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ARTICLE INFO ABSTRACT

Keywords: We studied the X-ray spectroscopy capability and the detection efficiency of a low cost Commercial Off The Shelf
CMOS CMOS Image Sensor (CIS) in the energy range from 6.4 to 24.9 keV using the fluorescence spectra emitted by
Image sensors FeNi, Cu, Zr, Pb, and Ag. The obtained results are compared with that obtained using a Silicon Drift Detector
)S(;’c};iosmpy (SDD). We conclude that CIS is able to resolve fluorescence lines up to 17.7 keV but with a reduced detection

efficiency. At lower energies, the energy resolution of the CIS is comparable to that obtained with the SDD. By

the comparison of both detectors we also estimate the detection efficiency of the proposed method and the
effective thickness of the CIS for all the measured X-ray lines.

2010 MSC: 00-01, 99-00.

1. Introduction

Since their discovery at the end of the eighteenth century, X-rays
have been used for diagnosis and non destructive test in several ap-
plications related with science, medicine, and industry (Allen, 1931).
The use of X-rays in radiography and diffractometry can provide in-
formation about the structure and properties of samples under study. X-
ray spectroscopy has applications in many disciplines including en-
gineering, archaeology, astronomy, health, conservation, restoration of
cultural heritage, etc. Semiconductors detectors like: Si-PIN diodes,
germanium detectors, and silicon drift detectors (SDDs) are widely used
in X-ray spectroscopy due to many advantages such as, reduced size,
high energy resolution and high efficiency (Sharma, 2012). Hybrid
Pixelated detectors with spectroscopic capabilities allow the acquisition
of X-ray transmission energy selective images (Procz et al., 2010, Procz
et al., 2009); the acquisition of fluorescence X-rays images (Uher et al.,
2011), and even improve the quality of diffraction data in materials
analysis (Ponchut and Zontone, 2003).

Monolithic pixelated sensors fabricated in Complementary Metal
Oxide Semiconductor (CMOS) technologies have been used in many
applications for ionizing radiation detection (Peri¢, 2007, Peri¢ et al.,

2013). In particular, several works have shown that low cost Com-
mercial Off The Shelf (COTS) CMOS Image Sensors (CIS), designed and
fabricated to capture visible light images in consumer electronic pro-
ducts, can also be used as ionizing radiation detectors. Their use as
sensors for personal and environmental dosimetry has been proposed
previously (Magalotti et al., 2014, Pérez et al., 2016, Shoulong et al.,
2017). Yan et al. (2020) show that with adequate image processing it is
possible to use the images of a CIS from an uncovered surveillance
camera to detect ionizing radiation in an environmental detector.
Moreover, Cucuic (Cuciuc, 2018) has proven that although with a low
efficiency, it is possible to detect muons generated by cosmic rays in the
atmosphere using CMOS image sensors. In (Pérez et al., 2016) we have
shown that it is possible to classify different particles detected by the
CIS based on the amount of charge and geometrical parameters of the
cluster of pixels of each interaction. This classification method was used
in (Bessia et al., 2018) to explain the damage caused by thermal neu-
trons in CIS containing boron in the pre-metal insulator layers.

In reference (Pérez et al., 2018) we present a sensitive thermal
neutron detection technique, based on a CIS covered with a gadolinium
conversion layer. Reference (Alcalde Bessia et al., 2018) proves that it is
possible to obtain Xray images with high spatial resolution by using
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Commercial Off The Shelf CMOS image sensors (Lipovetzky et al.,
2020), shows the use of CIS to the acquisition of false color radiographs
using data from different energy ranges and brightnesses.

On the other hand, it was demonstrated that Commercial Off The
Shelf CMOS image sensors can be used to perform X-ray spectroscopy.
The article (Lane, 2012) examines the use of low cost CMOS sensors for
X-ray imaging and spectroscopy, the work (Hoidn and Seidler, 2015)
shows the integration of a CIS and a single-board computer into an X-
ray camera platform for acquisition of spectra and radiographs in a
range of energies of 26 keV.

CIS have a smaller pixel pitch compared to hybrid detectors
(Jungmann et al., 2011), and would allow the same applications with
better spatial resolution. On the other side, compared to other hybrid
pixelated detectors and SDD, the low dark current and noise per pixel
allow the use of the sensor at room temperature, simplifying its use in
portable or low cost systems.

