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Abstract:

This paperreportsthe design fabrication,assembly
andtestingof a x-ray detectortbasedn a bulk microma-
chinedphotodiodg BMMPD) with a cavityfilled with a
scintillating crystal. Thex-ray photonsthat reac the
detectorare first corvertedto visible light by the scin-
tillating crystal. Thevisiblelight is thendetectedy the
BMMPD, producingan electric currentwhosevalueis
proportional to the incidentx-ray intensity Thetests
are doneusinga x-ray tube poweed with a voltage of
35KkV, anda currentrangingfrom 0 mAto 1 mA. Wth
this setup very promisingresultswere obtained.

Keywords: X-rays,BMMPD, Scintillator, Radia-
raphy Micromadining

I. INTRODUCTION

Several medical imaging methods,suchas com-
putedtomography ultrasoundand magneticreso-
nanceare digital, while corventionalx-ray imag-
ing remainsan analogtechnique1]. X-ray imag-
ing techniquesusually have very strict exposure
requirementsdue to the narrav brightnessdepth
of the traditional radiographicsilver films. They
alsooffer very few possibilitiesof imageprocess-
ing. On the other hand, digital radiographysys-
temsoffer the possibility of imagingwith a wider
rangeof exposurerequirementandprovide anim-
agethatmay be processe@nddisplayedn avari-
ety of ways.

Themainadwantage®f digital radiographicys-
temsmaybedividedinto threeclasses:

e Dosereduction,

e image processingand display in real time,
and

o flexibility in imagestorageandretrieval.

Thefirst advantageof digital radiographyis the
possibility of dosereduction.In conventionalradi-
ology, the doseis determinedby the sensitvity of
the imagereceptorandthe film brightnessdepth.
In digital radiology both theseconstrainscan be
relaxed. Dosereductioncanbe achiezed by adjust-
ing the doseto give therequiredsignalto noisera-
tio in theimage.Furtherreductionsarepossibleby
usingthex-ray spectrunthatgivesthelowestdose
for a given signalto noiseratio andby recovering
ary lossesn contrastusingdigital techniques.

The secondadwantageof digital radiographyis
thepossibilityof changinghecharacteristicef the
imageduring the medicalevaluation. The way of
mappingthe imageinto levels of brightnesson a
screercanbe completelycontrolledby the user

The third advantageof digital radiologyis the
possibilityof imagestoringin acomputerdatabase
andor its fasttransmissiorio long distances.

Having in mind the advantagef digital radio-
graphyrelatively to thetraditionalone,which uses
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silver films, the main purposeof the presentwork
is to validatea simple and efficient solutionfor a
x-ray detectorusingthe electronicintegrationand
micromachiningechnologies.

IIl. BACKGROUND

Oneof thefirst x-ray sensorslevelopedwasbased
onasiliconchage coupleddevice (CCD). Thesil-
icon hasalow x-ray absorptiorcoeficient, but for
eachl keV of x-ray photonsabsorbedabout277
electronsare excited. This enablesthe construc-
tion of x-rays sensorswith bettersensibility than
the traditionalradiographicsilver films. However,
the small numberof detectedphotonsin CCD re-
sultsin a significantquantumnoise. In orderto
reducethe quantumnoise, the radiationdosecan
beincreasedr the quantumefficiency of the sen-
sor can be improved. The increasein the x-ray
doseis obviously not desiredfor medicalapplica-
tions. The quantumefficiency of the sensorcan
be increasediy addinga scintillating layer above
the CCD. Sincethex-raysarefirst absorbedy the
scintillatinglayer, which hasa high absorptiorco-
efficient, and then corvertedinto visible (or near
visible) light, the quantumefficiengy of the detec-
tor is improved. A dravback of this approachis
thatthe spatialresolutionof the device is approx-
imately equalto the thicknessof the scintillator
layer (fig. 1(a)). An increaseof the thicknessof
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Fig. 1: Spatialresolutionof: (a) CCD with scintillating

layer. (b) BMMPD with scintillator.

