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Abstract

A new monolithicallyintegratedphotodiodein CMOS
technology usingp-typesubstrate is presented.Thispho-
todiodeis optimizedfor a high speedand a wide spec-
tral range fromred to blue/UV. Thecathodefinger struc-
ture of the photodiodeincreasesthe quantumefficiency
for a wavelengthof 400nmto 46% comparedto a value
of 14% for a conventionalphotodiodewithout a finger
cathode. With an antireflectioncoatinga further increase
to a quantumefficiencyof 70% is possiblefor the finger
photodiode. Riseand fall timesbelow1nsare measured
for thisphotodiodefor redandUV light. Thecorrespond-
ing bandwidthsare larger than470MHz. Such a fastand
highly efficientphotodiodeis neededin near-future opto-
electronic integratedcircuits (OEICs)for applicationsin
optical storage systemslike DVD (Digital VersatileDisk)
andDVR(Digital VideoRecording).

1. Intr oduction

Themarketfor opticalstoragesystemsis rapidlygrow-
ing. While todaysCD-ROMs usinga laserdiodewith a
wavelengthof 780nm have a capacityof 650MB, future
DVD-ROMs will usea wavelengthof 400nm to achieve
a storagecapacityof more than 30GB. This is accom-
plishednotonly by theuseof multilayerdisksbut alsoby
theuseof smallerdimensionson thedisk itself, for which
theavailability of UV/bluesemiconductorlaserdiodes[1]
with a sufficient lifetime is a prerequisite.In todaysDVD
optical pickups, red laser diodeswith a wavelengthof
650nm areused. Intensive researchanddevelopmentis
beingdoneby many companiesto make blueDVR avail-
ableto the customer. In turn, read-outsensors(OEICs),
whicharefastandsensitivefor bothUV/blueandredlaser
light, for compatibilityreasons,aresoonnecessary.

The 1/e-absorptiondepthof light with a wavelength
of 400nm in silicon is less than 0.1 � m. Considering
a conventional pn-photodiodewith a non-interdigitated
n� -surfacecathodewe can concludethat almostall of
the incidentphotonsareabsorbedin thequasineutralre-
gion of the n� -cathode,which normally hasa depthof
0.2- 0.4 � m. The majority of the photogeneratedcarri-
ers,therefore,will recombinein then� -cathode,because
of slow carrierdiffusiondueto the low electronandhole

mobilities (keepingthe Einsteinrelation in mind) in the
highly dopedcathode.As aconsequenceof thisstrongre-
combination,theresponsivity andthequantumefficiency
for � = 400nm with a non-interdigitatedcathodeis low.
Furthermore,theslow carrierdiffusionprocessesoutside
the space-charge region areresponsiblefor a limited re-
sponsespeed.

For 400nm, a lateralSOI photodiodesuggestedin [2]
would be a goodchoice. An SOI photodiode,however,
shows a low quantumefficiency for red light due to the
1/e-penetrationdepthof about2.8 � m for redlight anddue
to thethin SOI layer. Bulk siliconphotodiodes,therefore,
have to be preferredwhen a high quantumefficiency is
requiredin a wide spectralrangefrom thered/infraredto
UV. Severalattemptstowardsbulk siliconhigh-efficiency-
UV photodiodeswere reported. In [3], for instance,a
quantumefficiency of 53%wasreportedfor � = 400nm
for a photodiodeinside the n-well. A p-i-n junction-
surfacedepletion-layerphotodiodewith a quantumeffi-
ciency of about56% for � = 400nm wasinvestigatedin
(111)-orientedsilicon [4]. No transientresults,however,
were shown in [3, 4]. Avalanchephotodiodes(APDs)
wereinvestigatedto enhancethesensitivity further. In [5]
a responsivity of about2.3 A/W at 400nm wasachieved
for a reversebias of 19.1 V with an APD consistingof
p� -source/drainandaninterruptedn-well in CMOStech-
nology. In [6], a UV-selectiveAPD waspresented,which
achieveda responsivity of 5.3 A/W at 380nm with a re-
versebiasof 14.5V. Thehigh voltagesrequiredfor APD
photodiodes,however, arenot availablein modernoptical
storagesystems.Furthermore,thesensitivity of APDsfor
longerwavelengthsis muchlower thanfor 400nm.

