1 P-i-n photodiode FIELD OF INVENTION 5The invention relates generally to a p-i-n (pin) photodiode.
BACKGROUND Effort has been devoted in Silicon (Si) compatible photonics during the last 10 two
decades, especially in the field of active devices. Active building blocks have been fabricated on Si optical
modulators and Germanium (Ge) photodetectors, with some showing integration with standard
complementary metal-oxide-semiconductor (ENtO8heipgimdeor other optical components. Ge has been
investigated for active photonics devices, particularly for light 15 detection at optical communication
wavelengths (of ﬁﬁ%%&-?w@én?ﬁ&m)- High performance Ge photodetectors have been realized due to
its favorable absorption coefficient at these wavelengths. A Ge photodetector needs low dark current,
high responsivity and high bandwidth for optimum performance. Doping profiles must be optimized such
that 20 the Blectron-hdleegeyentatior! sty g renalkyitrsaptiin send photgdpdEration. Phosphorus diffusion in Ge
is extremely fast, resulting in non-abrupt junctions and higher dopant concentrations in intrinsic regions.
This effectively |B%r§§%ei§ &Emise capacitance at a fixed operating bias and reduces photodetector
bandwidth (RC-ImitJ. A'low annealing temperature at 500 C would be able to restrict dopant 25 diffusion.
However, this is at the expense of higher dopant activation and limits device integration compatibility with
backend CMOS processfs WhiChedsasiomspaiatiies oSy émpable Hdtehics dufingr@dsdbus a need to

address th‘icf‘bo%é%%&%Q@&kéafé%’cgﬁﬁﬂg%QW%@%‘?‘S&R‘?&%@%&UM%@?Kun%?ug{lé%nﬁgﬁé()g to one aspect

of the invention, there Is provi L pin photodetector comprising a dopant on barrier layer disposed
within an active 38fiRyRA5aEH Y TeORIRPOMPAY BN BROb FétEapHM (Ge) photodetectors, with

some showing integration with standard complementary metal-oxide-semiconductor
(CMOS) circuits or other optical components.
Ge has been investigated for active photonics devices, particularly for light
15 detection at optical communication wavelengths (of around 1.3 to1.55 ym). High
performance Ge photodetectors have been realized due to its favorable absorption
coefficient at these wavelengths.
A Ge photodetector needs low dark current, high responsivity and high
bandwidth for optimum performance. Doping profiles must be optimized such that
20 the electron-hole generation region remains intrinsic during operation. Phosphorus
diffusion in Ge is extremely fast, resulting in non-abrupt junctions and higher dopant
concentrations in intrinsic regions. This effectively increases device capacitance at a
fixed operating bias and reduces photodetector bandwidth (RC-limit).
A low annealing temperature at 500 °C would be able to restrict dopant
25 diffusion. However, this is at the expense of higher dopant activation and limits
device integration compatibility with backend CMOS processes which uses
temperatures of up to 600 — 700 °C.
There is thus a need to address the above drawbacks for existing
photodetectors.
30
SUMMARY

According to one aspect of the invention, there is provided a pin
photodetector comprising a dopant diffusion barrier layer disposed within an active

35 light absorbing region of the pin photodetector.
According to another aspect of the invention, there is provided A method of

fabricating a pin photodetector, the method comprising: providing a first



According to another aspect of the invention, there is provided A method of fabricating a pin
photodetector, the method comprising: providing a first 2 semiconductor layer having a region doped to a
first polarity; providing a second semiconductor layer having a region doped to a second polarity, the
second polarity being opposite to the first polarity; providing a dopant diffusion barrier layer between the
first semiconduct8IaRIUEHY {RECEEEHING Seffuidhdaeesr iy firanePBopingrenEli® fRsteseificonductor layer
to a higher dopeskpaidiaiustiihiaydheaaaips dopaditpal fissh golarity puvheyetndReddapaatdidfusion barrier

layer reduces d%‘%‘rﬂg 8569&3&%%8@{ DO IR A #345‘5&0&%%}4?&98%??%%‘? F%aé’raﬁ‘ét%@hs'o” barrier

layer and the seco semlconductor ayer, so t ant diffusion barrler er Is disposed between

the first semiconfdBdts! BRI TR iﬁYﬁﬁﬁ%dlé%rs‘?fﬁaqr?@"fmﬂﬂgﬁ’&t%{))@wé Cﬁ@?)(?ggﬂ‘gl@‘between the
dopant diffusSion fivstreemnieyetuated iHyersecohigseupedducton laitein Wheeginrthiepatrinsicliayer has a region

doped to the ﬁer&QJN“M@r@nP%&’&HEﬂ?@Hu@% %@nerhawfrmwglaers.ﬁgee%&rar%raﬁtb<% first
semiconductor I r BRIEF DESCRIPTION OF THE DR Exagnﬁle embodiments of the

. . . m an tr| srcl er petween the do t('jo’f sron arr r la a ec
invention will be er ARJETSRE 4R cPrea ArETE (0 ORe B P8 ay Sl ThEe Bt om the

following Writtens@éﬁgﬂﬁi’@wrHWa?%f@ké‘ﬂﬁpl’éRﬁﬂFyd'ﬁHﬁ% eIRRINEHNIWVHBPPREG REVIRER. The drawings
are not necessatily fisssselacempiasky isieathgeneialydyeingnalacsd tipan djusteadisgogédhe principles of

the inventi '6 in {}%% n. the d%%ﬁ Jdrﬁn%‘f? B‘a?rf 8§~°ra§8r°%% ?ﬂ@%%@nS@R‘r@o%B%?oqerE%ﬁm according to a

first embo imen e invent Figure 2 shows a cross-section structure of a pm photodetector

according to a sYESHNERoBHIRTENBYF NS R/ ERThdoRsE (R BN RAIRENY, B GREGEIAIBIh photodetector
according to a ptefethed batlvd thmepbafdbeethpetitions g tire SBnslvoviewdayss-section structure of the
pin photodetector taken along line A-A' of Figure 3A. Figures 4A and 4B show a method to fabricate a

pin photodetectogR%Ecgg gg&epvr%& (13 I?[%E]EV\}ﬁ\l%f the invention. 30Figures 5A to 5D each show a
abric

stage within an exemplary processto ate a'vertica WavegU|ded Ge-based photodetector.
Figures 6A1%B and 6C show transmission electron microscope (TEM) images of the cross-section of a

germanium (Ge) epitaxiahsigicke aibotipasP bomis it ritopl antajéiopeanduagse@lsitDand readily
apparent to one of ordinary skill in the art from the following written description, by
way of example only, and in conjunction with the drawings. The drawings are not
necessarily to scale, emphasis instead generally being placed upon illustrating

20 the principles of the invention, in which:

Figure 1 shows a cross-section structure of a pin photodetector according
to a first embodiment of the invention.

Figure 2 shows a cross-section structure of a pin photodetector according
to a second embodiment of the invention.

25 Figure 3A shows a top view of a pin photodetector according to a preferred
embodiment of the invention. Figure 3B shows a cross-section structure of the
pin photodetector taken along line A-A’ of Figure 3A.

Figures 4A and 4B show a method to fabricate a pin photodetector, according
to various embodiments of the invention.

30 Figures 5A to 5D each show a stage within an exemplary process to fabricate
a vertical waveguided Ge-based photodetector.

Figures 6A, 6B and 6C show transmission electron microscope (TEM) images
of the cross-section of a germanium (Ge) epitaxial stack after phosphorus (P)
implantation and annealing.

35 Figure 7A shows secondary ion mass spectrometer (SIMS) data for the Ge
stack, having a Si interlayer (IL) and Figure 7B shows SIMS data for a Ge stack
without a Si IL.



