Fast CMOS-Integrated Finger Photodiodesfor a Wide Spectral Range
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Abstract

A new monolithicallyintegrated photodiodein CMOS
technology usingp-typesubstateis presentedThis pho-
todiodeis optimizedfor a high speedand a wide spec-
tral range fromredto blue/UV The cathodefinger struc-
ture of the photodiodeincreasesthe quantumeficiency
for a wavelengthof 400nmto 46% compaedto a value
of 14% for a corventional photodiodewithout a finger
cathode With an antireflectioncoatinga further increase
to a quantumefficiencyof 70% is possiblefor the finger
photodiode Riseandfall timesbelow1nsare measued
for this photodiodefor redandUV light. Thecorrespond-
ing bandwidthsare larger than470MHz. Sud a fastand
highly efficientphotodiodeis neededn nearfuture opto-
electionic integratedcircuits (OEICs)for applicationsin
optical storage systemdike DVD (Digital Versatile Disk)
andDVR (Digital VideoRecoding).

1. Intr oduction

Themarketfor opticalstoragesystemss rapidly grow-
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 the useof multilayerdisksbut alsoby
theuseof smallerdimensionn thediskitself, for which
theavailability of UV/blue semiconductolaserdiodeg1]
with a sufficientlifetime is a prerequisiteIn todaysDVD
optical pickups, red laser diodeswith a wavelengthof
650nm are used. Intensive researchand developmentis
beingdoneby mary companieto make blue DVR avail-
ableto the customer In turn, read-outsensorqOEICs),
whicharefastandsensite for bothUV/blue andredlaser
light, for compatibilityreasonsaresoonnecessary

The 1/e-absorptiordepth of light with a wavelength
of 400nm in silicon is lessthan 0.1um. Considering
a corventional pn-photodiodewith a non-interdigitated
nt-surface cathodewe can concludethat almostall of
theincidentphotonsareabsorbedn the quasineutralre-
gion of the nt-cathode,which normally hasa depth of
0.2-0.4pm. The majority of the photogeneratedarri-
ers,thereforewill recombinen the n™-cathodebecause
of slow carrierdiffusiondueto the low electronandhole
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mobilities (keepingthe Einsteinrelationin mind) in the
highly dopedcathode As aconsequencef this strongre-
combination the responsiity andthe quantumefficiency
for A=400nm with a non-interdigitatedcathodeis low.
Furthermorethe slow carrierdiffusion processesutside
the space-chaye region areresponsibldor a limited re-
sponsespeed.

For 400nm, alateral SOl photodiodesuggestedh [2]
would be a good choice. An SOI photodiode however,
shaws a low quantumefficiengy for red light dueto the
1/e-penetratiodepthof about2.8 um for redlight anddue
to thethin SOl layer. Bulk silicon photodiodestherefore,
have to be preferredwhen a high quantumefficiency is
requiredin a wide spectrarangefrom the red/infraredto
UV. Sereralattemptgowardsbulk siliconhigh-eficiency-
UV photodiodeswere reported. In [3], for instance,a
quantumefficiency of 53% wasreportedfor A = 400nm
for a photodiodeinside the n-well. A p-i-n junction-
surface depletion-layemphotodiodewith a quantumeffi-
cieng of about56% for A = 400 nm wasinvestigatedn
(111)-orientedksilicon [4]. No transientresults,however,
were shovn in [3, 4]. Avalanchephotodiodes(APDSs)
wereinvestigatedo enhancehe sensitvity further. In [5]
aresponsiity of about2.3 A/W at 400 nm wasachiezed
for a reversebiasof 19.1V with an APD consistingof
pt-source/drairmandaninterruptecn-well in CMOStech-
nology. In [6], a UV-selectve APD waspresentedywhich
achieved aresponsiity of 5.3 A/W at 380 nm with are-
versebiasof 14.5V. The high voltagesrequiredfor APD
photodiodeshowever, arenot availablein modernoptical
storagesystemsFurthermorethe sensitvity of APDsfor
longerwavelengthss muchlower thanfor 400nm.