2. Structure of the finger photodiode

The finger photodiodein bulk CMOS technologyal-
lows a high quantumefficiency in a wide spectralrange.
To avoid both,recombinationanddiffusion,space-charge
regionsat the surfacehave to be implemented.We pro-
posean interdigitatedstructureas it is shown in Fig.1.
Thep� -substrateis usedastheanodeandthen� -fingers,
which arelocatedin thep-epitaxiallayer, areusedasthe
cathodeof thephotodiode.Then� -fingersareconnected
by metaloutsideof thephoto-sensitiveregion. Photogen-



eratedcarrierscan be separatedin the space-charge re-
gion, electronsdrift to the n� -fingersand holesdrift to
thep� -substrate.
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Due to the improvementof the rise and fall times of
pin-photodiodeson n-typesubstratewith a reduceddop-
ing concentration687 in theepitaxiallayer [7], we varied
this dopingconcentration.In order to find the optimum
concerningresponsespeedand quantumefficiency, we
have processedseveral finger photodiodeswith different
numbersof fingers.We usedanindustrial1 � m twin-well
CMOS process(not implementinga self-adjustingwell
processscheme)with oneadditionalmaskto blockoutthe
thresholdvoltageimplantationbetweenthen� -fingersin
thephoto-active region. No antireflectioncoating(ARC)
wasimplementedin thephoto-activeregion.

3. Measurementset-up

For measurements,integrated polysilicon resistors
with a resistanceof 9;: = 0.5k < for � = 638nm and
9 : = 1k < for � = 400nm (becauseof different optical
signal power) are connectedin serieswith the photo-
diodes. The laser light is coupledinto the photodiode
(photo-active area: =�>@?A=%> � mB ) via an optical fiber re-
sulting in a light-spotdiameterof lessthan40 � m on the
integratedphotodiodes.Thephotocurrentresultsin avolt-
ageacross9 : , which is measuredwith a picoprobe(with
aninputcapacitanceof 0.1pF, abandwidthof 3GHz,and
an attenuationof 20). For the transientmeasurementsa
samplingoscilloscope(HP 54750A)wasused.Thedark
currentswere measuredwith a semiconductorparame-
ter analyzer(HP 4156A). A calibratedphotodiodewas
usedto determinetheincidentopticalpower for quantum
efficiency measurementsat thefingerphotodiodes.

4. Results

A responsivity of 0.148A/W at 400nm ( C = 0.46)
was measuredfor the 9-finger photodiodecomparedto
0.045A/W ( C = 0.139)for a referencephotodiodehaving
a non-interdigitatedcathodeboth without antireflection
coating (ARC). For � = 638nm the 9-finger photodiode
hasaresponsivity of 0.30A/W ( C = 0.55)withoutARC in-
dependentof 687 . Opticalsimulationsshowedthataquan-

tumefficiency of 70% for 400nmandof 95% for 638nm
is achievable with a SiOB -SiD N E antireflectioncoating.
A quantumefficiency of 94% was verified for 638nm
experimentallywith suchan antireflectioncoatingfor a
nip-photodiodeon p-substratewith a non-interdigitated
cathodeintegratedin thesameCMOSprocess[8].

