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Abstract—This paper reports on a study concerning the design of
an X-ray detector that is suitable to analyze a small area with high
spatial resolution. The indirect method of X-ray detection is used,
i.e., the X-rays are first converted into visible light, which is then de-
tected. In this design, an array of CsI:Tl scintillators, encapsulated
by aluminum walls, is coupled with an array of CMOS photode-
tectors. This structure, patented and described theoretically by the
authors in previous works, can be obtained using the SU-8 negative
photoresist as a sacrificial layer. The experimental work consisted
in the deposition of a scintillator layer, and an aluminum layer on
the active area of a commercially available digital imaging sensor,
thus supporting the developed detector design. X-ray imaging tests
were performed using the PHILIPS X’Pert equipment. Promising
results were obtained, featuring high resolution and detail.

Index Terms—Photolithography, scintillation detectors, X-ray
detectors, X-ray image sensors.

I. INTRODUCTION

IGITAL radiography is widely replacing traditional radi-
D ography. As a major health care area, radiology is also
an important research field. The X-ray detectors are currently
undergoing fast development toward the attainment of digital
radiographies with improved spatial resolution while reducing
the radiation dose applied to the patients. There are two main
methods to construct X-ray detection systems, known as direct
and indirect approaches [1]. The direct method normally uses
a photoconductor that is directly exposed to the X-rays. In the
indirect method, a scintillator is placed on the top of a pho-
todetector. The scintillator absorbs the X-ray energy and pro-
duces visible light, which is detected by the photodetector. This
method, being simple, encounters limitations regarding the spa-
tial resolution due to scintillator thickness constraints. Fig. 1 il-
lustrates that as the scintillator thickness increases (which is de-
sirable in order to absorb more X-ray photons to be converted
into visible light), the spatial resolution decreases [2].
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Fig. 1. X-ray detector representation with a scintillator layer placed on top of
a photodetector array.
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Fig. 2. Schematic representation of the detector structure.

Instead of a single scintillation layer on top of the photode-
tector array, a microcolumnar structure scintillator screen can
be used. The microcolumnar structure is produced by the vapor
deposition of the scintillator on a fiberoptic faceplate. This struc-
ture reduces the lateral spreading of optical light [3]. With this
approach, the scintillator thickness can be increased.

As an alternative approach, by placing the scintillators sepa-
rated by reflective surfaces, the thickness of the scintillator can
be increased without decreasing the spatial resolution (Fig. 2)
[4]. With this sensor geometry, the light yield by each scintil-
lator is guided to the corresponding photodetector by the reflec-
tive walls. The constraints associated with this coupling method
have been studied by the authors in the previous work [5]. Also,
the aluminum has been studied as the reflection layer material
and the CsI:T1 as the scintillator material.

Fig. 3 shows a cross section of a scintillator-based X-ray de-
tector with three channels or pixels. The CsI:T1I scintillator must
be coated by a reflective layer (reflector in Fig. 3), allowing that
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Fig. 3. Cross section of a scintillator-based X-ray detector with three channels
or pixels.

the X-rays go trough the crystal and not allowing that the gen-
erated visible light escapes to the outside, driving therefore the
light to the photodetector (n + /p-substrate junction in Fig. 3).

The most critical steps that can affect the efficiency and the

signal-to-noise ratio (SNR) of such a detector are the following:

* transmission of the X-rays through the reflective layer;

* absorption of the X-rays by the scintillator and their con-
version into visible light;

* reflection of the visible light by the reflective layer;

 transmission of the visible light to the photodetector;

 detection of the visible light by the photodetector and fur-
ther conversion into an electrical signal.

The following considerations should be pointed out.

1) The most common noise sources in pixel detectors for
X-ray imaging systems are the photonic noise, fixed pat-
tern noise, and readout electronics noise [6]. The fixed pat-
tern noise is a characteristic of all pixel array sensors and
can be canceled by the use of gain maps [7]. The noise of
the readout electronics depends mainly on the circuit con-
figuration and layout and usually is less important than the
photonic noise.