35Figure 7A shows secondary ion mass spectrometer (SIMS) data for the Ge stack, having a Si interlayer
(IL) and Figure 7B shows SIMS data for a Ge stack withouta Si IL. 3 Figure 8 plots 3 dB bandwidth
(RC-limited) results for Ge epitaxial stacks with different doping concentrations and varying operating
bias. DEFINITIONS 5 The following provides sample, but not exhaustive, definitions for expressions

used throughout varioU e E0RIRFchEB diariyddl (Rérdifited) ramistépnteenipRbisEEsrtbr' may refer to
a diode with an intrénsit sspnigonshisetaitiegiandoeiviag i Rdiypeisemiconductor and an n-type
semiconductor. 10 The p-i-n photodetector (interchangeably referred to as a "pin photodetector") is
typically operated under reverse bias such that charge carriers are emitted within the intrinsic region of
the semiconduct3FEIRLIGNS device as a consequence of absorption of energy from light of a certain
wavelength.5The term "dopant diffusion barrier layer" may mean a semiconductor region 15 that seeks to

confine dopant, introduggdrélising fakieRiQaRbIN e RIRRBIFAMSIESIAEAIRVAt R B lwagisssregion. The
dopant diffusion barJi%r layer seeks to rgv&nt S r(aad[n ,dﬂHrOUﬁh diffusion, of the dopant to surrounding
usedat o) %gﬁ] ere|

regions where thé presrgH %08 ¢ (5'85& IS0t desited a this Wolld impair the desired properties of the pin

photodetector. In varioliBeeighBdiRreRAtPhPIedsiRsieit ditysitiehalfict |dipsemEihbam dntisieiao effectively
restrict the dopasértactihadecgetgibregiores ihaiphectoaariuditiusiarnbarnype kyeic prevasis dopant from

difiusing agigss nd pravigies@anes) condiins sigyshie dgpants il naasReltale tis laver

However, given that the depth of dopant diffusion penetration also depends on additional parameters,
such as the thickHARIPRFEHSPAIMCAIRYEIDH Bt ar 1)t ReetheRHESRIa Gat e HOBERE 25 diffusion
barrier layer maynsewie tegeduoé the centenmidation clabtpaict taictiffases aorssguence Thle term "layer” is

not necessarily aflaf Manar steigiursnishieny takaithe.sbrRRguef an earlier layer upon which the layer is
formed. The term "actiye light apsorbing.region” may mean a depletion region present 30 in the pin
e it abporbing egion, Miay ?

photodetector, which generates S%RPh A car?fér%aw r[‘? @Ep(r)nsaé/d tgquﬁt?‘ écagplfgf%ﬁe I(g);ribn being

enhanced When i $fakeHoerRIbiR PR bl ted usad eluFdgdahsititienof dhe din pristogrted®bant diffusion
barrier layer under witsiificienyyéargeyld@s. The dopant diffusion barrier layer seeks to prevent

spreading, through diffusion, of the dopant to surrounding regions where the
presence of dopant is not desired as this would impair the desired properties of the
pin photodetector. In various embodiments, the dopant diffusion barrier layer may be
20 able to effectively restrict the dopant to the targeted region, so that the dopant
diffusion barrier layer prevents dopant from diffusing across and provides anneal
conditions whereby the dopants will not penetrate this layer. However, given that the
depth of dopant diffusion penetration also depends on additional parameters, such as
the thickness of the dopant diffusion barrier layer and thermal budget, the dopant
25  diffusion barrier layer may serve to reduce the concentration of dopant that diffuses
across.
The term “layer” is not necessarily a flat planar structure and may take the
shape of an earlier layer upon which the layer is formed.
The term “active light absorbing region” may mean a depletion region present
30 in the pin photodetector, which generates external carriers when exposed to light, the
depletion region being enhanced when the pin photodetector is placed under reverse
bias to encompass the dopant diffusion barrier layer under a sufficiently large bias.
The term “semiconductor” may mean materials that include silicon (Si),
germanium (Ge), gallium arsenide (GaAs), indium gallium arsenide (InGaAs) and
35 indium phosphide (InP).
The terms “first polarity” and “second polarity” may be understood in the

context of forming the p-n junction of the pin photodetector. Accordingly, the



The term "semiconductor" may mean materials that include silicon (Si), germanium (Ge), gallium arsenide
(GaAs), indium gallium arsenide (InGaAs) and 35indjym phosphide (InP). The terms "first polarity"
and "second polarity” may be understood in the context of forming the p-n junction of the pin
photodetector. Accordingly, the 4 structure, with which a respective one of either of these terms is
associated, formEBaHSf W phicluacrspesH YR PrOpRBISHEtdBRSE termsThReatspsiathfyieiMfoped portion”
may mean a porpianofnisinajuradieadyheprcbregioaeb@ving a higher concentration of the same dopant.

When a region is dopegh 2,ior . fishlatin Jiigke MY R U BBRIAORRHPAIIALL Bgka hioher
concentration of dopant of the first polarity. Similarly, when a region Is doped to a second polarity, there
may be a higher"8¥p&d"BYRsoR fﬂﬁt\‘ﬁﬁQ%‘?ﬁ@ﬁ%@%?k&@ﬁt?&fﬁnd%%péﬁ%‘f hELOEIR I rity. The
term "intrinsic layed firsapaiastn these mimobel adiighee gpe dhatrinayh denpCuhidoprechocadpiahto a lesser

extent compare%ﬁgdbghpm%aw&réoﬁaﬁgcmrﬁg,twﬁdaia RRGetRE {PEIARRRESCRIPTION 15in
mpoail

the following de?ﬁéll}gtlr%g, yariogl Q1ents are descri ieg with reference tfo the draTV\t/hrégs, where like

S e
reference characters geﬁeraﬁy @ng ShiRe RAHRE Bg\r/{ggtﬁro@ Routh %m(ﬂﬂ‘tl"gpe%t%?@\a}\?st.o It has been

found that whenSegsMeaayity-pin photodetector, dopant (such as phosphorus) diffuses extremely quickly
in semiconductor matertiad, {éten gemaRUAYer2Onadhiek e salseidoatuaidruRigionaliangmandaigher dopant

concentratigy i“dﬂ%@%@%ﬁ%ﬁ@d T@&ilg%%‘?t"{(‘?&tié% ol 8%)4%9&88@%&%@8& %%%SR%%dtr?eoeraﬁng bias

and reduces photo ndwidth (as derived from an RC-limit pin photodetectors). A low
annealing tempdtAPREHLBHe has been used to restrict dopant 25 diffusion. However, this is at the
expense of higher dopant activation and limits device integration compatibility with backend CMOS

processes whiclHgses tempstatigs e to 600 -700C.

15 In the following description, various embodiments are described with
reference to the drawings, where like reference characters generally refer to the
same parts throughout the different views.

It has been found that when fabricating a pin photodetector, dopant (such as
phosphorus) diffuses extremely quickly in semiconductor material, like germanium,

20  which results in non-abrupt junctions and higher dopant concentration in intrinsic
region. This effectively increases device capacitance at a fixed operating bias and
reduces photodetector bandwidth (as derived from an RC-limit of such pin
photodetectors).

A low annealing temperature at 500°C has been used to restrict dopant

25 diffusion. However, this is at the expense of higher dopant activation and limits
device integration compatibility with backend CMOS processes which uses
temperatures up to 600 — 700°C.

Various embodiments of the present invention address the above
shortcomings. Figure 1 shows a cross-section structure of a pin photodetector 100

30 according to a first embodiment of the invention. The pin photodetector 100
includes a dopant diffusion barrier layer 102 disposed within an active light absorbing
region 104 of the pin photodetector 100.

As part of fabricating the pin photodetector 100, the pin photodetector 100 is
exposed to doping (represented by reference numeral 160). The in-situ placement of

35 the dopant diffusion barrier layer 102 causes the dopant diffusion barrier layer 102 to
completely prevent or at least limit the dopant that can diffuse past (represented by

reference numeral 180). Accordingly, the dopant is confined within a targeted region



Various embodiments of the present invention address the above shortcomings. Figure 1 shows a
cross-section structure of a pin photodetector 100 3@ according to a first embodiment of the invention.
The pin photodetector 100 includes a dopant diffusion barrier layer 102 disposed within an active light
absorbing region 104 of the pin photodetector 100. As part of fabricating the pin photodetector 100,
the pin photodeté@2orMFOtesSEIPRSLERE b B 5IRRAYeioréstiitednBingeRyOACEBA UsEPIEY60) T he in-situ
placement of 3%therdaprisiodiHasiendyarrier lmyeraldscaigasativn domamfformesbarteslayer 102 to

completely prev ast limi - t Mol nted by reference numeral
180). According@?tﬁé%@ﬁ?ﬁ%s%ﬁ%ﬁggﬁt in@ﬁﬁ&ﬁéﬁ%ﬁﬁé (21386%(%?) ‘the spreading of the dopant

to a surrounding regiors Y& LMAREE e FiTLHES AR RIS IBFP XA 125/ 4PAdsH LS AN AR Dptimisation of
doping profifes Jayér ttiet aheiglectres deslzigehiesmtion region remains intrinsic during operation.

