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SUMMARY

This paperdescribesa pixel imaging array consist-
ing in

�����
	���
�������	��
photodiodesfabricatedin

CMOS technology. Above the photodiodes,an array
of scintillating CsI:Tl crystalsareplaced. The scin-
tillating crystalsareencapsulatedin aluminumwalls
formingalight pathto guidetheproducedvisiblelight
into thephotodiodes.So,thex-rayenergy is first con-
vertedinto visible light which is thendetectedby the
photodiodeat theendof eachlight guide.Thescintil-
lator is � ����	�� thick, absorbingalmostall of � �������
x-ray photons. Usually, the spatialresolutionof the
scintillatingx-raysdetectorsis identicalto thescintil-
lator thickness. By using the light guides,the scin-
tillator thicknesscanbeincreased,withoutdecreasing
thespatialresolution.The increaseof thescintillator
thicknessis desirablein order to increasethe x-rays
absorptionefficiency. Testscarriedout on thesystem
show verypromisingresultsnear � ������� .

Keywords: x-rays,scintillator, digital radiography.

Subject category: 5. Physical sensors (non-
magnetic).

INTRODUCTION

The digital x-ray imagingsystemsarenow replacing
silver films (traditional radiography)in a large num-
berof fields,enablingrealtime imageacquisitionand
processing,and eliminating the costsand the pollu-
tion causedby thesilver films. Oneof thefirst digital
x-ray imagerwasbasedon a silicon charge coupled
device (CCD).Thesilicon hasa low x-ray absorption

coefficient, but for each � ����� of x-ray photonsab-
sorbed,about277electronsareexcited. This enables
to obtain imageswith sufficient quality for diagnos-
ticswith a radiationdoseslightly smallerthanthatre-
quiredfor silver films. However, thesmallnumberof
detectedphotonsin CCDresultsin asignificantquan-
tumnoise.Therearetwo methodsto reducethequan-
tum noisein thesensors:eithertheradiationdosecan
be increasedor the quantumefficiency of the sensor
can be improved. The increaseof the x-ray doseis
obviouslynot desiredfor medicalapplications.

Thequantumefficiency of thesensorcanbeincreased
by addinga scintillating layer above the CCD. Since
thex-raysarefirst absorbedby thescintillating layer,
whichhasahighabsorptioncoefficient,andthencon-
vertedinto visible (or nearvisible) light, thequantum
efficiency of thedetectoris increased.Theproblemof
this methodis thatthespatialresolutionof thedevice
is approximatelyequalto the thicknessof thescintil-
lating layer(fig. 1(a)).

In order to increasethe thicknessof the scintillating
layerwithoutdecreasingthespatialresolution,scintil-
lating light guidesseparatedby reflectivewallscanbe
used,asis shown in fig 1(b) [1]. In this case,thelight
yield by eachscintillator is guidedto thecorrespond-
ing CCDareaby thereflective layers.Thespatialres-
olution becomesapproximatelyequalto the distance
betweenthereflective layers.

A similarapproachbasedin CMOStechnologycanbe
tried. Therecentdevelopmentin CMOSimagedetec-
tors opensa new way to constructdigital x-rays im-
agers.The replacementof CCDswith CMOS detec-
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Fig. 1: Effect of reflectivelayers on the spatial resolution.
(a) A singlescintillating layer. (b) Scintillatinglight guides.

torsis desirablefor severalreasons:� The operatingpower of CMOS is 5 to 10 times
lower thantheCCDwith processingelectronics.

� The CMOS is a standardfabrication process,
while CCD requiresspecialmanufacturing.

� CMOSfabricationcostsare5 to 10 timeslower.
� It is possibleto integrateanaloganddigital pro-

cessingelectronicsin CMOS.

The achievementof both low power and low cost is
highly desirablefor portableapplicationsas well as
situationswherelargex-ray imagingmachinesarere-
quired.Thedrawbackis thatit is difficult to matchthe
high performancecharacteristicsof CCD in termsof
imagequality [2].

SYSTEM DESIGN
In this work, a new typeof detectorbasedon scintil-
latingguideswith reflectivelayersandCMOSreadout
hasbeendeveloped. The first prototypeconsistson
an 2x2 arrayof photodiodeswith a scintillating light
guideabove eachone. Fig. 2 shows a schematicdi-
agramof the detector. The scintillating light guides
consiston scintillating crystalsembeddedinto alu-
minumcavities. Thescintillatingcrystalconvertsthe
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Fig. 2: Sensorstructure for 2x2pixels.

x-raysinto visible light, which is thenconvertedto an
electricalsignalby thephotodiode[3]. Eachscintilla-
tor is isolatedfrom its neighborsby thehigh-reflective
aluminumwalls,whichallow multiplereflections(fig.
1) andguidestheproducedlight throughthescintilla-
tor (transparentfor the visible light) to the photodi-
odes. Moreover, introducinga reflective layer above

the scintillator (in the x-rayspath)confinesthe light
insidethe light guide, increasingthe efficiency. The
x-rayphotonsinteractweaklywith thereflective layer
placedabove thescintillatingcrystals,sinceit is con-
stitutedby aluminum,a low densityand low atomic
numbermaterial(fig. 4).
The scintillator thicknessis � ���P	��

, absorbingal-
mostall of the � �
����� x-ray photons,asit is shown
in fig. 3.
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Fig. 3: Absorptionof a QSRTRVUXW thick CsIscintillating crys-
tal from1 to YZRSR\[�]?^ .

