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Abstract—We develop a low cost and high
performance X-ray imager by directly depositing the Csl
material on the 32x32 CMOS single photon avalanche
diode (SPAD) array as a scintillator. From the effective
dose calculation, our imager performs more sensitive
compare to a photomultiplier tube (PMT) with
scintillator which is often used in the X-ray diffractometer
(XRD). So we believe that the SPAD array imager with
direct deposition of Csl could be a better candidate for
digital radiography systems.

l. INTRODUCTION

Combining scintillator materials with silicon based photon
detector can make up a low cost digital radiography image
system as a replacement of the traditionally radiographic
films. The scintillator can convert the incident X-rays to
optical light in the detection wavelengths range (420-600 nm)
of silicon photon detectors. However, the indirect detection
method has low detection efficiency because of the low
transfer efficiency of the scintillator materials [1], leading to
long integration time and poor spatial resolution in the
applications such as dentistry, surgery, positron emission
tomography (PET) [2], and mammography [3]. The CMOS
SPAD array is a kind of imager which possess ultra-high
photon sensitivity and easy to be integrated with digital signal
processing circuits, so a scintillator deposited on COMS
SPAD array can realize digital radiography systems with high
frame rate and low cost [4].

11. THE DEVICE FABRICATION AND TESTING METHODS

For the traditional method that uses crystalline (slab)
scintillators coupled to the imager, the light transferred from
scintillator will experience multiple reflections between
several interfaces, causing laterally spread of light and
resulting in poor spatial resolution and lower optical
efficiency [5]. In this work, differing from the conventional
method, we deposit an undoped cesium iodide (Csl) films as
the scintillator directly on a 32x32 SPADs array to perform
better spatial resolution and photon coupling efficiency [6].
The Csl film is prepared by thermal vacuum evaporation
technique. The cross sectional structure of SPAD array with
Csl coating is shown in Fig. 1(a), and the top view picture of
final chip is shown in Fig. 1(b). From the cross-sectional
image of dual-beam focused ion beam (FIB) microscope as
shown by Fig 2(a), the coating of Csl has the thickness of

(a)

Passivation

32x32 SPADs array
PCB

(b)

Fig. 1. Cross-section structure of 32x32 SPAD array chip
with directly deposited Csl layer (a) and the top view
picture of chip. The red dotted region indicates the area
without Csl coating.

about 14 pm. The image shown in Fig. 2 (b) clearly shows
that the microcolumn width is about 0.5 um for the deposited
Csl of microcolumns array type. A columnar-structure with
needle-like tips is also observed for Csl films. The size and
shape of deposited Csl depends on the temperature and

SEMHV: 5.0kV
SEM MAG: 40.0 kx

WD: 9.02mm
Det: SE, In-Beam BSE

SEM HV: 5.0 kV WD: 9.04 mm

Det: SE, In-Beam BSE|

SEM MAG: 7.00 kx

Fig. 2 (a) Cross-sectional picture of Csl from focused
ion beam microscope. (b) Magnification of cross-
sectional picture.
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pressure during the thermal vacuum evaporation. Note that
the cross-sectional FIB picture shown here is taken from the
device different with the one under investigation. The
passivation and SU-8 layer are used for preventing Csl layer
from hydrolysis. For examining the effect of Csl layer, we
purposely designed a region without Csl coating as shown by
the red dotted frame in Fig. 1(b) [7, 8]. The 32x32 SPAD
array is fabricated by TSMC 0.18 um BCD HV process, with
a breakdown voltage of 48.5 V. The SPAD array is integrated
with time gated quenching circuit [9].

The chip readout is controlled by a FPGA (kintex-705).
The dark count rates (DCRs) of the chip are almost unaltered
after the Csl coating, where it is plotted in Fig. 3(a). There is
an aluminum film upon the Csl coating for blocking the light
other than the emission from Csl layer. Fig. 3(b) shows that
there is higher photon counts of SPADs for the area without
Csl coating when the chip is under illuminated.
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Fig. 3 (a) Measured dark count rates of 32x32 pixels
(b) and the photon count rate under ambient light.

