. Furthermore, SPADs integrated in a CMOS 
substrate provide all the associated benefits of CMOS 
compatibility, such as integrated electronics, customisability 
and low-cost mass manufacture.  

The vast majority of reported applications utilise the 
detection of photons within the visible spectrum, however 
previous research has shown the capability of SPADs to detect 
accelerated electrons in the energy range 5 to 30 keV, using a 
3D-stacked backside illuminated (BSI) SPAD image 
sensor [7], [8]. These reports confirm that the mechanism for 
detection in a SPAD is based on the principle of impact 

ionisation, in which the accelerated electron passing through 
the detector transfers electron flux to the electrons within the 
depletion region via inelastic scattering, generating charge 
carriers that cause impact ionisation and ultimately avalanche 
breakdown, thus detection [7]. Furthermore, they report no 
observable damage or permanent increase in dark count 
rate (DCR) after exposure [7].  

Therefore, as SPADs can detect single photons within the 
visible spectrum and accelerated electrons in a controlled 
radiation environment, the following experiments investigate 
the capability of SPADs to detect higher energy photons, 
X-rays. 

II. SPAD IMAGE SENSOR 
The SPAD image sensor used is a 3D-stacked BSI SPAD 

silicon image sensor designed for SPC and time resolved 
imaging [8], the same used in [7]. The image sensor is a hybrid 
sensor comprising of two tiers, connected by wafer to wafer 
hybrid bonding using dual damascene integration [8], [9]. The 
SPAD pixels are implemented within the bottom tier, a 
dedicated 65 nm CMOS process for optimised fill factor of 
45 %, and the respective integrated circuitry is implemented 
within the top tier, a 40 nm complimentary CMOS process [8]. 
The image sensor has a die area of 1.2 by 1.2 mm2, and 
contains the 128 × 120 SPAD pixel array, with a pixel pitch of 
approximately 7.8 µm and operational system blocks [8].  

The supply voltages, and operational and control signals are 
provided externally with the use of a field- programmable gate 
array (FPGA). The SPAD breakdown voltage is 12 V with a 
DCR of approximately 200 cps at 1 V above breakdown, and 
each pixel has a 12-bit ripple counter with nanosecond 
sequential binning [8]. 

With BSI, the bottom tier is wafer etched to allow 
illumination of the SPAD through the silicon substrate. The 
distance from silicon interface to SPAD depletion region is 
unknown to the authors of this report, however, from the 
research carried out in [7], it is known that during the 
wide-view raster-scan experiment with an electron beam, only 
energies higher than 20 keV were detectable. Therefore, using 
the continuous slowing down approximation (CSDA) range 
values for accelerated electrons provided in [10] and with the 
known density of silicon = 2.329 g/cm3 [11], the approximate 
linear stopping length of an electron in silicon at 20 keV is 
approximately 4.91 µm [7]. 



III. X-RAY IRRADIATOR AND PHOTON MASS ATTENUATION 
LENGTH 

For the experiment the Precision X-ray IR-160 biological 
irradiator was used, as it composed a large shielded irradiation 
chamber to house the placement of the SPAD image sensor and 
respective circuitry and leads. The X-ray irradiator generates 
X-rays within an vacuum tube by using an applied voltage, Va 
(accelerating voltage) in the range 15 to 160 kV to accelerate 
electrons released by thermionic emission [12], to collide with 
a tungsten target tilted at 30° to the incident electron beam to 
produce X-rays. At these electron energies approximately 1 % 
of the energy lost by the incident electron beam is converted 
into X-rays, with the majority of these being Bremsstrahlung 
photons having a continuous spectrum and the rest 
characteristic X-rays emitted when higher-shell electrons fill 
lower-shell electron vacancies of an atom [13]. The specimen 
chamber of the X-ray irradiator is not in a vacuum; therefore, 
the X-rays pass through a beryllium filter, that absorbs photon 
energies below 10 keV and then through a 100 µm aluminium 
filter, that spreads the X-ray beam uniformly with a cone-angle 
of 37°.  

 
Fig. 1. Tungsten X-ray spectrum with characteristic X-ray peaks, showing 
relative intensity as a function of the photon energy at Va = 160 kV. 

Fig. 1 shows the relative X-ray spectrum before and after 
the beryllium and aluminium filters using the mass attenuation 
coefficients for each element in [14], as a function of photon 
energy up to 160 keV. Furthermore, as shown in Fig. 1 the 
characteristic X-ray peaks are at 57.98 keV, 59.32 keV and 
67.24 keV respectively. 

The X-rays emitted will be incident upon silicon with an 
approximate calculated thickness of 5 µm before reaching the 
depletion region of the SPAD. With the use of the mass 
attenuation coefficients for silicon in [14], as a function of 
photon energies from 10 to 160 keV, the approximate 
attenuation lengths can be calculated and are shown in Table I.  
It is evident that all photons with energies E > 10 keV, the 
attenuation lengths are larger than the SPAD depletion depth. 
The dominant process for photon energy loss is photoelectric 
absorption for photon energies E ≲ 100 keV, and Compton 
scattering for photon energies E ≲ 1 MeV, for elements where 
the atomic number, Z ≲ 30. 

