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A B S T R A C T

In this work we study the performance to obtain X-ray images of a Back Side Illuminated CMOS Image Sensor,
the Omnivision OV5647, empoying X-rays from tube with a palladium anode and voltages from 7.5 keV to
50 keV. The performance is compared with the Timepix detector operating in the Time Over Threshold mode.
False color images are obtained using data from different energies and brightnesses, to fussion different in-
formation on the same picture. The different attenuations are analyzed and discussed in terms of the charge
detection efficiency of the CMOS sensor, measured using Fluorescence X-rays and gamma rays from calibrated
sources.

1. Introduction

CMOS Image Sensors (CIS), originally designed for visible light
imaging in consumer electronics, have been also used for gamma rays
dosimetry (Conti et al., 2013; Paolucci et al., 2011); detection and
classification of alpha particles in mixed beams (Perez et al., 2016); for
the detection of thermal neutrons using conversion layers (Pérez et al.,
2018); for x-Ray spectrography (Zhao and Sakurai, 2017) and the ob-
tention of spectral fluorescence images [25]; and to acquire high re-
solution X-ray images (Alcalde Bessia et al., 2018). Back Side Illumi-
nated (BSI) CIS are specially thinned chips in which the incoming light
impringes the sensitive area without trespassing the metal and gate
layers of the chip, allowing a higher pixel fill factor (Zhang et al., 2009).
This is specially important to allow the fabrication of small pixels.

Compared to other hybrid pixels detectors specially designed for
ionizing radiation detection (Ballabriga et al., 2016), BSI CIS have a
smaller pixel pitch, allowing higher spatial resolution (Alcalde Bessia
et al., 2018). On the other hand, most hibrid pixel detectors allow the
acquisition of spectroscopic X-ray images, separating the contribution
from different photon energies. This allows better image qualities using
the same dose, and allows material composition analysis taking ad-
vantage of the spectral dependence of X-ray absorption in different
materials (Ballabriga et al., 2016; Procz et al., 2010; Jakuubek, 2009).
The strong photon energy dependence close to the k-edge of a material,
allows the identification of a specific contrast material for example in

digital radiography (Schlomka et al., 2008) or computed tomography
(Schlomka et al., 2008). The energy separation is usually implemented
through the use of multiple thresholds in photon counting imaging
systems (Ballabriga et al., 2016). In X-ray inspection of baggage in
airport security systems multiple X-ray energies are used, and image
processing techniques fussion spectral data in a single picture with re-
levant information for the operator (Dmitruk et al., 2017).

This paper deals with the possibility of using a BSI CIS to obtain
high spatial resolution X-ray transmission images with different in-
formation obtained with different photon energies. One posible way to
do this would be to take advantage of the ability of the BSI CIS to de-
termine the photon energy, as is done by (Zhao and Sakurai, 2017,
2019). In those works, the authors show the ability to obtain fluores-
cence spectrums up to 9.6 keV measuring the charge deposited by each
event. However, the spectroscopy of photons of larger energies is more
difficult because of the limmited Full Well Capacity of these sensors
which limits the maximum photon energy to values lower than the
maximum energy used in this work to penetrate e.g. metal layers of
hundreds of micrometers. Thus, the approach of the present work is to
obtain a colection of images with different photon spectra, increasing
the X-ray tube voltage, and using the BSI CIS to integrate the whole
charge deposited by the photons. Using a packaged integrated circuit as
a case study, we present the images obtained with different X-ray tube
voltages, discuss the different information which can be determined,
and present as an example the fussion of the whole information in a
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single false color picture. With this approach, not only high resolution
X-ray images can be obtained, it is also possible to estimate aditional
information from the multiespectral images e.g. material composition,
in a method complementary to the fluorescence reported by [25] and
(Zhao and Sakurai, 2017).

The next section describes the devices used in this work. Section 3
presents the performance of the BSI CSI as an X-ray imager and com-
paring it to the Timepix2 detector. Section 5 discusses the results ob-
taining transmission X-ray images. Then, in section 4 we present the
detection efficiency of the sensor. Finally section 5 compares the per-
formance of both sensors and section 6 presents the conclusions.