In (Haro et al., 2019), we performed low energy X-ray spectroscopy
employing a CIS model MTO9MO001 manufactured by ON Semiconductor
(On semiconductor MTOMO001, 2019). In that work (Haro et al., 2019),
we also introduced the configuration and the processing techniques that
were used to measure X-ray energies in the range from 1 to 10 keV. In
order to improve the energy resolution of the CIS, the measurements
presented in (Haro et al., 2019) were carried out by setting the gain of
all the pixels of the sensor at its maximum value (15 X). Due to this gain
setting, it was not possible to measure the energy of photons of more
than 10 keV, because there was a saturation of the Analog to Digital
Converter (ADC) of the sensor. In (Pérez et al., 2020) we explored other
gain values in order to do spectroscopy with X-rays of more than
10 keV, and we also probe that it is possible to resolve X-ray lines up to
17.6 keV using a gain of 4 x without a significant degradation in the
energy resolution. In this work we measured the fluorescence spectra of
FeNi, Cu, Zr, Pb and Ag, to analyze the interval of energies in which it is
possible to employ this technique. We also obtained the spectrum of
these materials with a Silicon Drift Detector in order to do a comparison
between both detectors and to be able to calculate the efficiency of the
CIS in the range of energies of 6.4-24.9 keV.

In Section 2, we will present the experimental details. In Section 3
we will show the fluorescence spectra and the comparison between the
resolution obtained with the CIS and the Silicon Drift Detector. In
Section 4, we will present the estimation of the detection efficiency of
the method, and the estimation of the effective thickness of the CIS for
all the measured X-ray lines. Finally, in Section 5 we will present the
conclusions of this work.

2. Materials and methods

In this section we will describe the Materials and methods used to
obtain the fluorescence spectra presented in this work.

2.1. CMOS image sensor and readout electronics

The integrated circuit used in the measurements is a front
side illuminated 1/2-inch monochrome CMOS active-pixel
sensor model MT9MOO01STM manufactured by ON Semiconductor
(On semiconductor MT9MOO01, 2019). This sensor has an active imaging
array of 1280x1024 pixels with a pitch of 5.2 ym X 5.2 ym. Fig. 1 shows
a cross section of the sensor employed in this work, the image was
obtained with a Scanning Electron Microscope and a Focus-Ion Beam.
The Si active volume is covered by a 3.7 um of insulators and metal
layers, and an array of organic microlenses with maximum thickness of
~ 1.3 um. No color filters are present in this black and white sensor. The
chip has an internal ADC with a resolution of 10 bits, and a two-wire
serial interface bus that can be used to configure several features like:
Gain, frame rate, frame size, white balance, etc.

The readout electronics is composed by two boards: A Camera
Module that contains a socket where the CMOS sensor is placed, and the

Radiation Physics and Chemistry 177 (2020) 109062

Insulator and
metal layers

Active volume

Fig. 1. Cross section of the CIS employed in this work. The image was obtained
with a Scanning Electron Microscope and a Focus-lon Beam microscope. The
active volume of the CIS is covered with a 3.7 um of insulators and metal layers.
Over the layer of insulators it is possible to observe the cross sections of the
array of microlenses employed to focus the light in the sensitive area of the
pixels. The microlenses are made of organic materials and have a maximum
thickness of ~ 1.3 um. It can be seen that the metal layers of the chip do not
cover the area below the microlenses —which is the active area of the pixels—.
The image also shows the metal layer deposited over the surface of the mi-
crolenses which is employed to obtain the image with the microscope.

Arducam Camera Shield that uses an FPGA to read the sensor and
transfer the obtained images to a computer via USB (Arducam, 2019).
The communication between the Arducam Camera Shield and the PC is
done using a Python script which collects the image data produced by
the sensor. The script also configures the acquisition parameters.

The manufacturer of the chips recommends some gain settings that
offers superior noise performance. In this case, the CIS was configured
with a gain of 4 X to extend the energy range of the method up to
17 keV (Pérez et al., 2020). The shutter width was set in order to have a
pixel integration time of 6.3 ms.

The automatic black level calibration module of the sensor changes
the offset of the pixel values according to the average intensity of 256
pixels from two dark rows of the chip (On semiconductor MT9MOO1,
2019). The pixels of these dark rows are sensible to the X rays, and can
produce artifacts in the measurements, therefore the automatic black
level calibration was disabled.