2) The photonic noise, which is caused by the statistical dis-
tribution of the X-ray photons in time and space, is the fun-
damental noise limit of an X-ray detector. Several theoret-
ical analysis and experiments have shown that the intrinsic
photonic noise of an X-ray beam is random and follows a
Poisson distribution; that is, the standard deviation o, is
equal to the square root of the average number of X-ray
photons m,., [8], [9], such that

Oprx = /Mprx (D
and the SNR is given by

SNR:m:

Oprx

Mprx.- ©))

3) A scintillator converts the absorbed energy into visible
light. In the case of the CsI: T1 used in this work, it produces
about 65 900 visible photons for each 1 MeV of absorbed
energy, at room temperature [10]; that is, for each photon
of 1 MeV, it produces a random number of photons whose
average is 65900. Therefore, the average amount of pro-
duced light for a given X-ray energy, Lr(F), is obtained
by the product of five factors, namely: a) the number of
incident X-ray photons mp,y, which is a random quantity;
b) the transmissivity of the reflective layer on top of the
scintillator, Tr,..¢ (Figs. 1-3); ¢) the absorption of the scin-
tillator, Abg.; d) 65900 photons/MeV, which is the mean
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value of a random process; and e) the energy of each X-ray
photon, E. Thus

Lr(E) = mprx X Trrer X Abge X 65900 X E. 3)

In this case, the variance of the produced photon distribution,
0% »(E), is given by the product of the mean value of the pho-
tons absorbed by the scintillator by the square of the number
of visible photons produced in the scintillator for each incident
X-ray photon, such that

07 R(E) = mpr X Tryer X Abge X (65900 x E)?. (4)

This result is in accordance with previously presented works
[11], [12].

The SNR can be calculated for each energy and is given by

Lr(E
SNR(E) = #((E)) = \/Mprx X Tt X Abee.  (5)

When comparing (2) with (5), one can conclude that, despite
the photon multiplication that occurs in the scintillator, the SNR
decreases once Tryor and Abg. are both lower than 1. However,
Abg. can be increased by increasing the thickness of the scin-
tillator, but this solution also increases the cross talk between
neighbor pixels. By using a structure similar to the one shown
in Figs. 2 and 3, it is possible to increase the scintillator thick-
ness without increasing the cross talk.

A few methods to fabricate structures similar to the one
shown in Figs. 2 and 3 have been described [4], [13]-[17].
The fabrication processes described in previous works, fea-
turing architectures based on light guides, are based on diverse
techniques such as the fabrication of microcavities, which
are then filled with scintillating material. The cavities can be
fabricated by chemical etching [15], laser ablation [16], or by
deep reactive ion etching [17]. The opposite is also possible:
opening cavities in a scintillating crystal and filling them with
reflective material [18]. The present work distinguishes from
these solutions in the fabrication technique of the scintillating
matrix embedded in reflective walls. In this case, it is based on
a photolithographic process, where a SU-8 sacrificial layer is
used, allowing its quick fabrication and placement on top of the
photodetector matrix.

II. DEVICE DESIGN

The fabrication steps of this X-ray detector design featuring
scintillators inside light guides and an array of photodetectors
underneath consist briefly in: producing a detailed square is-
lands pattern on SU-8 over the photodetector array; deposition
of aluminum which will fill the spaces within the pattern; com-
plete removal of the SU-8; scintillator placement inside the cav-
ities formed by the removal of SU-8; and an aluminum layer
deposition on the top of the structure.

In this work, the photodetectors consist of a commercially
available array of CMOS photodiodes (n + /p-substrate junc-
tions). The chosen scintillator was thallium-doped cesium io-
dide (CsI:Tl), due to its high light yield, relatively high density
and atomic number of its elements, which is necessary in order
to absorb the X-rays [19]. The thallium concentration should be
around 0.03 m/o and the evaporation rate 4 pm/min [20].
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Fig. 4. Scintillator on the top of a silicon photodetector.

As previously mentioned, a reflective material is used to coat
the scintillator. It works like a light guide avoiding visible light
dispersion and interference between each neighbor pixel, thus
minimizing cross-talking [19]. Moreover, it improves the spatial
resolution, as well as it increases the intensity of the transmitted
light to the photodetectors. Due to these issues, the amount of
the incoming X-ray radiation can be reduced while keeping the
same sensitivity of the photodetectors signal readout.

So, with this geometry, the X-rays cross first the reflective
material placed on the top and reach the scintillator, where they
are absorbed. For each X-ray absorbed photon, many visible
light photons are produced, traveling in all directions. Some
of them arrive directly at the photodetector, while others reach
the reflector. After some reflections, disregarding the losses
in the mirror, almost all the visible light photons reach the
photodetector.

It was chosen aluminum for the reflective walls since this ma-
terial has relatively low density and low atomic number, thus al-
lowing the penetration of the X-rays [19].