Further embodiments @figirsinvesiamn incerBesadeckyh danamt difissionhamirtolaxreiot 026t Figure 1 as

described below. dFi ure 2 shows a cross-sectign structure of a pin photodetector 200 according to a
. acc?r Fﬁ]to-a secpnd embo ent o (t:he |nvent|0{1. . . .
second embodiment of the invention. € pin photodetector 200 comprises a first semiconductor

layer 206 having a regibit ddpeitPterateieiar FOERY AfTE S SRS AENYEnit BRI IR ST 380412208 daving a region
10 212 doped toregrecaipdplarfist iokeysaepadeeoraadimesidicthe dpaeroiming £rgorfirst
semicondugtor lgyer y.b g%&e the firsy, polarity or oning i ined ecific region of
the first ser%con%{t?c'fo%ﬁg Igad);?agrl %0% Flgu?é%@l’solﬁrﬁé%vé%%%to?)en%yggé%%@ﬁff}gg%rk?%ﬁgﬁﬁn?gh is labeled

212) of the secoff'GHHiESHAGERIMEYERLTF T RAYRF PR LU5EH R, HNFARRINHE entire second
15 semiconductopiidiyed 20& regacifie cryimd db ttiee fse oerdipolduitior Tiyees@06ndRimleri®y dsopposite to the

first polarity. Thesﬁiéws_pﬂﬁf iy pay *%EJ&%‘ AQRIRYthe f%ﬁc’?ﬁ_ﬁ@iqgﬂgﬂgt%bﬁygf 206 _@éﬁ&rﬁﬂ n-type dopant
and the second olarltx @&Xr%%frozrggdogm% QS:' ﬁecond ser&lcondHctor Ia'y% 208 with a p-type dopant. A

. . emico r. . 1S 00 e Sec It oweve e entire seco
dopant diffusion barrier 1ayer o'is iSposed be ween the fir& %o seimcondacior ayer 66 and the

second serffcontRIBENNRUAr B fiOfcmaying desitdocheheefipsd polarity iftteseeeidrrolagthetween the
dopant diffusionipaspisssieyas 202 ard Hitasgcond selicandiictalpyer 268 Thitgopantdiffusion barrier

layer 202 may a&%?&%ﬁg?%ﬂ?‘?@&( %gimn%da%t &8&&?9%%%?%29%'8% %‘6%#@9@&?8&%5?‘30”0' .
semiconductor layer . Similar to the pin photodetector 100, the dopant 25diffusion barrier layer 202 is
disposed within SPPEEE REFRNIESRISRFYEIOAYSO MG UHR HRiHRfOESAR R Ctor 200. The region doped
to the first polarity of the fitspsemdtitusihrctdatayer 1206 n2ay havaladusgrer woweehpohtoriidd0. Similarly,
the region 242 dgpgddqithesespndaelanily phthesseooehsemispnsiusin: layar AP dmayrgave a higher
doped portion 30 T, R B oA 1 8 b e RO A At NSk he fuafast doped
202 and the second semiconductor layer 208. This dopant diffusion barrier layer 202
may also extend the spreading of dopant to a region 220 that overlaps into the
second semiconductor layer 208. Similar to the pin photodetector 100, the dopant
25  diffusion barrier layer 202 is disposed within an active light absorbing region 204 of
the pin photodetector 200.
The region doped to the first polarity of the first semiconductor layer 206 may
have a higher doped portion 210. Similarly, the region 212 doped to the second
polarity of the second semiconductor layer 208 may have a higher doped portion
30 216. The higher doped portion 216 of the second polarity and the higher doped
portion 210 of the first polarity form a pn junction of the pin photodetector 200.
The region 218 between the dopant diffusion barrier layer 202 and the second
semiconductor layer 208 may be an intrinsic layer 214. The intrinsic layer 214 is
located so that the dopant diffusion barrier layer 202 is disposed between the first
35 semiconductor layer 206 and the intrinsic layer 214, and the intrinsic layer 214 is
disposed between the dopant diffusion barrier layer 202 and the second

semiconductor layer 208. The intrinsic layer 214 has a region doped to the first



portion 210 of the first polarity form a pn junction of the pin photodetector 200. The region 218
between the dopant diffusion barrier layer 202 and the second semiconductor layer 208 may be an
intrinsic layer 214. The intrinsic layer 214 is located so that the dopant diffusion barrier layer 202 is
disposed between the first 35 semiconductor layer 206 and the intrinsic layer 214, and the intrinsic layer

214 is disposed PR&f¥EA thecaspaintianiesonanimRrabler PgEaAePraersaindl8chibe fiRictor layer 208.
The intrinsic layeedicbitrstarregedeprd to the firsténpsolearityetaspaonaEosiat wanessidhan that of the

higher doped pOEHQ,r‘f%]r'L%erQ&goWsSH‘e‘ﬂ{’iﬂﬁQ %BWWeFe%B@cﬁ‘t@t%tﬁgp%‘? i ‘?oﬂf&Q%éerpa”tdiﬁUSiO”

barrier layer 202, for the reasons mentione ove with respect to the dopant diffusion barrier layer 102
of Figure 1. 5As QHIWRARFIGYFE 2, the first semiconductor layer 206, the dopant diffusion barrier layer
202 and theantrinsic lapersddrane govedl2oizs fass ki@ winthey se2dh drsarmcon difosieiayer 208.

The dopant diﬁump@gyiﬁr JYesOhRYIRSERRE Mataraliakisidifesenhfionpihefifgs semiconductor
layer 206, Wheret%)é?trr]l first segﬂlnjigt%n%ugr[%ro yer 206 and 10 the dopant diffusion barrier layer 202 may
STro

. .S semicon I ;
comprise materia m any one’or more of Group IV semiconductors, an alloy of Group IV

semiconductors (such dkeSigransuifusTal gy 208 By HIMMNFesBRRIGH diattsr ¢Rrgbunds. For
instance, suitablgose michetkiintopairadpratee fo6t srerseg Rk igiarskayrb2leenmybedepant diffusion

barrier laye202aclul gfIOi L Aciean, eryanm N Aleps Lagsiranium alloy (such as

Sil.,<Gex); or a silicon-germanium alloy and silicon. e Intrinsic layer 214 may comprise material
that is the same UsHPAPIMITETRIGHRTED rILELSY 19 & Stis!V SemicpRAUIRIAISSEHARATaRIGEBr layer 206 and
the dopant diffusiéh [izetieola@es202nuayroepplictivedyncontiise adBronndy. séimicioaeuctor and a Group

I11-V 20semicondypiBlCOmPQsHatl dRsHTHaGs SHEhasiaeeRRBRRY HliePRoseimaniabaast a

silicon-germaniurq aIIoX ora si|icon- rmalniAJm allogl and siHcon.The second semiconductor layer may
. - diffusion barrier_layer.202 inclu egerm nu."n an S|I|F_on' 98@&‘”' m._and % silicon- .
comprise SI|ICOﬂ, germanium or a siicon-germanium alloy. IgU SNOWS a 1op view of a pm

photodetectbr 308ratesd N atoto(sHphare Fed=Emnist dimikaondiatramvaraiion arirkeo8B shows a cross-section

25structure of the pin phetadeisieterd0fitakery alpngitaenlweiapitaigytacs3fame asiher pinphotodetector