The measurement system setup in the X-ray diffractometer
(XRD) instrument is shown in Fig. 4. First a lower SPADs
bias voltage (51.4 V) was used for the preliminary test. The
DCRs of chip before and after X-ray irradiation has no
obvious difference, so the chip was not damaged by the
irradiation. Fig. 5 shows that there is obvious photon counts
of SPADs with the Csl coating when X-ray gun was turned
on, where the photon counts were measured with integration
time of 0.1 second. A higher bias voltage (52.5 V) is used to
achieve higher photon detection efficiency of SPADs for the
following measurements, acquiring much higher photon

Fig. 4. Picture of measurement system setup in the X-ray
diffractometer (XRD).
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Fig. 5. The dark count rate of SPAD array under the bias
voltage of 51.4 V and 0.1 second integration time (a)
before X-ray irradiation, (b) under X-ray irradiation and
(c) after X-ray irradiation
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Fig. 6. The dark count rate of SPAD array under the bias
voltage of 52.5 V and 0.1 second integration time ()
before X-ray irradiation and (b) under X-ray irradiation.
(c) The net photon counts with counts of (b) subtract
from the counts of (a).

counts in the X-ray irradiation measurement as shown in Fig.
6. The highest net photon counts are over 3000 counts during
the integration time of 0.1 second as shown in Fig. 6 (c).

To examine the effect of Csl film on the performance of
our chip for the X ray detection measurement, we replace the
detector by our chip to perform X ray detection. Then we
compare the effective photon counts of our chip to that of the
PMT detector with scintillator which is used in the original
XRD system. The PMT detector with an opened window of
2.5x 1 cm?, as shown in Fig. 7(a), can detect about 600 counts
per second (cps) with a detection area of 20-um diameter,
where we normalize the photon counts to the area size same
as that of our device for better comparison. As shown in Fig.
7 (b), under the same condition, our chip can detect over
30000 cps averaged from 9 pixels of our chip. The photon
counts detected by PMT is much lower than the that detected
by our chip.

To demonstrate a digital radiography system, we use a
stainless shutter with various multi-silts width pattern ranging

from 50 um to 200 pm, as shown in Fig. 8 (a), and put the
shutters in between the chip and X-ray gun. The 130 pm
width of multi-slit is used for radiography. Although the
stainless shutter was not aligned well with the SPAD, the
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Fig. 7. (a) Picture of the PMT detector in XRD with an

opened window of 2.5 x 1 cm?. (b) Photon counts of 9

pixels of our SPAD array, measured in 0.1 s integration
time.
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Fig. 8. The picture of stainless shutter with multi-slit
patterns and the position of 32x32 SPAD arrays under
the multi-slit of 130 um width (a), the radiography of the
measurement in XRD.

multi-slit. radiography can still be clearly measured as shown
in the Fig. 8 (b). The digital radiography picture shows good
spatial resolution due to the benefit of direct deposition of
scintillator on SPAD array.



1. CONCLUSION AND DISCUSSION

From the measurement results and effective dose
calculation, our imager performs much higher sensitive
detection comparing to a photomultiplier tube (PMT) with
scintillator which is used in the X-ray diffractometer (XRD)
, thanks to the highly photon sensitive of 32x32 pixels CMOS
SPAD array. We also demonstrate a high spatial resolution
radiography with our imager, verifying the benefit of directly
depositing the Csl material as the scintillator on the SPAD
imager. So we believe that the SPAD array imager with direct
deposition of Csl could be a better candidate for digital
radiography systems.

Furthermore, in order to develop a digital radiography
imager with timing information, the luminescence lifetime
information of our deposit Csl is an ongoing task. Our chip
with high speed operation is suitable for the high X-ray dose
application, though the X-ray induced damage of scintillator
should be prevented [10].
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