TABLE I.  APPROXIMATE PHOTON ATTENUATION LENGTHS IN 
SILICON [14]. 

Kinetic 
Energy (keV) 

Attenuation 
Coefficient µ/ρ (cm2/g) 

Approximate Attenuation 
length (mm)a 

10 33.89 0.127 
20 4.464 0.962 
30 1.436 2.990 
40 0.7012 6.123 
50 0.4385 9.792 
60 0.3207 13.388 
80 0.2228 19.271 
100 0.1835 23.399 
150 0.1448 29.653 

a. Silicon density, 2.329 g·cm-3 

IV. EXPERIMENTAL RESULTS 
For the investigation, the SPAD Image sensor was placed 

as close as possible to the X-ray source, at approximately 
10 cm away. Four distinct SPAD excess bias voltages were 
selected, namely 12.5, 13, 14 and 15 V for comparison of 
detection as a function of excess bias voltage. Furthermore, for 
the entire operation of the image sensor a default exposure time 
of 1 ms was selected per frame. For the experiment the image 
sensor was irradiated with X-ray photon peak energies from 
15 keV to 120 keV, with a fixed electron beam current of 
25 mA, and for each individual irradiation 400 frames were 
collected. An increase in X-ray photon peak energy above 
120 keV results in a decrease in allowable electron beam 
current, therefore X-ray photon peak energies above 120 keV 
were not investigated.  

 
Fig. 2. Average counts/pixel at 12.5 and 13 V SPAD bias voltages as a 
function of peak X-ray photon energy from 0 to 120 keV. 

Fig. 2 and 3 show the average counts per pixel for SPAD 
excess bias voltage from 12.5 V to 15 V as function of peak 
X-ray photon energies. It is shown that X-ray detection is 
possible for photon peak energies from 30 to 120 keV. 
Therefore, the average counts/pixel increase with increasing 
peak X-ray photon energy, apart from 80 keV where it is 
evident there is a decrease in average counts/pixel for SPAD 
bias voltage of 12.5 V. Furthermore, it is observed that with 
increasing bias voltage the DCR increases, as expected [8].  



 
Fig. 3. Average counts/pixel at 14 and 15 V SPAD bias voltages as a function 
of peak X-ray photon energy from 0 to 120 keV. 

 
Fig. 4. Relative average counts/pixel from 12.5 to 15 V SPAD bias voltages as 
a function of peak X-ray photon energy from 0 to 160 keV. 

 
Fig. 5. Average counts/pixel at 13 V SPAD Bias voltage over 400 frames for 
various peak X-ray bias voltages. 

Fig. 4 shows the relative average counts/pixel for each 
respective SPAD bias voltage as a function of peak X-ray 
photon energy, which shows that with increasing bias voltage 
the relative average counts per pixel also increases. Fig. 5 
shows an additional experiment, in which the X-rays were 
toggled on then off during irradiation for various peak X-ray 
photon energies over 400 frames, with a SPAD bias voltage of 
13 V. It is shown that for each individual frame, detection of 
X-rays is discernible, except at 15 keV.  

The dose rate calibration of the respective X-ray irradiator 
has been calculated and the maximum effective absorbed dose, 
at Va = 160 kV and Ia = 18.75 mA is as follows 

D = 375/x2   (1) 

where D is the absorbed dose (Mrad/h) and x (cm) the 
distance of the target from the X-ray source. Therefore, at 
10 cm from the source, the maximum achievable absorbed 
dose rate is 3.75 Mrad/h. [15], [16] The SPADs were irradiated 
for an approximate total of 60 minutes at 160 keV, and no 
appreciable change in DCR was observed. A student t-test was 
used to calculate statistical difference in average DCR between 
control data sets taken before and after X-ray irradiation, at 
SPAD bias voltage of 13 V. The t-test resulted in a two-sided 
P-value of 0.787, therefore the difference in average DCR 
before and after X-ray irradiation is not statistically significant. 
The control means and standard error of the means for before 
and after X-ray irradiation are 4.763 ± 0.2708 and 4.661 ± 
0.2638 counts/pixel, respectively. 

V. CONCLUSION 
It has been demonstrated that 3D-stacked BSI SPADs are 

capable of independent detection of X-rays with peak photon 
energies from 30 keV to 120 keV. This clearly demonstrates a 
viable implementation of SPAD’s as detectors in X-ray 
radiation environments. It is shown that an increase in X-ray 
peak photon energy results in increased average counts per 
pixel, and an increase in SPAD bias voltage results in higher 
relative photon counts per pixel, however, at the expense of 
increased DCR. Furthermore, there is no statistically 
significant difference in DCR after an absorbed radiation dose 
of approximately 3.75 Mrad, with a calculated student t-test 
P-value of 0.787. 
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