In order to find the optimizedinterdigitatedstructure
for ahighquantumefficiency andshortriseandfall times
we processedthe finger photodiodeswith differentnum-
bersof fingersfor aconstantareaof thephotodiodes.The
distance F betweenthe fingers and the finger width G
(seeFig.1) were varied, becausethe rise and fall times
cannotbepredictedreliablyenoughby analyticalcalcula-
tions dueto a two-dimensionalelectric-fielddistribution.
In addition a contribution of carrier diffusion makes a
predictioneven more difficult. Table1 summarizesthe
measuredresultsfor the 3-, 4-, 6-, and9-fingerphotodi-
odes( � =400nm)with a reversebiasof HJILK = 3V.
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Fingers F G y.z y�{
[ � m] [ � m] [ns] [ns]

3 18.6 4.2 1.60 1.74
4 12.8 2.8 1.56 1.56
6 8.0 1.6 1.22 1.22
9 4.8 1.2 0.65 0.83

Thefastestfingerphotodiodeis theonewith 9 fingers.
Thespace-chargeregionsof neighboringn� regionsover-
lap and there is no carrier diffusion involved. Drift of
photogeneratedcarriersleadsto the fastresponsefor the
9-fingerphotodiodewith 687 = 1 ? 10

i�j
cm
l D . For the3-

, 4- and6-fingerphotodiodesthe distanceof the cathode
fingersis sowidethatcarrierdiffusionshouldbeexpected
to contribute andto slow down the responsespeed.The
rise andfall timesof 1.60ns and1.74ns for the 3-finger
photodiode,however, arerathershortfor a F of 18.6� m.
The short rise and fall times of the 3-, 4-, and 6-finger
photodiodes,therefore,haveto beexplainedlike this: due
to positive oxide andSi-SiOB -interfacecharges,thereis
an n-typeinversionlayerbetweenthe n� fingersleading
to an nip-photodiodeactuallyratherthana finger photo-
diode. Theelectricfield in sucha nip photodiodeis ver-
tical without lateralcomponentsbetweenthetwo cathode
space-charge regions(SCRs,seeFig. 2). Therefore,the
drift time is aboutthe samefor the 3-, 4-, and 6-finger
photodiodes.For the3-fingerphotodiodetheseriesresis-
tancein the inversionlayer is largest.Therefore,the rise
and fall times of this photodiodeare the longestdue to
anRC-timeconstant(togetherwith thecapacitanceof the
photodiode).
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Theverticalelectricfield dueto positiveoxidecharges
andtheseriesresistancein theinversionlayerexplain the
rathersimilar riseandfall timesof the3-, 4-, and6-finger
photodiodes.Nevertheless,the mostimportantfactorfor
a fastresponseis F . It hasto besmallenoughto eliminate
theseriesresistancein the inversionlayer. Then� width
G also determinesthe seriesresistanceof the cathode,
which is of minor importance.A small G , i. e. a large
ratio of F / G is necessaryfor a high quantumefficiency in
theblue/UVspectralrange.
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=�?���> i D 0.31 0.82 0.90 1.0
�+?���> i E 0.32 0.88 0.69 0.87
�+?���> i�j 0.36 1.02 0.65 0.83

Table 2 lists the measuredrise and fall times for 9-
fingerphotodiodeswith differentepitaxialdopingconcen-
trations. The valuesfor red light werecorrectedfor the
laserandpicoproberiseandfall times. For red light and
6 7 = 1 ? 10

i�j
cm
l D , theriseandfall timesof the9-finger

photodiodeare0.36 and1.02ns, respectively, which are
very low valuesfor this standarddopingconcentrationin
theepitaxiallayer. Thespace-chargeregion extendsonly
about2 � m at thereversebiasof 3V, whereascarriersare
generatedto adepthof about10 � m (in adepthof 4 times
the 1/e-penetrationdepththe optical power decreasesto
the one percentregion) by light with a wavelengthof
638nm. Carrierdiffusion, however, is obviously almost
unimportant.This unexpectedeffect canbeexplainedby

a rather thin epitaxial layer and by out-diffusion of the
p� -substrateleadingto a dopinggradientandan associ-
atedelectricfield within thepenetrationdepthof redlight
(seeFig. 2). Therefore,almostno carrierdiffusionslows
down theriseandfall times.