2. Detectors

The BSI CIS used in this work is the OmniVision OV5647 1/4” chip.
It has a 2592× 1944 pixels, with a pixel pitch of 1.4×1.4 μm2 and a
3.67×2.73mm2 active area. The BSI sensor has a sensitive Si detection
volume with a thickness of 2.0 μm, covered by a thin insultator, a color
filter to allow RGB images, and an array of microlens, as is shown in
Fig. 1. The data from the sensor were acquired using a Raspberry Pi
computer (Raspberry Pi development group, 2018) taking consecutive
images, each image using an integration time of 5 s. Analog and digital
gains were programed to 512 and 256 respectively. Under this config-
uration, at room temperature, the dark signal is much lower than the
charge deposited by the X-ray photons used in this work. During all the
measurements, the sensor was placed inside a plastic box with an open
window in front of the active area, and covered with a 255 μm Al layer
to block visible light.

Images obtained with the CIS are compared to images of the same
object empoying a Imatek XRI-UNO camera (Jambi et al., 2015; Imatek,
2012), based on the Timepix detector. The Timepix sensor, developed
by the Medipix collaboration, is a readout chip connected to a Si, Ge or
CdTe sensitive volume (Llopart et al., 2007). The XRI-UNO camera used
in this work comprises a 300 μm thick Silicon active detection volume.
The sensor has 64 K pixels, with a pixel pitch of 55× 55 μm2 and a
14×14mm2 area, and through a proper threshold optimization has

been used for spectroscopic X-ray imaging of an encapsulated circuit
(Procz et al., 2009). The XRI-UNO camera shields the sensor from
visible light with a thin carbon fiber layer.

3. X-ray transmission images

In this section we present the ability of a BSI CIS to acquire X-ray
images with different X-ray spectra and compared to the Timepix de-
tector. The sample to study was an integrated circuit—a quadruple
NAND gate part number SN74HC03—, SOIC14 plastic package, simi-
larly to what was used as a case study by (Procz et al., 2009).

It has been reported that CIS can be used with some limitations to
quantify the energy of incoming photons up to energies of few keV
(Holden et al., 2017, 2018). However, the full well capacity of the
sensor of 4.3 ke (RaspberryFoundation. Came) poses a limit to the
maximum energy which can be resolved with the sensor used in this
work, taking in account that the mean energy to create an electron-hole
pair is 3.6 eV. For that reason, our strategy to obtain images with
spectral information was to use the sensor in integration mode—i.e.
integrate the whole charge generated by the incoming photons—,
taking several X-ray images using different X-ray spectra.

The different X-ray spectra were provided with the X-ray operated
at different tube bias voltages (TBV). The X-ray source was an OXFORD
Jupiter 5000 Series X-ray shielded tube, which can be powered with up
to 50 kV, and has a spot size of 50 μm, with a palladium target. The TV
was modified from 7.5 kV in steps of 2.5 keV or 5 keV up to 50 kV. The
increase in TBV modifies the Bremsstrahlung emmision of the in two
ways; in first place the total number of photons of any energy increases;
and in second place, and since the high-end energy of the emmited
spectrum is determined by the TBV, higher energy photons are emm-
ited. With this TBV control, we were able to obtain X-ray images with
different spectra without having photon energy classification in the
detector.

3.1. Images varying TBV

X-ray images were obtained using the OV5674 BSI CIS and the state-
of-the art Timepix detector. The CIS detector was placed at a distance of
30 cm from the source, and the sample to be radiographed was placed
at 5mm from the detector. Fig. 2 shows the images obtained at different
TBV. The images show different information due to variations of the
contrasts in various parts of the sample with built with different ma-
terials. For example, the low penetration of low energy X-rays causes a
very high contrast along the whole package of the chip. As the TBV is
increased, more energetic and penetrating photons provide a higher
contrast, which allow the observation of the bonding fingers and pin
extensions inside the plastic package. At high TBV where the population
of high energy penetrating photons increases, the bonding wires can be
observed between the central pad and the fingers.