A. Comparison of the Efficiency of the Scintillator With and
Without Light Guides

Consider Fig. 4 that represents only 1 pixel of the image de-
tector of Fig. 1. The top surface of the scintillator is coated by a
reflective material that forms the mirror for the visible light pro-
duced by the scintillator and prevents visible light to enter from
the outside producing undesirable noise in the detector. When
an X-ray photon is absorbed by the scintillator, it produces an
amount of visible light (Lg).

The relationship between the area of scintillator seen by the
photodetector, a, and the total area of its surface, A, is defined
by

R, = (®)
where a = lc and A = 2lc + 2hc + 2lh. Considering that the
scintillator is transparent and emits light uniformly in all direc-
tions, the amount of light that reaches directly the photodetector
without reflections is given by

Lt = LrR,(1— Rya) 7

where I,q is the reflectivity of the photodetector surface.

It is considered that all the points of the mirror on the top of
the scintillator are at the same distance of the photodetector, i.e.,
the mirror, instead of being plane, is the area of a spherical sur-
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face, whose radius is given by h. In this case, the light reflected

at the photodiode surface that reaches the mirror is given by
a

2mh2’

The percentage of light that is lost in the mirror is Rjoss. In

this case, the light that leaves the mirror and comes back to the
photodiode is given by

Ly = LrR.Rya (8)

L; = LRH(l - RIOSS) (1 - de>~ )

a
2w h?

Once again, a percentage of the light is reflected at the photo-
diode surface and goes back again to the mirror, which reflects
it again, and so on. The total amount of light that is absorbed by
the photodetector is given by the sum

=L +Li+ - +1L,

) ] ] a 2i
= Z LrR.(1—- de)R;Jd(l — Rioss)" (m) (10)
1=0

On the other hand, the light produced by the scintillator can go
directly to the mirror, where it is reflected back to the photodiode
and so on. The light that is absorbed by the photodiode in this
way is given by

=3 LpRa(1 = Rya) Riy(1 — Rioss)'™! (
1=0

a N 2i+1
2T hz)
(11)

The total amount of light, L = L* 4+ L**, is obtained by
adding (10) with (11), and after mathematical handling, it can
be written as a function of Ly as

i . 27 hQR(,,(a + 27 h? — aRlOSS)(l — de)
LR - 4m2h4 + a2(1 — Rloss)de ’

(12)

A similar deduction was made for the model of Fig. 3 and
presented in [5]. The result is given by
L - Ra(l - de)
LR 1- (1 - Ra(l - de))(l - Rloss) '

13)

As a practical example, consider that the reflectivity of the
photodiode surface is 5%, the losses at the mirror are 15%,
h = 100, ¢ = 30, and [ = 30 pm. In this case, (12) gives a
percentage of absorbed light of 6.27%, while (13) gives a per-
centage of absorbed light of 30.57%. This means that by intro-
ducing the light guides, the efficiency of the detector is substan-
tially increased.

III. DEVICE FABRICATION

Sacrificial layers of MicroChem OmniCoatTM and SU-8
photoresist are spun over the CMOS photodetector array
[Fig. 5(a)]. SU-8 was chosen as it enables deep structures
with very low sidewall roughness, which is suitable for the
required cavities. Moreover, the patterning of the SU-8 implies
a low-cost process.

e The MicroChem SU-8 100 was used. Using a final rota-

tion speed of 2900 rpm, a thickness of about 120 ym was
obtained.
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Fig. 5. Fabrication steps of the scintillating light guides [19]: (a) the CMOS
photodetectors array is spin coated with OmniCoat and SU-8; (b) after exposure
to UV light through an appropriate mask, suitable solvents are used to dissolve
the unexposed resist and the OmniCoat; (c) an aluminum layer is deposited over
the entire array; (d) SU-8 and OmniCoat are removed along with the aluminum
on top of it; (e) the scintillator is placed inside the cavities and polished; and
(f) a final aluminum layer is deposited.

* The soft bake program followed was 10 min at 65 °C,
120 min at 95 °C, and cooling down above the hot plate
for 1 h. The samples were allowed to relax residual stresses
over night.

* In the exposure setup that was used, the optimum exposure
time was 60 s. A quartz mask was used in this step.

* Postexposure bake was performed at 95 °C for 20 min,
followed by cooling down on the hot plate for 1 h.

» The samples were developed for 10 min on MicroChem
Developer.

The SU-8 is exposed to UV light through an appropriate mask
with the desired cavity geometry and dimensions, and after ex-
posure, a suitable solvent (MicroChem Developer) dissolves the
unexposed resist. SU-8 columns are formed on top of the pho-
todetectors. After this step, the OmniCoat was also developed
with Microposit MF-319 Developer [Fig. 5(b)].

