AVALANCHE PHOTODIODE STRUCTURE Field Of The Invention This invention relates broadly to
an avalanche photodiode structure, to a method of fabricating an avalanche photodiode structure, and
to devices incorporating an avalanche photodiode structure. In particular, embodiments of the present

invention relate to a bandgap engineered low noise Ge-AlxGaL"As heterojunction avalanche
photodiode structure. Background Of The Invention Avalanche photodiodes (APDs) are used to
convert optical signal to electrical signal and at the same time provide internal gain (amplification of the
electrical signal) via an |mpactA%{__ t“?‘_% d%)‘fé@% k%atlon in APD enables the APD to
be used in low light level applications, for examp e, In‘aciive opt| cables (AOCs) with light signals in
the range of microwatts, and helps to compensate for the signal losses in the conventional optical fiber
communication systems In contrast, pin photodiodes with unity multiplication factor require external
pre- ampllflgrsérbstfﬁ Ven the signal. Low noise in APDs can be obtained if one type of carrier has a
significantl efficient (a for electrons and ,8 for holes) than the other. Si was found

to exhibit |dfye @Y@ﬂ'@ﬁarf@'ﬁ@ﬁc@'%éﬂuﬁ%éﬂo@\yﬁﬂﬂﬁ@ﬁidﬁtﬁﬁd(@%eﬁs)%e?%?gW@%@édoénd high
capacity opitsaddther tﬁtemmn&agmcﬁystemstmedeto @@@ra@e ablanReg waselshethg bacause of their

low fiber attenuatlon th, 2=1550n nd.low chr atlc dis i 310nm).. The
emerglng bgé,aanc‘iedEJ |ca grcgnntelé rﬂarg B!re{'auwes etentlon a 8%&? éef ]i nvem nfortunately,
existing Si Wﬁ%ﬁ?né‘t@ﬁ@@@tt@ﬁ@'é@%ﬁ%@ rsghoINiEat ARrfeIERAgNS ﬁ@iﬁ@iﬁﬁﬂ%n@r’@@ﬁbﬁmownctlon
detectors war:iaesl deustffer from an intolerably high amplification noise. Stimulated by market
demand a considerable amount of work has been carried out in APD research since the development
of these telecommunlcatlon systems In seeking an alternative, I11-V compound semiconductors have
received meaEaiiee IMESEOfhost 111-V semiconductors have nearly equal ionization

coefﬂCIents\vAdﬂeaéi éh@f&i@f@%m@ proViKiel ah veknepecahaipdiadelamethaghaf sabricating an
avalancheéll todlode and device |nc Iiamzaw%ﬁr&aefvala &‘heepec tod ode tt;at seek to gdress at

me i me ov;de inter nca R}
least one o ove me |oned proB?e mary o nvention it% (YI Po a%arst aspect of

the presentqwemmrm@ﬁe idyriaieles raHElisRiiseHe ﬁﬁ&(ﬁﬂi@fééss‘ﬂwe‘hﬁ’ﬁé tébhepve%ﬁgra'@e doped
region havipmadist arcie s GaAsxemprd r@gtﬂnéﬂaytmgteaﬁeemﬂ@méar\itamms@qwhe first

polarity; and an undop dre etwe nt e G ed req otgthe G doped region forming a
heteroluncr:}gon "W ereln the un(?(g%edareggloﬂpgor%pnses{)@e And A aA]S‘IJR%%ndopgeli}?reglon may

comprise GenGafe aheritrEerATTHE GBS0 I PRIrespiNsb e adiRpes ATE 4N graded

compositioppaptiesichiacterisvieGatenis weasiagdicers positionperivr sgaextend between a Ge
layer of the undoped region and a AlxGal_xAs layer of the undoped region. The GaAs-AlxGai_xAs
graded composition portion may extend between a Ge layer of the undoped region and a AlxGal_xAs
portion of thevGagisedipAF Pegren. The ttzipeddbswe ¥Bfb R nsayieb hptice BENHG9PY ligH%bsorption
layer for 858 pmBRAL Y O0PesH a8iRR KO BRI 3B raNBIEXP eraRserIBeRIageifas 43HA and 1550 nm.
The hetero;unctlon may have a %ﬁ i-n confl uration dispo (ﬂ)on one of a group consistin %%?f a Ge

