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SUMMARY

This paperdescribesa pixel imaging array consist-
ing in 400 wm x 400 um photodiodedabricatedin
CMOS technology Above the photodiodesan array
of scintillating Csl: Tl crystalsare placed. The scin-
tillating crystalsare encapsulateéth aluminumwalls
formingalight pathto guidetheproducedsisiblelight
into the photodiodesSo, thex-ray enepy is first con-
vertedinto visible light which is thendetecteddy the
photodiodeat the endof eachlight guide. The scintil-
latoris 800 um thick, absorbingalmostall of 20 keV’
x-ray photons. Usually, the spatialresolutionof the
scintillating x-raysdetectorgs identicalto the scintil-
lator thickness. By usingthe light guides,the scin-
tillator thicknesscanbeincreasedwithoutdecreasing
the spatialresolution. The increaseof the scintillator
thicknessis desirablein orderto increasethe x-rays
absorptiorefficiency. Testscarriedout onthe system
shaw very promisingresultsnear20 keV .
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INTRODUCTION

The digital x-ray imaging systemsarenow replacing
silver films (traditionalradiography)in a large num-
berof fields,enablingrealtime imageacquisitionand
processingand eliminating the costsand the pollu-
tion causedy thesilver films. Oneof thefirst digital
x-ray imagerwas basedon a silicon chage coupled
device (CCD). Thesilicon hasalow x-ray absorption

coeficient, but for eachl keV of x-ray photonsab-

sorbedabout277 electronsareexcited. This enables
to obtainimageswith sufficient quality for diagnos-
ticswith aradiationdoseslightly smallerthanthatre-

quiredfor silver films. However, the smallnumberof

detecteghotonsn CCDresultsin a significantquan-
tum noise.Therearetwo methodgo reducethequan-
tum noisein the sensorseithertheradiationdosecan

be increasedr the quantumefficiency of the sensor
canbe improved. The increaseof the x-ray doseis

obviously notdesiredfor medicalapplications.

Thequantumefficiency of thesensorcanbeincreased
by addinga scintillating layer above the CCD. Since
thex-raysarefirst absorbedy the scintillating layer,
which hasahigh absorptiorcoeficient,andthencon-
vertedinto visible (or nearvisible) light, the quantum
efficiengy of thedetectoiis increasedThe problemof
this methodis thatthe spatialresolutionof the device
is approximatelyequalto the thicknessof the scintil-
lating layer (fig. 1(a)).

In orderto increasethe thicknessof the scintillating
layerwithoutdecreasinghespatialresolution scintil-
lating light guidesseparatetby reflective walls canbe
used,asis shovnin fig 1(b) [1]. In this casethelight
yield by eachscintillatoris guidedto the correspond-
ing CCD areaby thereflective layers.The spatialres-
olution becomesapproximatelyequalto the distance
betweerthereflective layers.

A similarapproactbasedn CMOStechnologycanbe
tried. Therecentdevelopmenin CMOSimagedetec-
tors opensa new way to constructdigital x-raysim-

agers. The replacemenbf CCDswith CMOS detec-
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Fig. 1: Effectof reflectivelayers on the spatial resolution.
(a) Asinglescintillating layer. (b) Scintillatinglight guides.

torsis desirablefor severalreasons:
e The operatingpower of CMOS s 5 to 10 times
lowerthanthe CCD with processinglectronics.

e The CMOS is a standardfabrication process,
while CCD requiresspecialmanufcturing.

e CMOSfabricationcostsare5 to 10 timeslower.

e It is possibleto integrateanaloganddigital pro-
cessingelectronicsn CMOS.

The achiezementof both low power andlow costis
highly desirablefor portableapplicationsaswell as
situationswherelargex-ray imagingmachinesrere-
quired. Thedrawbackis thatit is difficult to matchthe
high performancecharacteristicef CCD in termsof
imagequality [2].

SYSTEM DESIGN

In this work, a new type of detectorbasedon scintil-
lating guideswith reflectvelayersandCMOSreadout
hasbeendeveloped. The first prototypeconsistson
an 2x2 array of photodiodeswith a scintillating light
guideabove eachone. Fig. 2 showvs a schematidi-
agramof the detector The scintillating light guides
consiston scintillating crystalsembeddednto alu-
minum cavities. The scintillating crystalcorvertsthe

P epilayer
P substrate

Fig. 2: Sensosstructuse for 2x2pixels.

x-raysinto visible light, which is thencorvertedto an
electricalsignalby the photodiode[® Eachscintilla-
toris isolatedfrom its neighbordy the high-reflective
aluminumwalls, which allow multiple reflectiong(fig.
1) andguidesthe producedight throughthe scintilla-
tor (transparenfor the visible light) to the photodi-
odes. Moreover, introducinga reflective layer above
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the scintillator (in the x-rays path) confinesthe light
insidethe light guide,increasingthe efficiengy. The
x-ray photonsinteractweaklywith thereflectve layer
placedabove the scintillating crystals,sinceit is con-
stitutedby aluminum,a low densityandlow atomic
numbematerial(fig. 4).

The scintillator thicknessis 800 wm, absorbingal-
mostall of the20 keV x-ray photons,asit is shavn
in fig. 3.
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Fig. 3: Absorptionof a 800 um thick Csl scintillating crys-
tal from1to 100 keV'.