The next step is to deposit, by physical vapor deposition
(PVD), the aluminum layer over the entire array [Fig. 5(c)].
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Fig. 6. Images obtained after aluminum deposition (on top) and after removal
of SU-8 (below).

A 100-pm-thick aluminum layer was deposited. After that,
the SU-8 and the OmniCoat are removed with the MicroChem
Remover PG, as well as the aluminum on top of those columns
[Fig. 5(d)].

Following, the scintillators are placed inside the cavities
by PVD [Fig. 5(e)]. The dimensions of each scintillator are
30 pm X 30 pm x 100 pm and the aluminum walls are 6 pm
thick, so the pixel size is 36 ym x 36 pm.

Finally, an aluminum layer is deposited again, by PVD, on
top of the scintillator [Fig. 5(f)]. This step is performed after a
polishing procedure in order to remove the CsI: T1 deposited on
top of the aluminum walls, as well as to get an uniform surface
with low surface roughness, eliminating irregularities.

The CMOS detector array has 120 x 106 pixels with
36 pm x 36 um pixel size.

IV. EXPERIMENTAL SETUP AND RESULTS

A. Experimental Equipments

* Spin coater (Laurell Technologies WS-650 LITE Series
Spin Processor).

* Precision hot plate (Prazitherm PZ 28-2 EB, from Harry
Gestigkeit GmbH).

* UV exposure equipment (Karl Suss MJB3 Mask Aligner).

* PVD equipment (Edwards 306).

* Optical microscope (NIKON) with color video camera
(SONY CCD-IRIS) and computerized workstation with
DVTools.

* X-ray equipment (PHILIPS X’Pert).

B. Results

Fig. 6 shows two images obtained after aluminum deposition
(on top) and after removal of SU-8 (below).

Fig. 7 shows a picture of the prototype.

The main difficulty encountered was the complete removal of
unexposed SU-8 from the narrow cavities where the aluminum
was to be deposited in. The optimum developing of SU-8 re-
vealed itself somewhat difficult. The consequences are, in the
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Fig. 7. X-ray image detector prototype.

Fig. 8. Images obtained (a) without and (b) with a pin in the X-ray beam path,
and also with the X-ray source (c) turned of.

lift-off step, the release of aluminum, which might have been
deposited in SU-8 residue. This fact was improved by using the
OmniCoat in an ultrasonic bath.

X-ray tests were performed using the PHILIPS X’Pert equip-
ment. The sensor with the CsI:T1 and the aluminum layers was
placed in the path of the X-ray beam and connected to a com-
puter via USB port. This procedure was repeated with a pin
of 0.5 mm diameter placed close to the chip in the X-ray path
(Fig. 8). For all the tests, the X-ray tube equipment was powered
with 50 kV and 1 mA, the sensor was placed 20 cm down from

IEEE SENSORS JOURNAL, VOL. 9, NO. 9, SEPTEMBER 2009

the tube, the exposure time was 1/30 s, and the A/D converter
of the sensor has a resolution of 10 bits.

In Fig. 8, it is possible to observe a small amount of noise.
This noise can be ascribed to two main effects: some X-rays
crossing the scintillator or the aluminum walls and hitting di-
rectly on the CMOS detectors and/or differences in pixel fabri-
cation (fixed pattern noise). These issues can be solved by in-
creasing the thickness of the scintillator, by avoiding placing
the photodetector active area below the aluminum walls and by
using fixed pattern noise compensation.

The SNRs were calculated for Fig. 8(a) and (c), and the ob-
tained values are as follows:

Fig. 8(a) > SNR = 17.58 dB.

Fig. 8(c) = SNR = 21.58 dB.

The SNR was calculated using an equation similar to (2),
where the mean value of the brightness of all the pixels was
placed in the numerator and the standard deviation in the de-
nominator. The values of SNR can be increased with image pro-
cessing techniques (not used here) such as contrast and bright-
ness balance.

V. CONCLUSION

The spatial resolution of X-ray detectors based on scin-
tillating crystals for digital radiography can be improved by
confining the scintillator with a reflective material such as alu-
minum. It was explained as a method for preparing cavities of
reflective material, where the scintillator will be placed, which
has the advantages of being a low-cost method that performs
regular shape, resulting in homogeneity and reproducibility of
the cavities. Once the cavities are fabricated, the scintillator can
be simply evaporated into the cavities.

The prototype obtained supports the method described and
the preliminary results are promising.
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