300 comprises afigrtsge%%gaig&]}agé]fgrg%&l%%f 306, a second semiconductor layer 308, a dopant diffusion

barrier layer 302, an intrinsic 314 and metal layers 324. o _
The first semiconductor layer 206 and the dopant diffusion barrier layer 202

may respectively comprise a Group IV semiconductor and a Group llI-V
20  semiconductor compound pairing, such as germanium and silicon, germanium and a
silicon-germanium alloy or a silicon-germanium alloy and silicon. The second
semiconductor layer may comprise silicon, germanium or a silicon-germanium alloy.
Figure 3A shows a top view of a pin photodetector 300 according to a
preferred embodiment of the invention. Figure 3B shows a cross-section
25  structure of the pin photodetector 300 taken along line A-A’ of Figure 3A.
The pin photodetector 300 comprises a first semiconductor layer 306, a
second semiconductor layer 308, a dopant diffusion barrier layer 302, an intrinsic
layer 314 and metal layers 324.
The first semiconductor layer 306 has a region doped to a first polarity and
30 the second semiconductor layer 308 has a region 312 doped to a second polarity.
The second polarity is opposite to the first polarity. The first polarity may be from
doping the first semiconductor layer 306 with an n-type dopant and the second
polarity may be from doping the second semiconductor layer 308 with a p-type
dopant. The region doped to the first polarity of the first semiconductor layer 306
35 may have a higher doped portion 310. Similarly, the region 312 doped to the second
polarity of the second semiconductor layer 308 may have a higher doped portion

316. The higher doped portion 316 of the second polarity and the higher doped



The first semiconductor layer 306 has a region doped to a first polarity and 30 the second semiconductor
layer 308 has a region 312 doped to a second polarity. The second polarity is opposite to the first polarity.
The first polarity may be from doping the first semiconductor layer 306 with an n-type dopant and the
second polarity may be from doping the second semiconductor layer 308 with a p-type dopant. The region
doped to the firsPfY i} LPkHE fivst BRIAIVIRHTI GG ILPEHB0Y 138 RiTRhRRAECHIHREY-dBREY portion 310.
Similarly, the regipihe3h2dopgstd@2hasIrconthQalanyaoh brarrerigne sepaid poisetarbayfahs08 may have a
higher doped poggg&g%gia ?eap&ﬂgrh%%?go?%%ﬂt%%ﬁ bi%g(ﬁrg%glgﬁ arity and the higher doped 7

f pn | lon of the n et

portion 310 of the first po arli y form a pn junction % otodetector 300. Each of the metal layers

324 is in contact with e3¥h SPRAR HIHEPBoREESHRIBh $4% Bf HRPREDLMENBIZRENE thigher doped
portion 310 &f thabfiesbippkerityn Shidelppanbtifieisider BafriciheylepB02ifisiBpbsednkieirsan active light 5

absorbing regionsaitReJain RAREAAEIRCIRE SOt hridapaARk BifsiohdardeniaygE 3eris tisposed between

the first semiconductor.layer 30 d the intrinsic layer 314. The .intrinsic layer 314 j 2c[iis sed between
e domant diua bR B TR S TS A R a e e b e B e e

a region doped tharieqied perrifepdsciortteediktidhedBYifRigNayRit Brthasiglesioadieddirtion 310 of 10
the first semiconguatiet [ayait3@bduehterihatiprasenaeanfitbedapanigdiffusipedbsitien Bye6B802, for the

reasons m%“ogﬁg ﬁ?toé’e‘?n%%ﬁ?&&’reﬁ%? e %ﬁg&%g%ﬁ}%mﬁs %&Q%{%ﬁﬂ%‘%ﬁe}- As shown

in Figure 3B, the first semiconductor layer 306, t diffusion ba layer 302 and the intrinsic
layer 314 are prif¥itled%s R'stHRKEEPHh MESHRRCARRNG JUINiEREGCEr 1 SPRYE, UiikFat the
respective basedafithéafiesti 82 wfiEgudrittor layer 306, the dopant diffusion barrier layer 302 and the

intrinsic layer 314 extepd bR iRORIGGVEB aRuripse QitherRraNdisrMisas dieiadsyar 308. In
the preferred emc})f?di_me t erman(ii%? is used for the first %??iconduc or layer 30???9 the intrinsic layer
| r | 0 n

e . ion. parrer la and the Intrins er edrovided as, a stac
314. Silicon is uSéa' 1ot opa¥1 usion hE)arrler fdapélyer e icon is%180° i d t6rhe second

semicondutbor |#Rr8UBATERIMIEPNSUEAt daye DS S fieBt Baite netrasivRrRaseD®figher firgloped with
phosphorus dopgérigifiauzdhryeiobss, dapeshpartisnsiOoafibedist spolarty tEheriagskii@ce of the Si

second Semico”ﬁ’ﬂ?&%[éﬁ%’?& dgeoﬁéi)gt%eﬁgiﬂ%@ﬁﬂi@&oﬂﬁgr{?cmw%glé"n{%gh%ﬂc%&%a gpschto the second

polarity and the p++ r doped portion e second 25polarity. As shown in Figure 3B, metal

electrodes (i.e. the metaI /RIS SROMLREY RARARIYBSSaHF O] 01 h &'t SHIRIEEHA N ductor layer
306 to form a verieal306 atiddies TirenSelaEitadlidl Stickn322ibasfar Biantepkayetif(lislosaradueched in between

the Ge |§Y%'E§_‘3 Uﬁﬁ%%@@”%ﬁi&@ﬁ fIrshsecoRUHOL YRR %@ﬁlﬁ&%ﬂ&%ﬁ%’f@@ﬁic ﬁwbéefoﬁl“- A vertic_al
electric field is appljed to tge(%h?todetector 300 for Fhot current%enera ion du mgﬁo eration. From Figure
HIEY b :

3A, an optical in Wf%%z‘% L) S FEL I RE SR o WS &y LPRA & G RIS B2 350 into the
Ge detector 300toTRENGRepiNDRRiolopederatioB (3 hridythenfiptbpdiartitu JreviepSiiifaeelgfdre 38 the dopant
diffusion barrier kayen@@3)iesniatonllager apant diipsionitl R iohirdedayenprevertidahgsphorus dopant
diffusion downwgrgs Info, (e during activation anngal apgheink RIS ealiEvyY Mangaling processes.
This enables 8
25  polarity.
As shown in Figure 3B, metal electrodes (i.e. the metal layers 324) are
placed at the sides and top of the Ge first semiconductor layer 306 to form a
vertical pin diode. The Ge epitaxial stack 322 has a Si interlayer (IL) sandwiched
in between the Ge layers used to realise the first semiconductor layer 306 and the
30 intrinsic layer 314. A vertical electric field is applied to the photodetector 300 for
photocurrent generation during operation. From Figure 3A, an optical input 352
may be evanescently-coupled via a crystalline Si waveguide (WG) 350 into the
Ge detector 300.
The Ge pin photodetector 300 may employ in-situ grown Si interlayer (i.e.
35 the dopant diffusion barrier layer 302) for controlled dopant diffusion. The Si
interlayer prevents phosphorus dopant diffusion downwards into Ge during

activation anneal and other post Ge epitaxy annealing processes. This enables



abrupt dopant junction formation in Ge and retains integrity of the intrinsic region 314. Figure 4A
shows a method 400 to fabricate a pin photodetectorg according to various embodiments of the invention.
The method comprises the following steps: 5 In step 402, a first semiconductor layer having a region
doped to a first polarity is provided. In step 404, a second semiconductor layer having a region doped to a
second polarity BOpHeYRRRRWitR ¢hendesnatopdafiy drIGBIRedRIReY tAktfesnbIsiftEaRStep 406, a
dopant diffusionduerrier layer is provided between the first semiconductor layer and the second

semiconductor layer. 1&%@% éﬂg\myherﬂéﬁ]io%eﬂﬁ.t??dﬂ%ﬁg&&éaé’%iﬁt%?&%@e@o@ﬁ@c@r@%r doped portion

within the region doped to a first polarity. The dopant diffusion barrier layer reduces doping of the first

polarity to an intMASYTARRBERGEEPHHE HyEarRHiffiEiBIF HAR RAMARRFSIAE IR YWBESHPSemiconductor
layer. This causes the tiopent 4iffusidinsbaereictagecty teyelidposed betgieerdtipedinst sefimtonductor layer
and the intrinsic pdRd8Y R REARE infriggic layerdahe sispasrddeinran thedargnt diffigsion barrier layer

and the second semiconductor layer. Due to the blocking effect of the dopant diffusion barrier layer, the
g tayer heRoRL IO GE L ORI hLCNRR S o B SrEH AR LB AR ALS Bt e highor coped
portion of the firdtSaeiRBndlictn4)er azosepdiieRe iarsyants A0BIdee Rsteanitiefdtbod as not