2. Structure of the finger photodiode

The finger photodiodein bulk CMOS technologyal-
lows a high quantumefficiengy in a wide spectralrange.
To avoid both,recombinatioranddiffusion,space-chaye
regionsat the surfacehave to be implemented. We pro-
posean interdigitatedstructureasit is shovn in Fig.1.
Thept-substrates usedasthe anodeandthe nt-fingers,
which arelocatedin the p-epitaxiallayer, areusedasthe
cathodeof the photodiode.The nt-fingersareconnected
by metaloutsideof the photo-sensitie region. Photogen-



eratedcarrierscan be separatedn the space-chage re-
gion, electronsdrift to the n*-fingersand holesdrift to
thep*-substrate.
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Cross section of 9-finger photodiode on p-

Due to the improvementof the rise andfall times of
pin-photodiode®n n-type substratewith a reduceddop-
ing concentratiorC', in the epitaxiallayer[7], we varied
this doping concentration.In orderto find the optimum
concerningresponsespeedand quantumefficiengy, we
have processedeveral finger photodiodeswith different
numbersof fingers.We usedanindustriall um twin-well
CMOS process(not implementinga self-adjustingwell
processchemejvith oneadditionalmaskto block outthe
thresholdvoltageimplantationbetweerthe n*-fingersin
the photo-actve region. No antireflectioncoating(ARC)
wasimplementedn the photo-actve region.

3. Measurementset-up

For measurementsjntegrated polysilicon resistors
with a resistanceof Ry =0.5kQ} for A=638nm and
Rr =1k for A=400nm (becauseof different optical
signal power) are connectedin serieswith the photo-
diodes. The laserlight is coupledinto the photodiode
(photo-actve area: 50 x 50 pm?) via an optical fiber re-
sultingin a light-spotdiameterof lessthan40 ym on the
integratedphotodiodesThephotocurrentesultsin avolt-
ageacrossRy,, whichis measureavith a picoprobe(with
aninputcapacitancef 0.1pF, abandwidthof 3GHz,and
an attenuatiornof 20). For the transientmeasurementa
samplingoscilloscopegHP 54750A)wasused. The dark
currentswere measuredwith a semiconductomparame-
ter analyzer(HP 4156A). A calibratedphotodiodewas
usedto determinetheincidentoptical power for quantum
efficiency measurementst thefingerphotodiodes.

4. Results

A responsiity of 0.148A/W at 400nm (n=0.46)
was measuredor the 9-finger photodiodecomparedto
0.045A/W (n=0.139)for areferencephotodiodehaving
a non-interdigitatedcathodeboth without antireflection
coating (ARC). For A=638nm the 9-finger photodiode
hasaresponasiity of 0.30A/W (5 = 0.55)without ARC in-
dependentf C,. Opticalsimulationsshavedthata quan-

tum efficiengy of 70% for 400nm andof 95% for 638nm

is achievable with a SiO,-SizN4 antireflectioncoating.
A quantumefficiency of 94% was verified for 638nm

experimentallywith suchan antireflectioncoatingfor a

nip-photodiodeon p-substratewith a non-interdigitated
cathodentegratedin the sameCMOS procesg8].

In orderto find the optimizedinterdigitatedstructure
for a high quantumefficiency andshortrise andfall times
we processedhe finger photodiodeswith differentnum-
bersof fingersfor aconstantareaof the photodiodesThe
distanced betweenthe fingers and the finger width w
(seeFig.1) were varied, becausehe rise andfall times
cannotbe predictedreliably enoughby analyticalcalcula-
tions dueto a two-dimensionaklectric-fielddistribution.
In addition a contribution of carrier diffusion makes a
prediction even more difficult. Tablel summarizeghe
measuredesultsfor the 3-, 4-, 6-, and 9-finger photodi-
odes(A =400nm) with areversebiasof Vpp =3 V.