the scintillating layer without decreasinghe spa-
tial resolutioncanbeachieved by usingBMMPDs,
asit is shavn in fig. 1(b). In this case,the light
producedby the scintillator is confinedto the cor
respondinlBMMPD cavity.

lll.  DESIGN

In medicalimaging diagnosisthe x-raysare pro-
ducedwith voltagesfrom 25 kV to 120 kV, ap-
proximately Thesevoltagesproducean intensity
peakrangingfrom 10 keV to 100 keV. A standard

silicon wafer (5625 pm thick) only absorbsabout
2.2%o0of the 100 keV x-raysenegy. A 16.2 mm
thick layer absorbs50% of the sameradiation,so
in a practical application, eachphotodiodejunc-
tion needsto be at least20 mm thick which is
completelyimpractical[2]. Therefore,asit was
pointedoutin the previous section,a x-ray scintil-
lation layerwhich corvertsx-raysinto visible light
is agoodapproactor increasinghe quantumeffi-
cieng of thesilicon detectors.

In the caseof imageacquisitionby an array of
BMMPDsfilled with scintillatingcrystals thelight
producedby eachscintillator is isolatedfrom its
neighborsreducinglossesand cross-talkbetween
adjacentetectorsMoreover, introducingareflec-
tive layerabove the scintillator (in the x-rayspath)
confinesthe visible light inside the cavity of the
BMMPD, increasingheefficiengy.

Thereforethedevice consistdn aP-typesilicon
substrateywherea cavity is made.Theinnerwalls
of thecavity aredopedto form aN™ regionandthe
cavity is thenfilled with a scintillating crystal. Fi-
nally, afilm of areflectve materialis placedabore
thescintillatingcrystal,asit is shavn in fig. 2.

X-rays
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Sio,

Scintillating crystal

Fig. 2: Diagramofthex-raysensobasedonaBMMPD.

Scintillating crystal

This applicationrequiresa scintillating crystal
with highlight yield andreasonablyastdecaytime
[3]. Csl:Tlsatisfiedothconditions.Ilt hasanemis-
sionwavelengthof 560 nm which combinedwith
silicon deviceshasone of the highestquantumef-
ficiengy of all usedmaterials. Table1 shavs the
mostimportantpropertiesof Csl: Tl asa scintillat-
ing material.

Fig. 3 shavs the x-ray absorptiornby a 400 um
thick layer of Csl: Tl (400 um is the depthof the
BMMPD cavity), in the rangefrom 10 keV to
100 keV. Thecalculationsarebasedon the mass
enegy-transferand massenegy-absorptioncoef-
ficients of the materials[4]. In this figure canbe
alsoobsered the effect of the k£ edgesof Cesium
andlodine at 35.9846 keV and33.1694 keV, re-
spectvely.
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Table1: Propertiesof Csl:Tl asa scintillating material
atroomtempeature.

Density(g/cm?) 4.51
Effective Atomic Number 54
Light yield (phot/MeV) 65900
Emissionwavelength(nm) 560
Decaytime (ns) 10°
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Fig. 3: Absorptionof a Csl:Tl crystal400 um thick.

Photodiode

For silicon, the penetrationdepthof light with
A = 560 nm is =~ 0.75 pm [5]. To maximizethe
efficiency of the diode by minimizing recombina-
tion, the junction depthneedsto be asshallav as
possible.Simulationshave beencarriedout using
the device simulatorSUPREMto verify the calcu-
latedjunctiondepthof 0.1 um.