g ciloncd

p-type subStFARt 12res KSRl D [RFEET 5‘@83&8"‘[ tﬁ PN ESERE RS insulator
n-type substnate@Hne:amdntpenbbegloﬂbmagellaecsmalmahmn Sy Stems thiskd Theopaddped region may be

smaller thap 0.2 W H0iBK 1 &X 3P RS SRR G RSn datic 2wBURIERRRIY 121 £56hm) and low

chromatic dispersion {A=1310nm). The emerging AOC and optical inferconnect market

requires detection at 850 and 1310 nm. Unfortunately, existing Si homojunction
detectors do not respond at wavelengths > 1100 nm, and Ge homojunction detectors
were found to suffer from an intolerably high amplification noise. Stimulated by market
demand a considerable amouni of work has been carried out in APD research since the
development of these telecommunication systems. in seeking an alternative, -V
compound semiconductors have received much atiention. However, most -V

semiconductors have nearly equal ionization coefficients.



2 An ALGalAs undoped layer thickness It ,-AlxGal-xAs) may be greater than an Ge undoped layer

thickness (tGe) An Al.Gai_xAs undoped layer thickness It may be
greater than a combined thickness of a Ge undoped layer and a GaAs undoped layer It t) ,..Gejr
-GaAs, An Al,Gal."As undoped layer thickness It may be greater than

a combined thickness of a Ge undoped layer plus a GaAs-AlxGai_xAs undoped graded layer
(tGe+tGaAs-AlGeAs) An GaAs-Al"Gal_xAs undoped graded composition layer thickness It
-GaAs-AlxGal-xAs) may be greater than a Ge undaoped layer. thickness, (100), L. he
photodiod éxﬁﬁ?&&?%r?f%ﬁ ﬁé%&sgod%&%%%%r? ?aaﬁ’gaga%%v% lea %‘g%u?’foﬁ‘ ?%%9%6) fnfﬁqgﬁé%ﬁ #:ﬁgth. The
GaAs dopedaiegihe phajasindpriseddgriagsdnapBaiaiirsa axaanchgyridedndgriaberrk Cinterface.
The avalanghig-abatagiaderstuiehdrsray farheseoprgiisehmic contacts for the Ge doped region and
the GaAs doped region respectively. The ohmic contacts to the Ge doped region and the GaAs doped

region respectively may be formed from substantially the same material.
Summary of the Invention

According to a first aspect of the present invention there is provided an avalanche
photodiode structure comprising a Ge doped region having a first polarity; a GaAs doped
region having a second polarity opposite to the first polarity; and an undoped region
between the Ge doped region and the GaAs doped region forming a heterojunction;
wherein the undoped region comprises Ge and AL,Ga,,As.

The undoped region may comprise Ge, GaAs and Al,Ga..As.

The undoped region may comprise a GaAs-Al,Ga;,As graded composition portion.

The GaAs-Al,Ga.As graded composition portion may extend between a Ge layer of the
undoped region and a Al,Ga,.As layer of the undoped region.

The GaAs-Al,Ga.As graded composition portion may extend between a Ge layer of the
undoped region and a Al,Ga,As portion of the GaAs doped region.

The GaAs doped region may comprise an n-type light absorption layer for 850 nm and
the Ge doped region comprises a p-type absorption layer for 1310 and 1550 nm.

The heterojunction may have a p-i-n configuration disposed on one of a group consisting
of a Ge p-type subsirate, a GaAs n-type substrate, a Ge-on-insulator p-type substrate or
GaAs-on-insulator n-type substrate.

The undoped re'gion may be smaller than 0.3 um thick.

The undoped region may be smaller than 0.2 pm thick.