The same object was radiographed using the Timepix sensor, op-
erated in the MediPix mode, THR=374, TBK=132 after equalization
and damaged pixel suppression. The sample was placed in contact of
the window of the XRI-UNO camera, and the X-ray source placed at a
distance of 50 cm from the detector, obtaining at different TBV values
the images of Fig. 3.

Since the active area of the TimpePix is larger than the area of the
CIS, the observed region of the sample is larger, but contains the same
parts of interest, i.e. package, few pads and pins, and the pad with the
Silicon IC.

3.2. Contrasts varying TBV

The use of several X-ray energies can provide extra information
about the presence of different materials in the sample. Fig. 4 shows the
X-ray transmission as a function of TBV for two different regions of the
chip, the opaque bond fingers and more transparent plastic package,

Fig. 1. SEM cross section of four BSI CIS pixels. After (Alcalde Bessia et al.,
2018).
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obtained with the Timepix. As the TBV increases, the transmissions of
the two regions increase due to the deeper penetration of the more
energetic X-rays produced by the source. However, these transmissions
has a different dependence in both regions of the sample. Fig. 5 presents
the ratio between the attenuations of the two regions measured by the
CIS and Timepix detectors as a function of TBV. The ratios between
contrasts in the plastic package and the metal bonding fingers raises
from 4× at 10 kV to 57× at 50 kV with the CIS; and from 1.8 times at

7.5 kV to 9.4 at 50 kV with the Timepix. This different ratio of contrasts
at differnt TBV implies having different material compositions in the
two regions of the sample. The differences between the CIS and Medipix
will be discussed below.

On the other hand, the ratio of constrasts between the regions does
not change so fast when the tube voltage incresases from 25 kV to
50 kV. However, the X-ray intensity of the beam incresases significantly
and the penetration also increases by a factor of two. This implies

Fig. 2. Radiographic images at different using different X-ray tube voltages using the OV5647 BSI CIS detector. The Grayscale is normalized to have the same average
brightness outside the chip.

Fig. 3. Radiographic images at different using different X-ray tube voltages using the Timepix detector. The Grayscale is normalized to have the same average
brightness outside the chip.
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having more photons—and signal—detected in the regions where the
sample strongly attenuates the beam, e.g. in the central pad of the chip.
However, if the number of photons detected is sufficiently high to allow
the identification of regions with low contrast variations (Alcalde Bessia
et al., 2018), the high voltage irradiation can be used to detect features
in these darkened regions.

3.3. Construction of false color images varying TBV

Reference (Procz et al., 2009) implements the construction of false
color Red-Green-Blue (RGB) images fusioning information obtained at
different photon energies. In that work the different spectum is sepa-
rated using by the Medipix thresholds. In the present work, we propose
the use of the three channels to provide complementary information in
a similar fashion. We use the red and green channels to show in-
formation obtained at 10 kV and 25 kV, which have very different ab-
soption ratios in the different regions of the chip. The blue channel will
provide information obtained at 50 kV from the most opaque regions of
the sample, increasing 20 times the brightness of the image. This in-
crease in the brightness of one channel will make it saturate in most
regions, but will allow to observe radiation opaque regions with more
detail, extending the dynamic range visible in the picture.

Fig. 6 shows the construction of an RGB image which fussions the

images obtained at 10 kV, 25 kV and 50 kV. The subplots present the
three colored images merged in the main plot, where in a single image
visual information from different intensity ranges and materials is
presented. The plastic package is observed in cyan, and the bonding
pad, fingers and pins are observed in blue. Inside the central pad, the
contour of the silicon die of the chip can be observed thanks to the
attenuation of the X-rays on the conductive epoxy used to stick the die
on the package. The bonding wires are clearly visible, and the blue
channel with increased brightness allows the observation of the
bonding wires over the central bonding pad, and with some detail the
bonding balls, and the borders of the silicon die. The same images
obtained with the Timepix detector are shown in Fig. 7.