IV. FABRICATION

Photodiode

For the fabricationof the BMMPD chip a p-
type silicon wafer is used. Two boronimplanta-
tions onto the front (1 x 104 ¢m=2, 30 keV)
andback (5 x 10*® ¢m 2, 50 keV) respectrely
areimplementedo assistthe ohmic contactto the
metalin later stages. The wafer is then covered
with an oxide and nitride layer Patterningpho-
toresistanddry etchingthenitride andoxidelayers
leavesthe maskfor etchingthe cavity. The cavity
is etchednto thewaferwith KOH. Thenitride and
oxide films arethen strippedfrom the wafer Af-
ter the creationof the cavity using KOH, Arsenic
is implanted(1 x 10*® e¢m=2, 50 keV) through
a 40 nm thick oxide layer to form the pn-diode.
This oxide is then strippedoff anda new 80 nm
thick oxidelayeris growvn thermallyto insulatethe
metaltracksfor the diodeconnectiorandto actas
an anti reflectioncoating. The oxide is patterned
with buffered hydrofluoric acid to createcontact

windows to thesilicon. Layersof titaniumandalu-
minum/siliconare then sputteredon the front and
back of the wafer and patternedon the front the
metal tracks. A picture of the chip is shavn in
figure 4. Threeextra diodeswereincludedin the
designfor testpurposes.

[ Z

Fig. 4: Diodedetector Cavitysize: 2 mmx 2 mm.

Scintillating crystal

The scintillating crystal (Csl: Tl) wasplacedin-
side the cavities by usinga clampingpressureof
aboutl0 M Pa. In orderto achieve a perfectfill it
is necessaryo remove first the air inside the cav-
ity. So,this fabricationstepmustbe processedh-
side a vacuumchamber The Csl:Tl crystalwas
producedy MolecularTechnologyGmbH,Berlin,
Germary. Fig. 5 shaws a pictureof the chip after
this step.

Fig. 5: Diodedetectoffilled with Csl:Tl.

Reflective layer

As afinal step,afilm of reflective ink wasde-
positedabove the scintillating crystal. This film
wasdepositedusinga pressurizesgpraythrougha
depositionmask.

325



V. TEST PROCEDURESAND
RESULTS

I-V characteristicurvesfor the diodeshave been
obtained using a Hewlett-Packard 4155A four-

probeanalyzer The characteristicsf thethreetest
diodesweremeasuredo provide valuableinforma-

tion in the evaluationof the BMMPD characteris-
tics and performance. First, the characteristicof

the BMMPD (2 mm x 2 mm) wascomparedo

thetestdiodescharacteristicsTheresultsin fig. 6

shav a softer breakdavn kneefor the BMMPD.

However, it haslow reverseleakageand can be

readilyusedfor light detection.

Test diodes BMMPD
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Fig. 6: Dark current|-V characteristicsfor BMMPD
andtestdiodel.

Thespectraresponsef the BMMPD wasmea-
suredusingan Oriel spectralanalyzersystemmo-
torized monochromatotJV VIS. The outputcur
rent was measuredising a Keithley 487 picoam-
perimeterioltagesource.No biaswasappliedto
the photodiode Fig. 7 shavs themeasureaurrent
for eachwavelength.
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Fig. 7: Spectal responsefthe BMMPD.

The x-raystestsweremadeusingan x-ray tube
(Leybold) with molybdenumanodewhich charac-
teristic short wave radiationis K, = 17.4 keV
andKjg = 19.6 keV. Thetubewaspoweredwith
a voltageof 35 kV, anda currentrangingfrom
0 mAtol mA. Fig. 8 shavsthemeasuredalues.

As acuriosity the x-raystubesfor dentalradio-
graphy usingtraditionalfilms, arepoweredwith a
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Fig. 8: Experimentalesultsof the detectowith a x-ray
tubeinputvoltage of 35kV.

voltagenear70 kV andacurrentnearl0 mA,i. e.
apower about20timeshigherthanthe oneusedin
our experiments.

VI. CONCLUSION

This approach BMMPDs with scintillating crys-
tals,revealsto besuitableto make x-raysdetectors.
The photodiodecavity allows to increasehe scin-
tillator thicknesswithoutdecreasinghespatialres-
olution of several detectorswhenplacedtogether
So, for x-raysimaging, it canimprove the perfor
manceof a CCD with a scintillating layer on the
top. As afuturework, several photodiodeswill be
placedsideby sidein the samechip.
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