2.2. Silicon drift detector

In order to validate and compare the results, we also employed a
Silicon Drift Detector Amptek X-123SDD to measure the fluorescence
spectra of the different materials (AMPTEK Inc, 2019). This Silicon Drift
Detector has an active area of 25 mm? and a thickness of 500 ym. Its
surface is covered with an Amptek C1 window to block visible light
(AMPTEK Inc, 2019). The comparison between the spectra obtained
with both techniques allows to estimate the detection efficiency of the
presented method. The X-123SDD was biased with a voltage of —261 V,
and its thermoelectric cooler was set to work at a temperature of 221 K.
The measurements were done with a peaking time of 2.4 s, a flat top
width of 0.1 ps, and a gain of 4 x.

2.3. Experimental setup

The X-ray photons necessary to study the performance of the CIS
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Fig. 2. a) Scheme of the experimental setup used to obtain the X-ray spectra. b)
Image of the experimental setup, it is possible to observe the X-ray tube, and the
position of a cooper foil. The image also shows the CIS and the SDD mounted on
the rail.

were produced by the fluorescence of FeNi, Cu, Zn, Pb and Ag foils.
These materials were chosen because their characteristic X-ray lines are
spread in the range of energies under study. In order to obtain the
spectra, the foils were irradiated with photons generated by an OXFORD
Jupiter 5000 Series X-ray shielded tube with a palladium target. This X-
ray source can be powered with voltages up to 50 kV, and has a spot
size of about 50 um. The voltage of the tube was adjusted in each
measurement in order to emit photons with enough energy to produce
the fluorescence of the foils. On the other hand, the current was set at
its maximum value—1 mA—to obtain the highest X-ray flux.

Fig. 2 a shows a scheme of the experimental setup. The fluorescent
target materials were placed in front of the X-ray beam at a distance of
10 cm of the tube, and with an angle of 45 with respect to the beam
axis. The surface of the CIS was placed parallel to the foils at a distance
of 3 cm. In this configuration the sensor receives the fluorescence
photons and is not directly exposed to the main beam.

The detectors were mounted on a rail, which was set normal to the
analyzed fluorescent beam, as shown in Fig. 2 b, allowing to exchange
and place them at the exact same position with respect to the foils every
time. The surface of the CIS was covered with an aluminium tape of
130 um thick to avoid the interaction between the visible light and the
pixels of the sensor.

3. Results

In this section we will present the fluorescence spectra obtained
after processing the acquired data. In previous works (Haro et al., 2019,
Pérez et al., 2020) we described the detailed procedure to reduce the
noise of the images generated by the CIS, and the techniques to extract
the events produced by the photons. The first step of the processing is to
remove the noise of the analyzed image. We employ an auto regressive
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Fig. 3. Fluorescence spectra obtained with foils of FeNi—black curve—, Zr
—blue curve— and Ag—green curve—. The curves represented with dashed
lines were obtained taking into account all the registered events, while the plots
represented with continuous lines where obtained only with one-pixel events.

filter that uses the previous fifteen images to calculate the baseline of
the pixels, then these values are subtracted to the processed frame. The
processing of the acquired images was done with a custom C+ + code,
and the analysis of the spectra was performed using the ROOT data
analysis framework (Brun and Rademakers, 1997).

When a ionizing particle interacts with the sensor loses energy
generating ionization charge on a cluster of pixels, which can be ob-
served as an illuminated region in the image (Pérez et al., 2016). To
acquire the spectra, we consider that the ionizing events generated by
X-rays are recorded as clusters of pixels whose amplitudes are greater
than four times the noise fluctuation, which has a Gaussian distribution
with a mean value of zero and a standard deviation of 77 eV (Pérez
et al., 2020).

Fig. 3 shows the fluorescence spectra of FeNi—Fe61/Ni39 alloy—,
Zr and Ag, the K, lines of Fe—6.399 keV—and the Kz lines of
Ag—25.00 keV—are at the ends of the analyzed energy range' (Kaye
et al., 1960). The curves represented with dashed lines depict the
spectra obtained taking into account all the detected events. On the
other hand, the curves plotted using continuous lines represents the
spectra obtained considering only one-pixel events in which the ioni-
zation charge has been collected only by a single pixel.