necessarily occuginigdndsemdelyeecaha aresecoh@dimesshalidtae layeention, the first semiconductor layer, the

dopant diffygion barriey Jayes 354 t!ﬂ%_it’i}gi'%%i&l'g?&ﬁ%h&?&%}%f%'ﬂgﬁjeﬁ%”fé’r@‘é'tﬂ@éﬂ dfgure that

sandwiches the dopant diffusion barrier layer between two aiers. Doping the stack causes an exposed

layer of the two RRJEPE W HIEEFIPS: 9BEIM R AR ROtBT Yoy P the BNy RIdRYE barrier layer
inhibits the dopanetifraam dhffinging the dpe pivitoitthe stackrither&lygrareatasy the doamsiditag@nwithin the other

of th_e two Iayersoa{ph@ iQ%P%%'%Eé@BH@QeWi&ﬁW [HyRY. Cﬂ%%ﬁ%éﬁ%‘érlﬁlﬁ&}ﬁ?dﬁf&@%ﬁ‘me as that of
the first semlcongluctorj Iagetr. Ikl;l a, refercrjed emboctumg[ant, the do n% dITfUSIOI‘l g%nertla er is provided as
30 an in-situ grov@rﬁrgf |ﬁ¥eFIaf§/ef3 for %She[rolﬂ%[(‘ﬂ"%?gpar?t iSO eGIEG &P e ab Ve Hlh ?I'gyer structure
with such dip intéakeyerscie g ain kntertade Bisroseth b e e AeBaWAiBwSTab HerRh (Rrepin
photodetector cemprisingesuah aomidihayersdsisdctusge aditak obiderity elryers ihexggsed to dopant,

while the i”te”axu‘ﬁFu%?oW I%r??eu“‘r‘ ?,eanr'r?ﬁ’iﬁ&\cp@‘vé‘?rﬁ%}%_'&erggigﬁ%g? odiﬁé‘%ﬂgélgiﬁi@; fggond of the two

layers. 35 The dopant diffusion barrier layer allows a higher anneal temperature to bée used (as compared
to the dopant diffGEBRSHEINEIER EIPREE SbEintor riteeriRpsient g atish SsHUICABRIEIFe pair without

adversely affectilagethe intrinsic region. In known 9 pin photodetectors, an ex-situ additional

semiconc_lug@pr layer _(esgeﬁioﬁ@ﬂ %X,‘S!béséiﬁ)e%g fQ@“t&hSJ‘i&ﬂ%ﬁﬁ@&?%e%@r}%&gﬁm‘ed aboye. '_I'he
dopant diffusion barrier Iaé/er eliminates the need to use this additional layer. To complete the fabrication

of the pin photodSEELYSP PERFESin 'BigUTSTROMBY Rl %vﬁ'ﬁ‘@e?ﬂ%ép%ﬁérﬁ%sﬁlﬁk??{‘eg‘é%?Fied out, as
shown in Figure!la@rTthe siofaptitbifusiepdartior yer and dirgrdriagio lagamery b suneedritamecessarily
occurring in sequittgyer stribrHE 4L Oatbrisesome sepicoBRUSIT Iryes (R stapdRembldgure 4A) is

doped to f hi [ ithi [ ' tep 412, th
et semtconucio iy T AL A i e e B e A o oo or

more of the3te pReAUPRUEHE B RigliRiesRs SRRANHHNRA RTS8 IR tEHES EeRAMY efhiconductor
layer. In step 41diffasmegtdddayemis tbhemedKkotirdbycontdot withieaaticobilee withinethd oped plortion of the

second polarity gpdiiheidygher drpaeiRattiaRPidntfrat folp4tY FaSReRTHRY Horsiamtto

the same as that of the first semiconductor layer.

In a preferred embodiment, the dopant diffusion barrier layer is provided as

30 an in-situ grown Si interlayer for controlled dopant diffusion. Consider the above

multilayer structure with such an interlayer acting as an interface between the two

layers. When fabricating a pin photodetector comprising such a multilayered

structure, a first of the two layers is exposed to dopant, while the interlayer serves to

reduce, or even prevent, the dopant from diffusing into a second of the two layers.

35 The dopant diffusion barrier layer allows a higher anneal temperature to be used (as

compared to the dopant diffusion barrier layer being absent) for better implant

activation and defect repair without adversely affecting the intrinsic region. In known



150f Figure 4B and step 408 of Figure 4A). Figures 5A to 5D each show a stage within an exemplary
process, which implements the method 400 describegl above in respect of Figures 4A and 4B, to fabricate
a vertical waveguided Ge-based photodetector. The process comprises the following stages: i) Si
waveguide/passives formation; H) bottom P+ substrate and P++ 20contact implant (using, for example,
boron) and activRifioN&iRARISEIMP @ VeMBtRAEpNRLELHIeRH GiRthia1eiReT IS eAtBAM ) §rowth (Si
interlayer thickn@ssd<sm Emm)thévhmeﬁabbwrﬁgnmh(magedoammpfaepirwh@mséiamd activation

anneal; and v) rggrﬁ)ép ﬁa%§QRetF%%8qoe$§Q1f§5%{&1% q\# pf the method 400 are as follows.
25Figure 5A: Si WG etc implant into Si Irst (not shown_ in Figure 5A, but see

Figure 3A) is patternedTBr?B’BH%F?mf)f&mﬁﬁ‘&?ﬁ(ﬁfsmﬁ pﬁpéﬁgﬁ?ﬁ?ét%é?{)‘ﬁﬁg [9RSTAES Hto a SOI (silicon
on insulatorpsubiBér&itod5Q foabeostgpssesyadhtoprGies|abt 5a2sandraib Gigec Bdd tepgerf&@&r With reference

to Figures 4A andAB. 4hés resuliadndbe (pemationh ghibreeaACRY 3P AeRRiCeRIUsIRLIANg ihaving a region
doped to the second olarlty of step 404 and, within this region, a greater doped portion to the second

polarity of step AI"THE Si slab 552 and the WG height may follow the initial thickness of an SOI wafer,
which is around 220 nrif. Sthe S0V BevwierANth2¢BERBIGHT Boerm@ef wikh 4Gdapotagee idtisof around 200
nm at the ends t@ogaameﬂﬂ@i%rﬁugbéed@wqacﬁwp&mg@n@ viggoneigsedofigusecoRd Sedgietive Ge epitaxy

with Si intefjayey, steet ﬁﬁ:”f?a'?é’e% BARINg, 3’ ‘?rt%)adﬁ%t ﬁ#?@dﬂ%‘élf (éﬁ geg Qs a mask for

selective epitaxy %ero yers 514,502 a own In Figure 5 e regions with the

dielectric layer 538'Uf ﬁr@?éﬂ‘teélﬁﬁ‘&‘?&/ ﬁr?ﬁ\ﬁtﬁrdﬂqrﬁeoéﬁ@éf??)%éo?\lwoﬁ @é: Qe I formed by a
selective epitaxypprpoeskdsing wirekmghheasecmdebanicoativetpoiaydeposisien UH\AG¥R). Other CVD

processes can hﬁ;}éﬁ%dfo‘ﬁw%d %H@WM&&%@A&(&R@%&BQB@&'%&W éQQé‘@leQér@e may be 5
grown to form a b k. regﬂon 514. Th|s was followedr(??? Prsnu %ﬁpo ition Qf m thick 6con interlayer

(SiIL) 502 (resuﬁlngl o?rrq' 8rndo (r)t'p%'n udior’Bare a;péaFtB'fe e S RGB-6f igure 4A) and

finally an approxdhfagele 38 mnfipirik48D GEiGRBREAI layer 506 (resulting in the formatlon of the first
semiconductor Iayer haviog:a segiorsdopemh tentive firstapelaitinohstereARRaT figise Afjitar junction