The aluminumtop wall of the light guide is � ��	��
thick. Thex-ray intensityabsorbedat � �_����� is only
1%,asit is shown in thegraphicof fig. 4.
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Fig. 4: Transmissionof a YZR`UXW thick Al from 1 to to
YaRTR\[�]S^ .

FABRICATION PROCESS
The photodiodesare fabricated using a standard
CMOS n-well �cb"d 	�� process.This technologyal-
lows the accomplishmentof four different types of
photodiodes:threeverticalstructuresandalateralone
[4]. Amongtheverticaldiodestructures,thejunction
n+ substratehasthe highestquantumefficiency and
it hasa betterresponsefor greenwavelengths. The
diodep+ n-well hasa betterresponsefor blue wave-
lengthsrelatively to the n-well substratediode, be-
causeits junction is closerto the surfaceand it can
absorbmorephotonsof shortwavelength,wheresil-
icon hasan high absorptioncoefficient. The lateral
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diodestructurehasagoodresponsefor thebluewave-
lengths,becausethe electronhole pairsgeneratedby
thesewavelengthscontributesin asignificativewayto
the outputcurrent. This is dueto the fact that in this
photodetectors,the junction goesto the surface,and
the blue light is absorbednearit. The chosenphoto-
diodestructurewasthen+ substratedueto its highest
quantumefficiency andto its spectralresponsein the
greenregionof thespectrum.As it will beshown later,
the light yield by thescintillating crystalusedin this
work is green.A pictureof the2x2 photodiodearray
is shown in fig. 5.

Fig. 5: Picture of a 2x2photodiodearray.

In orderto fabricatethelight guides,
�C���e	��

diameter
holesweredrilled in a � ���e	�� thick aluminumsheet.
The scintillating crystalwasthenplacedin the holes
by a clampingpressure(about � ��fhg�i

). The cho-
sencrystalwasthecesiumiodidedopedwith thalium
(CsI:Tl) dueto its high light yield, reasonabledecay
time andwavelengthof emissionin thegreenregion.
Table1 showssomeof thepropertiesof CsI:Tl.

Table1: Propertiesof CsI:Tl.

Crystalclassandspacegroup CubicPm3m(221)
Unit cell latticeparameters,̊A 4.566
Formulasperunit cell, j 1
Molecularweight,

iC�lk
259.81

Density, m�nco �
p 4.53
EffectiveAtomic Number 54
Melting point, q 898
Coldwatersolubility, mXnF� ��� m 44.0
Elasticmoduli, r g�i 18
Shearmoduli, r g�i 7.3
Bulk moduli, r g�i 12.6
Poisson’s ratio 0.26
Flexurestrength,

fhg�i
5.6

Light yield s(tvuxw�yzn fh���|{
65900

Emissionwavelengths~} ��{ 560
Decaytime s�}�� { � ��p

Fig. 6 andfig. 7 show the CsI:Tl crystalsinsidethe
aluminumholes.

Fig. 6: CsI:Tl insidethealuminumholes:2x2array.

Fig. 7: CsI:Tl insidethealuminumholes:Aluminum/CsI:Tl
interface.

A film of aluminum( � �e	�� ) is thenplacedonthetop
of the aluminumholesfilled with CsI:Tl. As a final
step,the light guidessetupis placedon thetop of the
photodiodes(fig. 8).

Fig. 8: Picture of thefinal prototype.
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EXPERIMENTAL SETUP AND
RESULTS

Spectral response of the photodiodes
The spectralresponseof the photodiodeswas mea-
suredusing an Oriel spectralanalyzersystemmo-
torizedmonochromatorUV VIS. The outputcurrent
wasmeasuredusinga Keithley 487picoamperimeter
/ voltagesource.To performthis test,no biaswasap-
plied to the photodiode.Fig. 9 shows the measured
currentfor eachwavelength.
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Fig. 9: Spectral responseof thephotodiodes.

X-ray detection
The experimentaltestwasperformedusingan x-ray
tube(Leybold) with molybdenumanode.The x-rays
producedin this tubearecomposedby [5]:

� Brakingradiation: Accordingto theclassicelec-
trodynamics,an electron whose speedsuffers
a suddenreduction,emits radiation,preponder-
antly perpendicularto thedirectionof theaccel-
eration.

� Characteristic radiation: When the energy of
theelectronsis high enough,thespectrumof the
braking radiation is overlappedby a relatively
simplestructureof lines. This lines arecharac-
teristicof theanodematerialandaredueto elec-
tronic transitionsfrom theL andM shellsto the
K shell.

The molybdenumanodehas a characteristicshort
wave radiation of q���� ���Cb �������

and q_���
�S��b d ����� . The tubewaspoweredwith a voltageof��� ���

, anda currentrangingfrom
�����

to � ��� .
Fig. 10 shows the measuredvaluesfor onephotodi-
ode.Theotheroneshavesimilar results.
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Fig. 10: Current detectedfor thephotodiodeswith a x-ray
tubeinputof 35 KV anddifferentcurrents.

CONCLUSIONS
This approach,scintillating light guidesplus CMOS
photodiodes,revealsto be suitableto x-raysimaging
applications. The scintillating light guidesallow to
increasethe scintillator thicknesswith low cross-talk
and good spatial resolution. CMOS technologyal-
lows to implementx-ray detectorswhich revealsad-
vantagesrelatively to the CCD technology. As a fu-
turework photodiodesandreadoutelectronicswill be
integratedin thesamedevice.
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