4. Detection efficiency of the BSI CIS

The measurements of Figs. 2 and 3 required very different times to
obtain high number of events, few minutes for the CIS and 10 s using
the Timepix. This difference implies applying higher doses to the
sample when the CIS is used instead the Timepix due to the lower de-
tection efficiency of the CIS.

To partially quantify this detection efficiency and provide more
information about the response of the sensor at higher energies for
example for gamma rays dosimetry, several experiments were carried
out, obtaining the efficiency from 15.7 keV to 1.33MeV.

The lower energy photons were obtained by fluorescence exposing
high purity metal samples to X-rays from a Moxtek source with a Ag
anode. The target materials used were Zr, Pd, and Ag which provide
fluorescence spectra with k lines in 15.7 keV, 21.2 keV, and 22.1 keV
respectively. The CIS was placed at a distance of 11.00.5 cm from the
target, and an Amptek X-123 Si Drift Detector (SDD) was placed at
10.00.5 cm from the target to measure the fluorescence photon flux.

Fig. 4. Transmission of different parts of the chip package as a function of the
X-ray tube potential using the Timepix detector. The inset shows the regions
shown, the Cu bond finger and the remaining plastic region.

Fig. 5. Ratio of contrasts between plastic package and bonding finger as a
function of TBV for the BSI CIS and Timepix.

Fig. 6. Fussion of images obtained at different TBV. The red channel is formed
by the image obtained at 10 kV, the green channel at 25 kV and the blue
channel at 50 kV but with an increase in brightness of 20 times, to give more
detail on the regions of low constrast. The fussioned image allows to see si-
multaneously the bonding fingers, bonding wires, the folded section of the pins,
and the contour of the silicon die surrounded by the epoxy used to stick it on the
package. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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The SDD has an area of 25mm2 and a thickness of 500 μm, and is
protected from light by a thin Amptek C1 window (AmptekC and. X-
123°). The number of counts by the SDD was corrected by the tran-
mission of the window and the 500 μm Si detector efficiency (AmptekC
and. X-123°). During each measurement, the SDD and spectrometer
were used to verify that the expected spectrum was the expected.

The higher energy photons were obtained using Eckert & Zielgler
sealed radioactive sources of 109Cd, 133 Ba, 137 Cs, 60 60Co, and 22 Na.
The major emission lines are of 22 keV and 25 keV, 81 keV and 356 keV,
662 keV, 1.17MeV and 1.33MeV, and 1.27MeV respectively (Eidelman
et al., 2004). The sources were placed at a distance of 152mm from the
CIS. The flux at the CIS was estimated from the original calibrated
activity of the sources corrected by the decay time, and the distance to
the CIS.

Each irradiation consisted on exposing the detector during several
minutes to obtain a set of images. The images were processed offline
identifying the photon interactions as a cluster of pixels with values
over a threshold sufficiently high to ensure having a negligible number
of false positives, with the algoritm presented by (Alcalde Bessia et al.,
2016). In all cases the number of events counted was higher than 2200.

The flux at the CIS was estimated with the counts measured by the
SDD, distances and areas. In the range of energies used in the experi-
ment, the absorption of photons in the 25 μm Al layer interposed be-
tween the sources and the chip is negligible. Fig. 8 shows the measured
quantum efficiency, i.e. the fraction of photons detected by the CIS
compared to the flux of photons multiplied by its area. The efficiency is

in the range from 0.05% to 0.3% in the whole energy range. In the
figure, it is also plotted the probability of absorption of photons in 2 μm
and 300 μm Si layers. An interesting feature is that the efficiency
measured by fluorescence and from radioactive sources at 22 keV
overlap within the measurement error showing consistency among the
measurements. As was previously mentioned, although the range of
energies is wider than the range used for X-ray images in the previous
section, the presented efficiency at high energies would be interesting
for example for its use in a gamma rays detector.