In (Haro et al., 2019) we presented the Incomplete Charge Collec-
tion phenomenon (ICC), and we proved that the loss of charge in the
inter-pixel volumes impairs the energy resolution of the method. We
also showed that it is possible to improve the resolution taking into
account only one-pixel events in which the losses of charge are less
preponderant. As it will be detailed in Section 4.2, the fluorescence
peaks produced by the FeNi foil are in the range of 6.39-8.26 keV, due
to the low energies of these X-rays the majority of these events—in the
range between 150 to 220 ADU—affects only one pixel of the CIS, thus
allowing to resolve the X-ray lines of the spectrum. On the other hand,
mostly of the events generated by the K, and Ky lines of the Ag—that
have energies of 22.12 and 25.00 keV respectively—are composed by
clusters of several pixels. Due to the ICC it is not possible to resolve the
fluorescence lines in this range of energies which can be seen in the
curves presented in Fig. 3. In the case of the K, line of Zr, it is possible to
observe that the peak obtained with one-pixel events is narrower than
the acquired considering all the registered events. Therefore, it can be
seen that it is possible to achieve a better energy resolution taking into
account only the one-pixel events, which is consistent with the results
presented in (Haro et al., 2019).

Fig. 4 shows the spectra obtained with FeNi, Cu, Pb, Zr, and Ag fois.

! In all of the cases, when the peaks are composed by more than one X-ray
line, the energy employed to perform the calculations presented in this work is
the average of all these lines weighted by their intensity.
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Fig. 4. Fluorescence spectra produced with foils of FeNi, Cu, Pb, Zr, and Ag. All
the plots were generated taking into account only one-pixel events.

All plots were generated taking into account only one-pixel events. As a
consequence of the reduction in the pixel gain to 4 X it is possible to
extend the energy range presented in (Haro et al.,, 2019). With this
configuration the CIS can resolve more energetic peaks as the K, and K
lines of 15.74 and 17.70 keV produced by Zr, and the L,, Lg and L,
lines—10.54, 12.57 and 14.84 keV respectively—produced by Pb.”

Fig. 5 shows the calibration curve of the sensor, the values of energy
expressed in ADU were obtained fitting all of the measured peaks with
Gaussian functions and estimating their mean values. It is possible to
observe that the response of the CIS is linear in this energy range. The
slope of the curve represents the energy gain of the sensor and, in this
case, the obtained value is 25.1 ADU/keV.

The energy gain of the CIS was used to perform an energy calibra-
tion of the spectra formerly presented in Fig. 4. Fig. 6 presents the
spectra measured with the CIS—the x-axis units were transformed ac-
cording to the energy calibration—and the SDD. By the comparison of
both plots it can be observed that in the case of the CIS, the relative
amplitudes of the peaks fall as the energy increases, this is produced by
the reduction in the detection efficiency. Taking into account the results
presented in Fig. 6, it is possible to observe that the energy limit for this
particular sensor —front side illuminated with a pixel pitch of 5.2 ym—
configured with this gain value is between 17.7 and 20 keV.

Due to the high detection efficiency of the SDD, there is a high
counting rate at a distance of 3 cm from the foils. In order to avoid pile
up and to reduce dead time, the spectra presented in Fig. 6 were
measured at a distance of 25 cm from the foils, and normalized to ob-
tain the flux of photons at the CIS position.

In the spectra obtained with the SDD it can be seen the K, and Kg
lines of the Ag that cannot be detected with the CIS. The SDD also can
resolve the lines L; and L,3 of Pb that have energies of 9.185 keV and
15.222 keV respectively. In the Ag and Pb spectra it is also possible to
observe the K, line of Pd—21.178 keV—emitted by the tube that
reaches the surface of the SDD after Bragg diffraction in the foils.

Table 1 presents the width of all the measured X-ray lines. These
values were obtained by fitting the peaks with Gaussian functions and
calculating its standard deviation (0). The table also shows the ratio
between the sigma of the peaks measured with the SSD and the CIS.
Observing this relation, it is possible to see that the energy resolution of
the Silicon Drift Detector is between 15 and 75% better than the re-
solution of the CIS.