In example embodiments, 1 2 x = 0.2, preferably 12 xz 0.4



A GaAs layer interfacing to a Ge layer of the undoped region may comprise indium. The GaAs layer
interfacing to the Ge layer of the undoped region may comprise 1% indium (Ina 01Ga099As).
According to a second aspect of the present invention there is provided device comprising an
avalanche photodiode structure as defined in the first aspect. According to a third aspect of the
present invention there is provided method of fabricating an avalanche photodiode structure, the
method comprising the steps of providing a Ge doped region having a first polarity; providing a GaAs
doped region having a second polarity opposite to the first polarity; and providing an undoped region
between the Ge doped region and the GaAs doped region forming a heterojunction; wherein the
undoped régid-EampadsIReh R HEHNSE&sRhe-mbRBY PR Saith b AT RS APRRY ohmic
contacts todie tpeihRedregion and the GaAs doped region respectively from substantially the same
material. Brief Description of Drawings Figure 1 shows the (a) structure and (b) band-edge profile
under reverse bias of GeALGal_xAs-GaAs photodiodes of example embodiments. Figure 2 shows the
(a) structurraA®B)-Hendreggedolarme thiekeersyErsebids BIG &G et ARk A LesaeFhotodiodes
of examplegerhesimpentse Gaipds iBgerpasaiatinsallavpieeirens do-syrnount the potential barrier at
the heterointerface. Figure 3 shows the (a) structure and (b) band-edge profile under reverse bias of
Ge(GaAs-AlxGai_xAs)-AlxGaj_"As-GaAs photodiodes, with a graded composition of GaAsAlxGai_xAs
layer, of eximpléGambedinerrsd TRy HiddeEbositien GRARAILCSACK ARy SHBIBRE electron
trapping. Figieka<kshews the (a)@spedurgangi(s) batdasdgeGaniie undepeeversediamygdr
Ge(GaAs-%@gl_xAs)-)GaAs photodiodes, with a graded composition of GaAs-AlxGal,As layer, of
example emBodittielits: Figure 5 (a) to (I) show schematically the fabrication process for the avalanche
photodiodes of example embodiments. Figure 6 shows the simulated ionization coefficients in bulk Ge,
GaAs, Alo ApalAdsand AL .§QatdAsaddaasraprasentdie expesnental.data anonsyytzols represent
the simulated [tgrshgllts. gcgid anré% de%p'ledeliirg]%g@g !Q Ian)d opened symbols) represent electrons and
holes, resp%rgt?vely. ‘?—I}gureef'ls SWs thé valance a%ecﬁ-‘edge discontinuity at the Ge-GaAs interface
determined by the XPS method.

The avalanche photodiode structure may have a detection range covering about 400 ~

1700 nm wavelength.

The GaAs doped region may comprise a graded AlGa..As/GaAs n+ layer at an

undoped-n+ interface.

The avalanche photodiode structure may further comprise ohmic contacts for the Ge

doped region and the GaAs doped region respectively.

The ohmic contacts to the Ge doped region and the GaAs doped region respectively

may be formed from substantially the same material.
A GaAs layer interfacing to a Ge layer of the undoped region may comprise indium.

The GaAs layer interfacing to the Ge layer of the undoped region may comprise 1%

- indium (Ing_mGao‘ggAS).

According to a second aspect of the present invention there is provided device

comprising an avalanche photodiode structure as defined in the first aspect.

LUR]



Figure 8 shows the device configurations for Ge-AlxGal_xAs heterogeneous structures of example
embodiments. (a) p-type Ge - no holes trapping effect and (b) n-type Ge - holes trapping expected at
the Ge-AlxGal_xAs heterointerface. Figure 9 shows the simulated electron (Me) and hole (Mh)
multiplication characteristics in Ge homojunction, AlxGal.,As (x=0.45 and 0.60) homojunctions, and
Ge-AlxGai.."As heterojunctions with the same thickness. Large difference in Me and Mb is observed in
the (a) Ge-A1045Ga0.55As and (b) Ge-A10,6Ga04As heterojunctions. Figure 10 shows the ionization
coefficientsg | -A eterQungfi ' i it I3 yaet rparts and
St () T o T batredoar: %;?é’é’éioﬁ*?zﬁ%ﬁﬂ%%o%%ﬁ e ) ehows

the positiofRBEATEINGCAR GHRENTIS JIHRIERRs FrucH e uthRnRRESI AR Biforf 5 (& reverse bias
of 5V, muliiphaation = GHAmrd 7eg\dnnhaltipgcativst T8:48). figudend 1 Fsheowsithe pesion