10formation. éﬁéﬂ Q%M&g?&ggé an%@#hﬁeEr‘é'ﬁo(}%g?ﬁ”ﬂeéé F‘c?y%%r%‘érﬂ'?&? Asing a low

temperature Ge S t aroun temperatur rowth at around 550C. The Si
interlayer 502 m@PHRBEFRVGHVIh &SRR §‘§ Sﬁﬂﬂ@fﬂ@fﬁﬁ%e@ﬁﬁ%&ﬁ%@@@@?ﬁ% be grown at
around 400C. 15#liguirey S@pesir) Siamd\agdidelpasdives formation; i) bottom P+ substrate and P++

20  contact implant (using, for example, boron) and activation anneal; iii) Ge selective
epitaxy growth with an in-situ Si interlayer growth (Si interlayer thickness <=5 nm);
iv) top Ge N++ implant (using, for example, phosphorus) and activation anneal; and
v) metallization and deep trench etch. Further details of the method 400 are as
follows.
25 Figure 5A: Si WG etch and p implant into Si
Firstly, a Si WG (not shown in Figure 5A, but see Figure 3A) is patterned and
p ion implantation (using, for example, boron) is performed into a SOI (silicon on
insulator) substrate 550 that comprises a top Si slab 552 and a buried oxide layer
508. With reference to Figures 4A and 4B, this results in the formation of the second
30 semiconductor layer having a region doped to the second polarity of step 404 and,
within this region, a greater doped portion to the second polarity of step 410. The Si
slab 552 and the WG height may follow the initial thickness of an SOI wafer, which is
around 220 nm. The Si WG width may be around 500 nm with a nanotaper width of
around 200 nm at the ends to allow efficient fibre-to-WG coupling and vice versa.
35 Figure 5B: Selective Ge epitaxy with Si interlayer
A dielectric layer 540 (using, for example, SiO,) may first be grown as a mask

for selective epitaxy (growth of the layers 514, 502 and 506) shown in Figure 5B.



After the Ge epitaxial stack 522 formation, the top Ge epitaxial layer 506 is doped by n ion implantation
(using, for example, phosphorus) using a photoresist gnask (not shown), which results in the formation of
the first semiconductor layer having the higher doped region of the first polarity of step 408 of Figure 4A.
The Si 20 interlayer 502 serves to counter diffusion of the n dopant into the bulk region 514, thereby
forming the intrirfile [&g@nfoNsicpudBIefiitgare 47  withipreMenb aKRIaEY iR EILHIE Fhpliht activation
anneal may be generabytde e atdergrergttesedbica Mk iy b uhirrypeiritye asmghardhagh 700C with a

bonen anneal tirvgcg(?ﬁy[%%ﬁjg% Qgp%ﬁgqje%gﬁ{@gr%m%)amm@p CVDW&%@%Q@”EQQB@“‘)” anneal of

Figure 5C is followe interlayer dielectric 42 deposition. Contact holes are formed within the ILD

542 that expose{56fidn% GFIHEFSiREs5U48 S 4RI(RBHITNs ARRHRAEY apRARi&l ISFeM8vESor Al
metallizatiord 524ovotmfine méetd Irgendiisted dis4ves Fotjomedi By ArsiaptiopeditompB8c&am (not shown)

may then be proyidedifiebParshaietsi L) S02r (RILRNRI ANAL fisnGReBildalSiaskaimithei interlayer

thicknesses of 2.5 and 5 nm were wn and i éant | with phosphorus, Secondary ion mass
spectrometer (Sh@l@?ralﬁéﬁsolssﬁ}ve&sgégb%%ﬁ lérﬁ%g éarr}lge%n&ﬁ\f E%‘ & %@8}?3'55??6'mst E}j ®Rrusion into bulk

Ge after differenfargiiaidaiorse apftdsaatsnacks ietHoamatesvitHbetisitisrimiageguctor Baismission
electron microsagquen§T& Mpisnagaeoftitheerass-peatignHf deb aEpitioryjustask)afterindaeplantation and
annealing gharopnd 600C for 5 min are 11 shown in Figures 6A, 6B and 6C, where the Ge epitaxial stack
has a Si interlayer o?around 5nm thickness (see Figure 6C). The thickness of the top Ge layer can be

controlled to fix junction ePRRDRIIRESER LN B BHIGrERANRM BIRY GBS BPH BT \%é 6A, while
Figure 5 6C in tlowm sinopesainee Glargeetvievarofiporiiadt G Cehadfd-igghercBmpheimagesishew that the Si

!nterlayer remai@d\w{ﬁg{ afﬁfné@%@a@ngrﬁé‘éi']H&IW%%W&@%@%&;M QSJA@%@_@@,”GC’- The Si_
interlayer is seen tq b:ﬁ contl(guous w@ch fa%lgtates unlformI%/ greveé;}wé gopant diffusion downwards into
K € St

the Ge stack. Fié’f’u}é3 ts?r?ovx?seg\rﬁf%a St 'for e G HaeK avrl%qun Iihterlayer as 10 described

above withlespect to FiguresGAioBantaraabeadbserved that the Si interlayer is effective in preventing
P diffusion into bulk GenfdefeskusingdiiestaiesncomuneiatnéORdp Ge ebiguie iéPesB0w/sSIMS data for a

Ge stack withou{?@' ggtgrl?g%rn Iﬁlﬁggﬁaﬂgﬁu%ﬁ éggfgro&g%ﬁg, WBECFJ?] @%ﬁﬁgﬁ @%@tgpé%%qntration in Ge

(denoted using the 15 reference numera 10 about 1e18'to lel¢S This'increases dark current
and reduces phdti3aEtEor IABIVHENA (RS HESi R rBSsEHRIOR @t {5alith fe8 5P AdYSRIC A operating
voltage. Thus, irhednypadsoghansinged Beistadkhwithsa Bilartedayen a83stidviguin FAgures 6/A to 6C,

provides fos@ PhQiaAGEREes WilaBelbARMWiitoR37eskaN dBEam! MB tRe Wl 3egRRsidimited

bandwidths achievahle for
t%ere y Iorming the intrinsic layer (of step 408 of Figure 4A) within the bulk region

514. This implant activation anneal may be generally done at temperatures up to
700 °C, but temperatures higher than 700°C with a shorten anneal time can possibly
be used.

25 Figure 5D: Metallization

The implant activation anneal of Figure 5C is followed by interlayer dielectric
(ILD) 542 deposition. Contact holes are formed within the ILD 542 that expose
portions of the Si slab 552 and portions of the top Ge epitaxial layer 506 for Al
metallization 524 to form the metal layer of step 414 of Figure 4B. An optional 5nm

30 cap (not shown) may then be provided for passivation.

For material analysis, Ge epitaxial stacks with Si interlayer thicknesses of 2.5
and 5 nm were grown and implanted with phosphorus. Secondary ion mass
spectrometer (SIMS) analysis was subsequently carried out to analyze phosphorus
(P) diffusion into bulk Ge after different anneals for Ge epitaxial stacks with and

35  without Si interlayer.
Transmission electron microscope (TEM) images of the cross-section of a Ge

epitaxial stack after P implantation and annealing at around 600°C for 5 min are



20 different Ge stacks of around 500nm thickness, with and without Si interlayer, are calculated. Figure 8
plots these 3 dB bandwidth (RC-limited) results for thgse Ge epitaxial stacks with different doping
concentrations and varying operating bias, where the Ge photodetector is taken to be 8 x 25 um. After
600 C anneal, the intrinsic doping concentration is 1 el 6 cm-3 and 1 el 8 cm-3 for Ge epitaxial stack with
25and without SEhewEyElgUesEstRRRRN e RERRIe$S SR diftith Ry SiviBiearal@ilated using:
3dB ,RC 27CRGawbhetieihnRiigkhessqees Fepisiaate amd (hitktbesdgviee wppaeitapgaahgeseries

resistance is estj Fgﬁjeéq - nﬁﬁ] JLigclearly seen that with a lower intrinsic bulk 30 concentration of
lel 6cm-3, a higher ban Wm]figs%%c |ev§(5]'for a photodetector using a Ge stack with a Si interlayer,

compared to a photodétaetBrAFHHG S B SURRERMDNCE RS iRt PRs OF. AQUESO WHESS B8 00 nm for
vertical pin Ge Pils|nthedehve baneiwiditdisinetdimitedbgiheftfégsie e, Bindmabesdibtance between

vertical electrodessisiimalinEhsyefoesdig rricviatedRiedimiadLraewidimis Bepmkavigpresentation of

the device bandwigt 2 In agdiq%n, éor a photodetector v¥Jith thin intrinsi%r%g*'on < 500nm), it is
an e nas %CC%I‘I‘e . -Ihe. S| Inte Efl-r‘{'er IS,seen to. he contlnuPus whnic .ac@aq(s
preferable to have sharp and abrupt junction profiés. Any variation in intrinsic region thickness due to

dopant diffusion Wb atey enENgrineant GifesiebaoanaelsdeiTHISLeRAMSK: It is observed that the junction
depth for Si interlayer smjilirs arosnsvd0sivt &lanfor shallowetdhiamifimganérdi Greapjiaxial stack. The