2In the spectrum of Pb, the L, peak is produced by the lines L, and Ly, 10.55
and 10.45 keV respectively, the Lg peak is produced by the lines Lg), Lg,, Lgs,
and Lg,, of 12.61, 12.62, 12.79 and 12.30 keV respectively, finally the L , peak
is produced by the lines L,; and L,; of 14.76 and 15.22 keV respectively.
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Fig. 5. Energy calibration of the CIS. The resulting gain of the sensor is 25.1
ADU/keV. It is not possible to observe the experimental uncertainties of the
dots because in all cases they are smaller than the symbol size.
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Fig. 6. Comparison between the spectra obtained with the CIS (top) and the
SDD (bottom). The vertical axis presents the number of events per channel. The
measurement with the CIS lasted 13 min and the measurement with the SDD
took 10 min.

4. Discussion

In this section we will present an estimation for the detection effi-
ciency of the presented method. We will also estimate the effective
thickness of the sensor for all the energy range employing different
models. In all the cases will describe the procedure to obtain the pre-
sented values.

4.1. Detection efficiency

The detection efficiency 7,,(E) is a function of the X-rays energy E
and can be obtained with the formula:

Neis (E)

E)= — st
in (E) @(E) taag Acts (€))
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Table 1

Width of the peaks measured with the CIS and the Silicon Drift Detector ex-
pressed in eV. The presented values were obtained fitting a Gaussian function to
the peaks and obtaining its standard deviation (0). The last column shows the
ratio between the widths measured with the CIS and the SDD.

Peak Energy (keV) acrs (eV) aspp (eV) gspp/0cis
Fe K, 6.399 139+ 1 97 +1 0.70
Fe Kg 7.058 221+9 116 + 2 0.53
Ni K, 7.472 140 + 3 95+1 0.68
Cu K, 8.041 149+ 1 78 + 2 0.53
Ni Kg 8.265 166 + 12 105+ 1 0.63
Cu Kg 8.904 154 + 5 87+1 0.57
Pb L, 10.544 333+ 4 107 + 1 0.32
Pb Ly 12.574 320+ 5 114+ 1 0.36
Pb L, 14.844 511 + 30 126 + 2 0.25
Zr K, 15.744 233+ 9 185+ 1 0.79
Zr Kg 17.701 239 + 46 203 + 2 0.85

The values of Ngs(E) were obtained calculating the sum of the
events in each peak of the spectra measured with the CIS. We performed
the efficiency calculation taking into account two sets of Ngs(E) values:
The first set was obtained considering the spectra showed in Fig. 4 in
which we take into account only one-pixel events where the charge
sharing with neighboring pixels is less preponderant (Haro et al., 2019).
The second set was obtained employing the spectra generated with all
registered events, in which the total amount of counts in each peak is
the highest, but the energy resolution is degraded due to the ICC. The
factor ¢ (E) represents the flux of photons with energy E that reach the
active area of the CMOS sensor. These values were obtained from the
measurements made with the SDD and are expressed in photons per
cm? and second. Each value of ¢(E) was obtained summing all the
events of each peak of the curves presented in Fig. 6, taking in account
the area, live time and dependence on E of the SDD detection efficiency
(Detector efficiency faq, 2014). The parameter f,4  is the time employed
by the CIS to acquire the total amount of images necessary to generate
the spectra—in this case all the spectra were generated with 5000
images. Finally, Acys is the active area of the CIS (35.43 mm?).

The square dots presented in Fig. 7, show the values of 7,,(E) ob-
tained only with the one-pixel events spectra. On the other hand, the

g 0,1
:3 ] | Efficiency one-pixel events
& ] ¢ Efficiency all the events
« 1R& e No correction
—--—- Lateral correction
71 —=-—==Vertical correction
i Vertical and lateral correction
0,01 5
0,001

LI B B e e e e e e e s e e e e e e e e e
6 8 10 12 14 16 18
X-ray energy (keV)

Fig. 7. Square dots: detection efficiencies of the CIS calculated taking into ac-
count only one-pixel events. Rhomboidal dots: detection efficiencies computed
with all the registered events. Green curve: theoretical efficiency for an effec-
tive thickness of 2 ym. Blue curve: theoretical efficiency weighted by the dif-
ference between the effective thickness of the sensor and the radius of the io-
nization cloud—vertical correction—. Red curve: theoretical efficiency
weighted by the inter-pixel charge-sharing probability—lateral correction—.
Black curve: theoretical efficiency weighted by the lateral and vertical correc-
tions.