The BSI CIS efficiency measured in the range from 15.7 keV to
22.5 keV is close but few times lower than the absorption in the Si
Layer, probably due to non-negligible probability of rejecting events
with signals lower than the acceptance threshold (Perez et al., 2016).
On the other hand, the detection efficiency is higher than the absorp-
tion in the thin Si layer for the points over 300 keV. This is because at
these high energies many photons interact by Compton effect, gen-
erating Compton long-range backscaterd electrons below the active
region of the BSI CIS. In this case, the CIS can be detecting electrons
generated below the active volume after photon absorption in a similar
way that the entrance surface dose during gamma rays irradiation is not
negligible (Butson et al., 1996).

5. Discussion

This section will discuss differences between the images obtained
with both sensors, in first place the spatial resolution, and in second
place how the different efficiencies of the sensors affect the contrast
observed in the images.

5.1. Spatial resolution and active area

The main advantage and motivation to use the BSI CIS of this work
compared to other hybrid pixelated detectors is the much smaller pixel
pich, which allows a much higher spatial resolution. As an example
Fig. 9 shows in detail a region of the radiographed with the detail of a
bonding wire. The image obtained with the CIS does not only allow a
clear observation of the region, it also allows an accurate measurement
of the bonding wire diameter of 15 μm. The same image obtained with
the Timepix does not allow to even notice the wire. On the other hand,
the attenuation of the X-rays can be estimated though the intensity of
the image, yielding 30% of attenuation of the 15 μm diameter wire
consistent with the fact that these wires are usually composed by
Au—taking in account that most of the image is obtained with the

Fig. 7. Fussion of images obtained at different TBV. The red channel is formed
by the image obtained at 10 kV, the green channel at 25 kV and the blue
channel at 50 kV but with an increase in brightness of 20 times, to give more
detail on the regions of low constrast. The fussioned image allows to see si-
multaneously the bonding fingers, bonding wires, the folded section of the pins,
and the contour of the silicon die surrounded by the epoxy used to stick it on the
package. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 8. Quantum efficiency measured on the CIS as a function of photon energy
using sealed radioactive sources and X-ray fluorescence from different mate-
rials. In cases where the fluorescence or emission have more than one line, the
horizontal axis is referred to the most intense line.
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higher-end region of the X-ray spectrum not attenuated by the package.
A disadvantage of the CIS BSI compared to the MediPix detector is

the smaller active area, problem which can be overcomed taking sev-
eral images after moving the object with a stepper to then, reconstruct
the larger area picture.

5.2. Detection efficiency

The BSI CIS used in this work presents a much lower detection ef-
ficiency than its hybrid detector counterpart, detection that can be even
three orders of magnitude lower at some energies using the measure-
ment conditions of this work. The main reason for this lower detection
efficiency of the CIS at low energies compared to the Medipix is the
lower photon absorption probability in the active thickness presented in
the continuous lines of Fig. 8. At higher energies, the interaction of
photons with the material surrounding the active area of the sensor
might explain the high detection efficiency of the BSI CIS despite its
small thickness.

The different dependence of the response with energy of the CIS
would explain the different contrast ratios observed in Fig. 5.

Also, since each pixel has a smaller area, to have the same number
of photons per pixel and thus reach the same shot noise for each pixel, it
is necessary to have more photons per unit area, which implies a higher
irradiation dose to the sample. This fact, in addition to the lower de-
tection efficiency of the sensor, implies much higher doses to obtain
high spatial resolution images, making impossible their use as direct
detectors in diagnostic imaging in medicine.

6. Conclusions

This work deals with the use of a BSI CIS to obtain X-ray images,
empoying different tube potentials to provide increments in the spectral
wide of the beam. A plastic packaged integrated circuit was used as an
example of object to analyze. As the energy increases, different con-
trasts were measured in various regions. The high penetration of pho-
tons at highest energies allowed the observation of hidden features of
the sample in opaque regions, for example the bonding wires and balls,
contour of the silicon die. The whole information could be fussioned in
false color images to provide visual information about the whole chip in
a single picture. The detection efficiency of the BSI CIS was measured in
a wide range of energies, and is in the range of 0.05%–0.3%, lower than

the hybrid detector which implies higher irradiation doses to obtain an
image.
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