When the doping concentration is reduced to6 7 =1 ? 10
i E cm

l D and below, the space-charge region
widensfrom thepn-junctionandtheriseandfall timesfor
638nmdecrease.Thestrongasymmetrybetweenriseand
fall timesis dueto astrongovershootof theopticalpower
emittedby the red laserdiode usedfor characterization
of thephotodiodes.Whenthe light is switchedoff, there
is no undershoot,however [9]. Therefore,thefall time is
not shortenedin contrastto therisetime. Theasymmetry
in the rise and fall times of the measuredphotocurrent
is causedby the laserovershoot,which also leadsto an
asymmetryof thelaserriseandfall timesof course.

Figure 3 shows the transientresponseof the 9-finger
photodiodefor a wavelengthof 638nm andfor 6 7 = =�?�Y> i D cm

l D . The overshootof the optical power emitted
by the laserdiodeis almostsuppresseddueto the rising
edgeof the photocurrenttransientin the finger photodi-
ode,whichhasalmostthesamedurationastheovershoot.
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For UV light, therisetimeslistedin Tab. 2 seemlonger
thanthat for red light becauseno correctionfor the laser
riseandfall timescouldbemadedueto missingblue-laser
data.They, however, areshortestfor 6 7 = 1 ? 10

i.j
cm
l D

(seeTab. 2). For this doping concentrationthe space-
charge region for a reversebias of 3V is alreadylarger
thanthe4/e-penetrationdepthof light with a wavelength
of 400nm. Theriseandfall timesslightly increasewhen
thedopingconcentrationin theepitaxiallayer is reduced
(seeTab. 2). This canbeexplainedby an increaseof the
thicknessof thespace-chargeregion with a reduceddop-
ing concentrationin the epitaxial layer. A thicker space-
charge region leadsto a longer drift time and therefore
to longer rise and fall times. Fig. 4 shows the transient
responseof the 9-fingerphotodiodefor a wavelengthof
400nm.
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The bandwidthof photodiodescan be estimatedac-
cordingto �%D� �¡�¢�£�¤T£-¥�¦�§¨¦�y.z�©�y�{�ª�ª . For the9-fingerpho-
todiodeand 687 = ��?��Y> i.j cm

l D weobtainabandwidthof
470MHz for 400nm and510MHz for 638nm.

In OEICsfor opticalstoragesystemsa low offsetvolt-
ageis required[10]. Thereforethedarkcurrentof thepho-
todiodewhich is connectedto the input of the amplifier
hasto besmall. Fig.5 shows themeasureddarkcurrents
of the9-fingerphotodiodefor differenttemperatures.The
darkcurrentis below 10pA for temperaturesup to 75 « C.
Even for reversevoltagesabove 3V the dark currentre-
mainssignificantlysmall.
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5. Conclusions

With the innovative finger photodiodesthe responsiv-
ity for � = 400nm is increasedby a factor of 3.3 com-
paredto aconventionalphotodiodeandriseandfall times
of lessthan0.9ns areobtainedfor the standardepi con-
centration.Thefingerphotodiodeshave a responsivity of
0.30A/W for � = 638nm and rise and fall times of less

than1.0ns for 6 7�­ �m?e��> i�j cm
l D . A reductionof the

dopingconcentrationin theepitaxiallayerbelow thestan-
darddopingconcentrationof ��?��Y> i�j cm

l D is not nec-
essaryto achieve bandwidthsof 470MHz and510MHz
for 400nmand638nm,respectively. Thedarkcurrentsof
thefingerphotodiodesarebelow 10pA evenatatempera-
tureof 75 « C. Thefingerphotodiodescanbeintegratedin
twin-well CMOS-processeswith little modificationsand
arethereforewell suitedfor UV/blue-sensitiveOEICsfor
opticalstoragesystemsof thenext generation,which are
compatiblewith todaysopticalstoragesystemsusingred
light.
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