Junction degih isfakegayhen R W%Qﬁ@é@% N %&%‘%C?WF%% B PR RING Eagcentration of Ge

is around 1 el 6cm-3. There Is uncertainty on the exact location o eéunctlon because of the knock-on

effect of frontsid &S dhEIERTYTe HrRGLR BatioABHTRB Rtttk SR KEPRAGAHE8M Sackside SIMS
profiling. Neverthgsscanusstiaiation of the 10 bandwidth can be made. The 3dB RC-limited bandwidth

is calculated to be highggipr @ gmiedairstanwith 3 BECHRYRWHBLING SRRy Sigghepitaxial _
thickness as one,) |thouflthe Si mt&arlaxi%h With a tar e'ged i-Ge thickness of 30 nm the Si interlayer split

is estimated to h%v%s?a 3igc%rrrﬁagh\évr arilnoc\;\ﬁ%%ﬁ?t Err eI RitkRE georllroot%slgcs)'% fm, this

bandwidth ain iisieeenseNuneG3H0) bt 1rE818deIGSNGe Phisioarerseark cureshffde above, a

preferred embodinerisaiitedareivaRiviviten & G mapisdalcsisskipaphntedeteptonsuithis epitaxial
stack comprises in Siinterlay t.act iffusk rie reyent iffusion into bulk Ge
and that can forr%%éli‘)‘qr{lﬁjﬁt{#\:l{JSll é%%%n?h%qe@%ge |t§sx§#g%%cﬁgw§§é eé s%%%cﬁvvi@%e% #\?r'ﬁ %ﬁéﬁgﬁ icon 20

epitaxial layer. THIOUYI €2 Q4RI SREAGHRHRT ABRTRIEIREIB AL SRMSE RAFIKIEY at higher annealing
temperatures like 625 BadedhoncémediMs devwids, bantkvidth imigre diatetlitie pebeisbleoifirol of junction

profile in the, Ge phatRIB RSN BRIEHHA slkckeR SiP S RRAiRal0S RreseSe flav is used to
fabricate such a Gleﬁhtoﬁode_tecto% Viltth onlg anrlﬁfs%rtl%n, fa th|r_1.S|I|c(§n int trla{yer durln(g Ge epitaxy 25
process. A desidit Sa fabric gHSh PSR ESEN2 F1 AW T BEARHESY (8o HERITSE VERRSEpin structure
photodetector wRRitaplicarkas Wb otfesentadering ramarad alivnswane o @i dwereting.bias, It will be
appreciated by avpersaReskidlashitothecatirtatdemespesy/arasions angéproweifieatiens tay be made to

the present Invem“?%i@%gagygol&&?raﬂon is 1e16 cm™ and 1e18 cm™ for Ge epitaxial stack with
25 and without Si interlayer, respectively. The RC-limited 3 dB bandwidth (fagsrc) iS

calculated using:

f = L
3dB,RC 27RC (1)

whereby R is the series resistance and C is the device capacitance. The series
resistance is estimated to be 100 Q. It is clearly seen that with a lower intrinsic bulk
30 concentration of 1e16cm?, a higher bandwidth is achieved for a photodetector using
a Ge stack with a Si interlayer, compared to a photodetector using a Ge stack without
a Si interlayer. At Ge thickness of 500 nm for vertical pin Ge PDs, the device
bandwidth is not limited by the transit time, since the distance between vertical
electrodes is small. Therefore, the calculated RC-limited bandwidth is a good

35 representation of the device bandwidth.



30 embodiments without departing from a spirit or scope of the invention as broadly described. The
embodiments are, therefore, to be considered in all rgspects to be illustrative and not restrictive. 13
CLAIMS 1. A p-i-n photodetector comprising a dopant diffusion barrier layer disposed within an active
light absorbing region of the p-i-n photodetector. 5 2. The p-i-n photodetector of claim 1 comprising a first
semiconductor layer h&viagodieagieh AdpheePtsadpstibIdhty;intringisdesitdsémductbrdayer having a
region doped to pr&reemnslip blaityhine secandmalactiyrosisigeo ppositariatidieidistipsiardyiowherein the

dopant diffusion {4, aatdey [avey %9&%%@&@%‘0&8% frat éﬁﬂ?ﬁ‘&%‘?‘&ﬁé‘&{ &y ‘?ﬁé‘%‘é&@g second

semiconductor layer for reducing doping of the fi_rst;o arity into the region between the dopant diffusion
barrier layer and*#h8<BE6Rd '5Em e ioR e IS I8 o BB R b ISCRERHS, Rherein the
region doped to thédirst 5atiotemitihaf the fiostrebGromidwietctdalyeMhasuadighdembopethkortion and

wherein the regigRHoPeenQ HIaRAIHA PHAHY A iheREGaRLRAIBIHYN ISR HaNGT hasadigher doped

portion, o that the dleglqr doned portin of e secand palarty and 1ne hioher doped potion ofthe first
polarity form a ph junction of the p-i-n° photodetector. 204.Theé p-i-n photodetector of any one of the

preceding claim$f fletkBpGopRptSiEiPhifarEe 2 My ernfbr arete Jtatiee treatiipanthaiffiisiion barrier layer is
disposed betweearths fiist\se mscendactsitéaganantddinagdntinsiertpyesand tbeimitiosioflayer is disposed

between theydonangiffysian Bartienlevsr eathe-shopnd semIRANIUEIaLIRYES G55 die b

photodetector of claim 3, further com%zlsmg an intrinsic layer, located so that t opant diffusion barrier

layer is disposed&HBEAARISHO! YN ROAKIRKG W iNsnepiRe RAYSIFECRIPRIAGKIRS Trffinsic layer is
disposed betweendheittlopatiedBiuisieridyarriewidtyer tangetheé s€eotiitkesascon@aoton, layersi

interlayer split is estimated to have 10 to 25 % higher bandwidth. When the i-Ge
thickness drops to 200nm, this bandwidth gain increases to 20 to 40 % over the
15 control Ge photodetector.

From the above, a preferred embodiment of the invention provides a Ge
epitaxial stack for photodetectors. This epitaxial stack comprises a thin Si interlayer
that acts as a diffusion barrier to prevent dopant diffusion into bulk Ge and that can
form abrupt junctions. The Ge epitaxy stack has a sandwiched thin in-situ silicon

20 epitaxial layer. Through this Ge stack, shallow and abrupt junctions can be achieved
at higher annealing temperatures like 625 °C. Enhancement in device bandwidth is
predicted from precise control of junction profile in the Ge photodetector using this
epitaxial stack. A simple fabrication process flow is used to fabricate such a Ge
photodetector, with only an insertion of a thin silicon interlayer during Ge epitaxy

25 process. A design and fabrication process scheme can be implemented to realise
vertical pin structure photodetector with applications in both surface-illuminated and
waveguided detectors.

It will be appreciated by a person skilled in the art that numerous variations
and/or modifications may be made to the present invention as shown in the

30 embodiments without departing from a spirit or scope of the invention as broadly
described. The embodiments are, therefore, to be considered in all respects to be

illustrative and not restrictive.