Table 1. Rise and fall times of finger photodi-
odes on p-type substrate with different numbers of
fingers (Co=1x10¥%cm=3, A=400nm, Ry =1kQ,
Vep =3V)

Fingers|| d w tr ty
[pm] | [pm] | [ns] | [ns]
3 186 | 42 | 1.60| 1.74
4 128 | 28 | 1.56| 1.56
6 80 | 16 |122|1.22
9 48 | 1.2 | 0.65| 0.83

Thefastesfingerphotodiodds the onewith 9 fingers.
Thespace-chayeregionsof neighboringn™ regionsover
lap and thereis no carrier diffusion involved. Drift of
photogeneratedarriersleadsto the fastresponsédor the
9-fingerphotodiodewith C, =1 x 105 cm~3. For the 3-
, 4- and 6-finger photodiodeghe distanceof the cathode
fingersis sowidethatcarrierdiffusionshouldbeexpected
to contribute andto slow down the responsespeed. The
rise andfall timesof 1.60nsand1.74ns for the 3-finger
photodiode however, arerathershortfor a d of 18.6um.
The shortrise and fall times of the 3-, 4-, and 6-finger
photodiodesthereforehaveto be explainedlik e this: due
to positive oxide and Si-SiO,-interfacechages,thereis
an n-typeinversionlayer betweenthe nt fingersleading
to an nip-photodiodeactually ratherthana finger photo-
diode. The electricfield in sucha nip photodiodes ver-
tical without lateralcomponentbetweerthetwo cathode
space-chayeregions (SCRs,seeFig. 2). Therefore,the
drift time is aboutthe samefor the 3-, 4-, and 6-finger
photodiodesFor the 3-fingerphotodiodehe seriesresis-
tancein theinversionlayeris largest. Therefore therise
andfall times of this photodiodeare the longestdue to
anRC-timeconstan{togethemith the capacitancef the
photodiode).
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Figure 2. Electric field in a finger photodiode with
C.=1 x 10'5 cm~2 due to positive oxide charges and
due to boron out-diffusion from the p™ substrate

Theverticalelectricfield dueto positive oxidechages
andthe seriesresistancén theinversionlayerexplainthe
rathersimilar riseandfall timesof the 3-, 4-, and6-finger
photodiodes.Neverthelessthe mostimportantfactorfor
afastresponsés d. It hasto besmallenoughto eliminate
the seriesresistancén theinversionlayer The nt width
w also determinesthe seriesresistanceof the cathode,
which is of minor importance.A smallw, i. e. alarge
ratio of d/w is necessaryor a high quantumefficiency in
the blue/UV spectrarange.

Table 2. Rise and fall times of the 9-finger photodiode
on p-type wafers with different epitaxial doping con-
centrations (Rr, = 0.5k for A\ =638 nm, Ry, =1k{2 for
)\=400nm, VPD :3V)

638nm 400nm

C. tr ty tr ty
cm®] | [ns] | [ns] | [ns] | [ns]
5x10 ] 0.31]0.82] 090 1.0
1x10™ | 0.32] 0.88 ] 0.69| 0.87
1x10™ | 0.36] 1.02] 0.65]| 0.83

Table 2 lists the measuredise and fall times for 9-
fingerphotodiodesvith differentepitaxialdopingconcen-
trations. The valuesfor red light were correctedfor the
laserandpicoproberise andfall times. For red light and
C.=1x 10" cm~3, theriseandfall timesof the 9-finger
photodiodeare 0.36 and 1.02ns, respectiely, which are
very low valuesfor this standarddopingconcentratiorin
the epitaxiallayer. The space-chayeregion extendsonly
about2 um atthereversebiasof 3V, whereasarriersare
generatedo a depthof about10um (in a depthof 4 times
the 1/e-penetratiordepththe optical power decreaseso
the one percentregion) by light with a wavelength of
638nm. Carrierdiffusion, however, is obviously almost
unimportant.This unexpectedeffect canbe explainedby

a ratherthin epitaxial layer and by out-diffusion of the
pt-substratdeadingto a doping gradientand an associ-
atedelectricfield within the penetratiordepthof redlight
(seeFig. 2). Thereforealmostno carrierdiffusion slows
down theriseandfall times.