Radiation Physics and Chemistry 177 (2020) 109062

rhomboidal dots of the plot shows the efficiency calculated taking into
account all the registered events. As can be seen in Fig. 3 for lower
energies —6 to 8.9 keV— most of the events that make up the peaks
affects only one pixel of the CIS, thus the efficiency is the same for both
cases. The detection efficiency is approximately 5.5% for the lowest
energy peak of 6.399 keV. Otherwise, for energies greater than 10 keV
the one-pixel events are a fraction of the total count of each peak,
therefore the efficiencies obtained taking into account the single-pixel
events are lower than the calculated with all the events. At the highest
energy (17.7 keV) the efficiency calculated taking into account one-
pixel events falls to ~ 0.12% and the value obtained with all the events
falls to ~ 0.13%.

4.2. Effective thickness

In order to estimate the effective thickness of the CIS (tzrr_cis) in the
measured range of energies, we employed the method presented in
(Detector efficiency faq, 2014)—which is used by the manufacturer of
the SDD to compute its detection efficiency—. This method employs the
total attenuation coefficients for the layers placed in front of the active
volume—taking into account its composition and thicknesses— to cal-
culate the scattering and absorption probabilities. The detection effi-
ciency can be estimated using the equation:

n(E) = (e(*lll(E)allI*---*l‘N(E) 5NfN).(1 — eHcs Ssi fEFF—ClS) )

The first factor of the Equation (2) represents the transmission
probability through the layers that cover the active volume of the CIS
which in this case are the aluminum layer used to block the visible
light, and SiO,, interlayer dielectrics which cover the center of the pixel.
The attenuation of the X-rays in the microlens is negligible compared to
all other experimental uncertainties and can be disregarded (Alcalde
Bessia et al., 2018). The result of the interaction between the layers that
cover the active volume of the CIS and the X-rays is an exponential
attenuation of the beam. The interaction processes in the microlenses
and the metal layers can be characterized by a probability of occurrence
per unit path length. The constants y; are the total attenuation coeffi-
cients of the materials of each layer expressed in cm?/g, §; are the
densities of the materials expressed in g/cm®, and t; are thicknesses of
each layer. The total probability of absorption of the photon can be
obtained by the sum of the probabilities for the individual processes.
The second term of the Equation (2) represents the interaction prob-
ability into the active volume of the detector and can be calculated as
the probability of not transmission in the active volume (Detector ef-
ficiency faq, 2014).

At lower energies, the measured efficiency is consistent with an
effective thickness between 1.8 and 2.6 ym. Overlaped with the mea-
sured efficiencies of Fig. 7, we plot the theoretical efficiencies for a
tgrr—cis of 2 ym—green curve. In previous works (Alcalde Bessia et al.,
2018) the depletion thickness of the P-N junction of the device was
estimated to be of ~ 1 ym. In (Haro et al., 2019) it was concluded that
the effective thickness for one-pixel charge collection is close to ~ 2 ym,
taking in account that charge generated in the quasi neutral region
close to a P-N junction can be collected by diffusion. This value is
comparable or slightly smaller than the typical thicknesses of Si epi-
taxial layers in these CMOS technologies, which are in the order of
approximately 3 to 12 ym depending on the fabrication process
(Virmontois et al., 2016) (Lee et al., 2003) (Lalucaa et al., 2013).

As energy increases, the theoretical efficiency is higher than the
values calculated with the measured data. This apparent reduction in
the detection volume can be explained taking into account the effect of
the radius of the ionization cloud and the lateral dimension of the
pixels. The linear range in Si of electrons (R,-) generated by photons
can be estimated with the Equation presented in (Everhart and Hoff,
1971):

R, (um) = 0.0171EL7 3)
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NIST (Berger et al., 1998) also provides an estimation of the electron
linear ranges, slightly smaller than Equation (3). However, due to
multiple scattering process, it is accepted that electrons leave in average
most of their charge in a radius four times smaller than the linear range
(Yousef).

For photo-electrons of 6.4 keV, R,- is approximately 0.44 um, with
most of the charge spread in a radius of a tenth of a micron (Yousef).
Since this radius is smaller than the lateral and depth dimensions of the
active pixel region, most of the electrons of this energy generate all the
ionization charge in the volume of the pixels. The detection efficiency
for low energies in Fig. 2 is consistent with an effective thickness of
~2um.