35



30 wherein the intrinsic layer has a region doped to the first polarity to a concentration less than that of
the higher doped portion of the first semiconductor Igyer due to the presence of the dopant diffusion
barrier layer. 6. The p-i-n photodetector of claims 4 or 5, wherein the first semiconductor 35layer, the
dopant diffusion barrier layer and the intrinsic layer are provided as a stack on the second semiconductor
layer such that thé-fé¥iSective bases of the first 14 semiconductor layer, the dopant diffusion barrier layer
and the intrinsic layer extend to be in contact with a surface of the second semiconductor layer. 7. The

p-i-n photodetector of, aFX R%ﬁ%ﬂ%?ei?!&'”&&rﬁrptr%ﬁgﬂé”q]&ﬁ@?rﬂl?{dglw Bafﬁm?t%b@rfy& sfisggntact with each

of the higher doped portion of the second polarit oped portion of the first polarity. 8.
The p-i-n photod¥tBEap BFW'QW@B?‘}%‘B@@@&%”&%?FHQ F%\‘/W@P@fﬁ‘?ﬁé dopant diffusion barrier layer

comprises nhaterial that is different from the first 10semiconductor layer. 9. The p-i-n photodetector of any

one of the claims 4 tor¢e Whﬁr@;etgagtg&mpg@m @&m@'%s material that is the same as that of the first

semiconductor layer. 1f510 .The ?tod% ector of clama é’ Yvherem the first semiconductor layer
rst semic nduc or la avm g' r} a olaly
and the dopant diffusfon DAMer ayer co prlse maferfig any one or more of Group IV

semiconductors, an a&8§cenEsemNF PPOLEIRidaYRINEGRS A IFOARPRA L SepsRBRRRIeHedMpounds.
2011.The p-i-n photedetreiatyobalajnodidswheseinethiestissiaemicandeintandayes-anditheidopant diffusion

barrier 'ay%ﬁreSBSFr Toyely y‘éP'F%pH*Eﬁ?@e%r%&vé\érﬁ?ﬁg"?f?&dé‘&ﬁéo%'aﬂc"f‘opf%&? 'aUuY 1%%”&89 uctor compound

palrlng sucn as germanium an Iicon, germanium and a silicon- germanium al oy or a sllicon- germanlum

alloy and silicon S&8/Fo FHENY. W%ﬁﬁﬁdﬁ@f%‘&ﬂ)%?'%%‘?fdﬁé URtHROIBFRCERNG CISHRE, RGREF8Th the second
semiconductor |#yedqumtitesosilbeons rdarenanidre secosilisemiganineamniuayalloy.

3. The p-i-n photodetector of claim 2, wherein the region doped to the first
15 polarity of the first semiconductor layer has a higher doped portion and wherein the
region doped to the second polarity of the second semiconductor layer has a higher
doped portion, so that the greater doped portion of the second polarity and the higher

doped portion of the first polarity form a pn junction of the p-i-n photodetector.

20 4. The p-i-n photodetector of any one of the preceding claims, further comprising
an intrinsic layer, located so that the dopant diffusion barrier layer is disposed
between the first semiconductor layer and the intrinsic layer and the intrinsic layer is
disposed between the dopant diffusion barrier layer and the second semiconductor
layer.

25
5. The p-i-n photodetector of claim 3, further comprising an intrinsic layer,
located so that the dopant diffusion barrier layer is disposed between the first
semiconductor layer and the intrinsic layer, and the intrinsic layer is disposed
between the dopant diffusion barrier layer and the second semiconductor layer,

30 wherein the intrinsic layer has a region doped to the first polarity to a concentration
less than that of the higher doped portion of the first semiconductor layer due to the

presence of the dopant diffusion barrier layer.

6. The p-i-n photodetector of claims 4 or 5, wherein the first semiconductor
35 layer, the dopant diffusion barrier layer and the intrinsic layer are provided as a stack

on the second semiconductor layer such that the respective bases of the first



13. The p-i-n photodetector of any one of the claims 3 to 12, wherein the first 30polarity is from doping the
first semiconductor layer with an n-type dopant. 14.,The p-i-n photodetector of any one of the claims 3 to
13, wherein the second polarity is from doping the second semiconductor layer with a p-type dopant.
3515. A method of fabricating a p-i-n photodetector, the method comprising providing a first
semiconductor 1&§&YaRadHsPa ugioelepRRNtSIEYHSD herERtyayesand Bieiding alawicrdsemiconductor
layer having a regioiclop&ediovitrseeanscpokaritysdbenaseatichbplatiiidyeing opposite to the first polarity;
providing a dopant diffusion barrier layer between the first semiconductor layer and the second
semiconductor layer; and 5dopinﬁ?the first semiconductor layer to a higher doped portion within the region

doped to a first golarity, B PR HREARE AlfATYIOADIHS $8)8F A BLEYHSSiIRY Y §if st polarity to
form an intribsic ieser Ibgneervitiredopartdiffeision Wande dtgdr mnibthef skesadosdmidanigductor layer, so

that the dopant diffugioRipasriesJaygbissdispeatebuagn the first semiconductor layer and the intrinsic
layer, and the 10 intrinsic layer is disposed between the dopant diffusion barrier layer and the second

semiconductor layer, wherein the intrinsic layer has a region doped to the first polarity to a concentration
less than that of&he hidiR€r RibPeRNPIGARIRTIOF thie FTstaEn It dhRiUREESE MR C1aiBTEs Wi e th®d of claim 15,
wherein the intrigspatayé@fiesnpiaerimaerialdingtisesheasnae aathat afithenfirssmemicainductor layer. 17,
The method of clgj her comprising the steps of : doping the second semiconductor
layer to forrgn0 a h%tﬂlcgjgg%%%%%%%n within 20the region doped to the second polarity; and providing
the first semiconductor layer, the dopant diffusion barrier layer and the intrinsic layer as a stack on the
second semicon@uctorTibgexi-n photodetector of any one of the claims 4 to 7, wherein the intrinsic

layer comprises material that is the same as that of the first semiconductor layer.

15 10. The p-i-n photodetector of claims 8 or 9, wherein the first semiconductor layer
and the dopant diffusion barrier layer comprise materials from any one or more of
Group IV semiconductors, an alloy of Group IV semiconductors and Group IlI-V

semiconductor compounds.

20 11. The p-i-n photodetector of claim 10, wherein the first semiconductor layer and
the dopant diffusion barrier layer respectively comprise a Group IV semiconductor
and a Group llI-V semiconductor compound pairing, such as germanium and silicon,

germanium and a silicon-germanium alloy or a silicon-germanium alloy and silicon.

25 12, The p-i-n photodetector of any one of the preceding claims, wherein the
second semiconductor layer comprises silicon, germanium or a silicon-germanium

alloy.

13. The p-i-n photodetector of any one of the claims 3 to 12, wherein the first

30 polarity is from doping the first semiconductor layer with an n-type dopant.

14. The p-i-n photodetector of any one of the claims 3 to 13, wherein the second

polarity is from doping the second semiconductor layer with a p-type dopant.

35 15. A method of fabricating a p-i-n photodetector, the method comprising

providing a first semiconductor layer having a region doped to a first polarity;



18. The method of claim 17, further comprising the step of: forming a metal layer 25in contact with each of
the higher doped portion of the second polarity and the higher doped portion of the first polarity. 30

providing a second semiconductor layer having a region doped to a second
polarity, the second polarity being opposite to the first polarity;
providing a dopant diffusion barrier layer between the first semiconductor layer
and the second semiconductor layer; and
5 doping the first semiconductor layer to a higher doped portion within the region
doped to a first polarity, wherein the dopant diffusion barrier layer reduces doping of
the first polarity to form an intrinsic layer between the dopant diffusion barrier layer
and the second semiconductor layer, so that the dopant diffusion barrier layer is
disposed between the first semiconductor layer and the intrinsic layer, and the
10 intrinsic layer is disposed between the dopant diffusion barrier layer and the second
semiconductor layer, wherein the intrinsic layer has a region doped to the first
polarity to a concentration less than that of the higher doped portion of the first
semiconductor layer.

15 16. The method of claim 15, wherein the intrinsic layer comprises material that is

the same as that of the first semiconductor layer.

17. The method of claim 15 or 16, further comprising the steps of:
doping the second semiconductor layer to form a higher doped portion within
20 the region doped to the second polarity; and
providing the first semiconductor layer, the dopant diffusion barrier layer and
the intrinsic layer as a stack on the second semiconductor layer.

18. The method of claim 17, further comprising the step of: forming a metal layer

25 in contact with each of the higher doped portion of the second polarity and the higher
doped portion of the first polarity.
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