When the doping concentration is reduced to
C.=1x 10" cm~2 and belaw, the space-chage region
widensfrom the pn-junctionandtheriseandfall timesfor
638nmdecreaseThestrongasymmetrybetweerriseand
fall timesis dueto a strongovershoof theoptical power
emitted by the red laserdiode usedfor characterization
of the photodiodes Whenthe light is switchedoff, there
is no undershoothowever[9]. Thereforethefall timeis
not shortenedn contrasto therisetime. Theasymmetry
in the rise and fall times of the measuredphotocurrent
is causedby the laserovershoot,which alsoleadsto an
asymmetryof thelaserrise andfall timesof course.

Figure 3 shaws the transientresponseof the 9-finger
photodiodefor a wavelengthof 638nm andfor C.=5 x
10'3 cm~3. The overshootof the optical power emitted
by the laserdiode is almostsuppressedueto therising
edgeof the photocurrentransientin the finger photodi-
ode,which hasalmostthe samedurationasthe overshoot.

45Ff

Voltage [mV]
N
(6]

0 5 10 15 20 25 30 35 40 45 50 55 60
Time [ns]

Figure 3. Transient response of the 9-finger photo-
diode (C.=5 x 10* cm~3, A=638nm, Ry =0.5k{,
Vep =3V)

For UV light, therisetimeslistedin Tah 2 seemonger
thanthatfor redlight becauseno correctionfor the laser
riseandfall timescouldbe madedueto missingblue-laser
data. They, however, areshortesfor C, =1 x 10'> cm=3
(seeTah 2). For this doping concentratiorthe space-
chage region for a reversebiasof 3V is alreadylarger
thanthe 4/e-penetratiomepthof light with a wavelength
of 400nm. Therise andfall timesslightly increasewvhen
the dopingconcentrationn the epitaxiallayeris reduced
(seeTah 2). This canbe explainedby anincreaseof the
thicknessof the space-chayeregion with a reduceddop-
ing concentratiorin the epitaxiallayer. A thicker space-
chage region leadsto a longer drift time and therefore
to longerrise andfall times. Fig. 4 shows the transient
responsenf the 9-finger photodiodefor a wavelengthof
400nm.
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Figure 4. Transient response of the 9-finger pho-

todiode (C.=5 x 10! cm™—3, A=400nm, Ry =1k,
Vep =3V)

The bandwidthof photodiodescan be estimatedac-
cordingto f3sp = 2.2/(n(tr +t¢)). Forthe9-fingerpho-
todiodeandC.=1 x 1015 cm~3 we obtaina bandwidthof
470MHz for 400nm and510MHz for 638nm.

In OEICsfor optical storagesystems low offsetvolt-
ageis required10]. Thereforeghedarkcurrentof thepho-
todiodewhich is connectedo the input of the amplifier
hasto be small. Fig.5 shavs the measuredlark currents
of the 9-fingerphotodiodedor differenttemperaturesThe
darkcurrentis below 10pA for temperaturespto 75°C.
Even for reversevoltagesabove 3V the dark currentre-
mainssignificantlysmall.
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Figure 5. Dark current of the 9-finger photodiode on
a wafer with C, =5 x 10'3 cm~3 for different tempera-
tures

5. Conclusions

With the innovative finger photodiodeghe responsi-
ity for A=400nm is increasedby a factor of 3.3 com-
paredto a corventionalphotodiodeandriseandfall times
of lessthan 0.9ns are obtainedfor the standardepi con-
centration.Thefinger photodiodeshave aresponsiity of
0.30A/W for A=638nm and rise and fall times of less

thanl1.0nsfor C, < 1 x 10'% cm3. A reductionof the
dopingconcentrationn the epitaxiallayerbelow thestan-
darddoping concentratiorof 1 x 10'® cm—2 is not nec-
essaryto achieve bandwidthsof 470MHz and510MHz

for 400nmand638nm, respectiely. Thedarkcurrentsof

thefingerphotodiodesrebelon 10pA evenatatempera-
tureof 75°C. Thefingerphotodiodesanbeintegratedin

twin-well CMOS-processewith little modificationsand
arethereforewell suitedfor UV/blue-sensitie OEICsfor

optical storagesystem=f the next generationwhich are
compatiblewith todaysoptical storagesystemausingred

light.
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