However, as the energy of the photo-electrons increases, their range
in Si is higher. For instance, the range of the photo-electrons generated
by photons of 17.6 keV is approximately 2.6 ym. This means that most
of the ionization charge will be deposited in a larger charge cloud, with
a radius comparable to the sensitive layer thickness.

4.3. Vertical correction

If ionization does not occur completely within the active volume of
the sensor, the recorded event will not be part of the analyzed peak,
thus for higher energies the measured efficiencies are lower than the
computed theoretically. Therefore, is necessary to use a new model to
contemplate this phenomenon and perform a vertical correction. The
theoretical efficiency presented in the blue curve of Fig. 7 was calcu-
lated with the model:

N, (B) = (e(f/q(E) S1t1—..—un (E) SNIN).(l — e—Hcrs Ssi (fEFF—CISfRe*)) )

In this case the efficiency is computed taking into account the dif-
ference between the effective thickness of the sensor and the radius of
the ionization cloud. This model contemplates the reduction of the ef-
ficiency produced by particles that left a fraction of their charge in the
active volume of the pixels. The curve obtained employing this model is
consistent with the efficiencies calculated taking into account all the
registered events.

4.4. Lateral sharing correction

In the case of the efficiency calculated with one-pixel events also is
necessary to take into account the lateral dimensions of the pixels, and
the inter-pixel charge-sharing probability in order to weight the theo-
retical efficiency by the probability to have a single-pixel event (hor-
izontal correction). The red curve of Fig. 7 presents the theoretical ef-
ficiency weighted by the inter-pixel charge sharing probability (p,).
The model employed to calculate this probability was presented in
(Iniewski et al., 2007):

_ (a + 2c2r)?
(a+g) (5)

Where a is the pixel pitch (5.2 ym), c is an adjustment constant, r is
the radius of the electron cloud and g is the inter-pixel gap (~0.52 ym).
The black curve presented in Fig. 7 presents the theoretical efficiency
calculated taking into account the relation between the effective
thickness and the radius of the ionization cloud (vertical correction)
and the inter-pixel charge sharing probability (lateral correction). This
curve is consistent with the efficiency obtained with one-pixel events in
which there is no inter-pixel charge sharing.

Py, =1

5. Conclusions

We employed a Commercial of the Shelf CMOS sensor to perform
spectroscopy of X-rays with energies between 6.4 and 17.7 keV. We
observed that the response of the CIS is linear in this range of energies
and we obtained a detector gain of 25.1 ADU/keV. Due to the
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Incomplete Charge Collection phenomenon this kind of sensor could
not resolve fluorescence lines of more than 20 keV like the K, and Kp
lines of the Ag. We compared the response of the CIS with a Silicon Drift
Detector. It can be seen that the CIS was able to resolve the majority of
the X-ray lines present in the measured energy range. We also observed
that the energy resolution of the Silicon Drift detector is between 15
and 75% better than the resolution of the CMOS sensor.

The detection efficiency of the sensor using single-pixel events
ranges from approximately 5.5% for 6.4 keV to 0.12% for 17.7 keV. If
the detection efficiency is computed employing all the registered
events, it is possible to achieve a better efficiency for X-ray lines of more
than 10 keV at the expense of a degradation in the energy resolution.
The reduction of the detection efficiency —in the range of 10 to
17.7 keV— is caused by particles that left a fraction of their generated
charge in the sensitive layer of the pixels, thus producing events that
are not part of the analyzed peak. In the case of the efficiencies obtained
with one-pixel events there is also a reduction in the efficiency pro-
duced by the inter-pixel charge sharing. It is worth to notice that the
results presented in this aricle are only valid for the CIS here analyzed
—ON Semiconductor model MTO9M001STM— which has a pixel pitch of
5.2 micrometers. The performance of other CIS to carry out X-ray
spectroscopy will depend on the characteristics of the employed device,
especially the active pixel volume, and pixel pitch.

The CIS analyzed in this work is specially useful for the acquisition
of high spatial resolution X-ray images selecting different energy
ranges, can be used at room temperature and do not require a complex
readout electronics or cooling systems like CCD devices. Thus, em-
ploying this technology it is possible to develop low cost detectors with
a high spatial resolution, that can be used for multiespectral X-ray
imaging, beam characterization, portable spectrometers, etc.
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