The aluminumtop wall of the light guideis 10 um
thick. Thex-ray intensityabsorbedt 20 keV is only
1%, asit is shovn in the graphicof fig. 4.
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Fig. 4: Transmissionof a 10 wm thick Al from 1 to to
100 keV'.

FABRICATION PROCESS

The photodiodesare fabricated using a standard
CMOSn-well 1.6 pum process. This technologyal-
lows the accomplishmenbf four different types of
photodiodesthreeverticalstructuresandalateralone
[4]. Amongtheverticaldiodestructuresthe junction
n+ substratehasthe highestquantumefficiency and
it hasa betterresponsdor greenwavelengths. The
diodep+ n-well hasa betterresponsdor blue wave-
lengthsrelatively to the n-well substratediode, be-
causeits junction is closerto the surfaceandit can
absorbmore photonsof shortwavelength,wheresil-
icon hasan high absorptioncoeficient. The lateral
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diodestructurehasagoodresponséor thebluewave-

lengths,becauséhe electronhole pairsgeneratedy

thesewavelengthsontributesin a significatve wayto

the outputcurrent. This is dueto the factthatin this

photodetectorsthe junction goesto the surface,and
the blue light is absorbechearit. The chosenphoto-
diodestructurewasthe n+ substratalueto its highest
guantumefficiency andto its spectralresponsén the
greernregionof thespectrumAsit will beshavn later,

the light yield by the scintillating crystalusedin this

work is green.A pictureof the 2x2 photodiodearray
is shovnin fig. 5.

Fig. 5: Picture of a 2x2photodiodearray.

In orderto fabricatehelight guides 400 pm diameter
holesweredrilled in a800 pm thick aluminumsheet.
The scintillating crystalwasthenplacedin the holes
by a clampingpressurgabout10 M Pa). The cho-

sencrystalwasthe cesiumiodide dopedwith thalium

(CslI:Tl) dueto its high light yield, reasonablelecay
time andwavelengthof emissionin the greenregion.

Tablel shavs someof the propertiesof Csl:Tl.

Table1: Propertiesof Csl:Tl.

Crystalclassandspacegroup  CubicPm3m(221)
Unit cell latticeparametersf  4.566

Formulasperunit cell, Z 1
Molecularweight,amu 259.81
Density g/cm? 4,53
Effective Atomic Number 54
Melting point, K 898
Coldwatersolubility, g/100 g  44.0
Elasticmoduli, GPa 18
Sheamoduli, G Pa 7.3
Bulk moduli, GPa 12.6
Poissonsratio 0.26
Flexurestrength, M Pa 5.6
Light yield (phot/MeV) 65900
Emissionwavelength(nm) 560
Decaytime (ns) 103

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

Fig. 6: Csl:Tlinsidethealuminumholes: 2x2array.

Fig. 7: Csl:Tlinsidethealuminumholes: Aluminum/Csl:Tl
interface

A film of aluminum(10 um) is thenplacedonthetop
of the aluminumholesfilled with Csl:Tl. As afinal
step,thelight guidessetupis placedon the top of the
photodiodegfig. 8).

Fig. 8: Picture of thefinal prototype
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EXPERIMENTAL SETUP AND ﬁg, & Measured
RESULTS Values
116 — Linear 1

Spectral response of the photodiodes

The spectralresponseof the photodiodeswas mea-
suredusing an Oriel spectralanalyzersystemmo-
torized monochromatotJV VIS. The outputcurrent
wasmeasuredisinga Keithley 487 picoamperimeter
/ voltagesource.To performthis test,no biaswasap-
plied to the photodiode.Fig. 9 showvs the measured
currentfor eachwavelength.
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Fig. 9: Spectal responsef the photodiodes.

X-ray detection

The experimentaltestwas performedusing an x-ray
tube (Leybold) with molybdenumanode. The x-rays
producedn thistubearecomposedy [5]:

e Brakingradiation: Accordingto theclassicelec-
trodynamics, an electron whose speedsuffers
a suddenreduction,emits radiation, preponder
antly perpendiculato the directionof the accel-
eration.

¢ Characteristic radiation: When the enegy of
theelectronds high enoughthe spectrunof the
braking radiationis overlappedby a relatively
simple structureof lines. This lines are charac-
teristicof theanodematerialandaredueto elec-
tronic transitionsfrom the L andM shellsto the
K shell.

The molybdenumanode has a characteristicshort
wave radiationof K, = 17.4 keV and Kg =
19.6 keV. Thetubewas poweredwith a voltageof
35 kV, andacurrentrangingfrom 0 mA to 1 mA.
Fig. 10 showvs the measuredraluesfor one photodi-
ode.Theotheroneshave similar results.
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Fig. 10: Currentdetectedor the photodiodeswith a x-ray
tubeinput of 35 KV anddifferentcurrents.

CONCLUSIONS

This approach scintillating light guidesplus CMOS

photodiodesrevealsto 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 detectorswvhich revealsad-

vantagegelatively to the CCD technology As a fu-

turework photodiodesaindreadoutelectronicswill be
integratedin the samedevice.
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