dependent jonizatio fici | - [ i 00: i I ' 3.5V,
tploatS L 3 5 e o L T Bt T S e A fent
ionization E6EFRERITEIFE BoPHTBIRR @@@ﬁ@%?e%ﬁﬁ%ﬁ%‘ﬁ%rﬁﬁ%@%@ beigkAes o, Figure
11(d) showghtieipasstiortcierprdrnt comzadancGoefiicieds ipra.0.1 um thick Ge/GaAs heterojunction
pin in 10-90 thickness ratio (at reverse bias of 5.8V, multiplication = 13.2). Figure 11(e) shows the
position dependent ionization coefficients in a 0.1 um thick Ge/A10,8Ga04As heterojunction in 50-50
thickness refi® MeHine Tib)ﬂﬁﬁ?ﬁ%‘iﬁ‘@rﬁ%ﬁﬂﬁﬂ"Eﬂaﬁgﬂ%ﬁ?m@ﬁﬁﬁ%ﬁ%&?ﬁ&@ﬁ%rﬁ%’@iﬂﬂm thick
Ge/A1045@30554s dipial opgneiicn a0k Oincknbsamitity Fysaend bigleshbws the position dependent
ionization coefficients in a 0.1 um thick Ge/A106Ga04As heterojunction in 30-70 thickness ratio. Figure
11(h) shows the position dependent ionization coefficients in a 0.1 um thick Ge/AlosGao4As
heterojunction in 10-90 thickness ratio. Figure 110) shows the position dependent ionization
coefficientpBiearikdctiptidhickIZ@dMB8Ga02As heterojunction in 30-70 thickness ratio. Figure 11(j)

shows the pgsiion deRgadenionizalign SHRIEIeRLa AL LM INIck L LSRR 2pbeterojunction

in 10-90 thickness ratio. Detailed Description of Invention Example embodiments of the present
invention pfbAde-AHEAAGRI LR RISS RICIAN RIS SE0odimentsyaterojunction avalanche photodiode
(APD) with a large difference in the electron and hole ionization coefficients. The heterojunction APD

can be used Jof 2 s, AelRetian Londe 010 b OB B3I IQUePYGRSS19iSe. 41880, 1310 and
1550 nm, ovﬁng to the suppressed Ionization of the opposite carrier and dead space effects.
GaAs-AlL,GaAs-GaAs photodiodes of example embodiments. GaAs is incorporated to

allow electrons to surmount the potential barrier at the heterointerface.

Figure 3 shows the (a) structure and (b) band-edge profile under reverse bias of Ge-
(GaAs-AlLGa,,As)-AlLGa,,As-GaAs photodiodes, with a graded composition of GaAs-
Al Ga.As layer, of example embodiments. The graded composition GaAs-Al,Gai,As

layer prevents electron trapping.

Figure 4 shows the (a) structure and (b) band-edge profile under reverse bias of Ge-
(GaAs-AlLGa,As)-GaAs photodiodes, with a graded compeosition of GaAs-AlGa,.,As

fayer, of example embodiments.

Figure 5 (a) to () show schematically the fabrication process for the avaianche

photodiodes of exampie embodiments.

Figure 6 shows the simulated ionization coéﬁicieﬂts in bulk Ge, GaAs, Algs3Gas7As and
Al, :Ga, -As. Lines represent the experimental data and symbols represent the simulated



It has been found by the inventors that an enhanced difference in the hole and electron multiplication
factors respectively can be realized due to the incorporation of a Ge layer in the undoped region of
heterojunction APDs in example embodiments. Example embodiments of the present invention
incorporate an AlGa,As layer into the undoped region to suppress the device leakage current, and at
the same time enhance the difference in the electron and hole impact ionization coefficients in the
heterojunction APD. In one example embodiments of the present invention, a device structure with a
N(Gas/ Al o) L Gl AR ARG A P MM B AL VIgE P reRYRIRILRRY
minimising carrier frapping issues. Example embodiments of the present invention advantageously
suppress thelése@saertivelslectron ionization in the heterojunction APD, thereby reducing the overall
carrier transit time and increasing the operation speed. Figures 1 to 4 show the structures and
band-edge-profiles under reyerse bigs oL avalanehe phoadiages of xample sobpdimsnys of the
present invention. For mMustration an clarl?y purposes, separate layers are shown for the different
compositio#Rieroireiiiy Bee appraeaiied. that distinct interfaces may not necessarily be present from a
composition to another composition, for example when there is a graded composition. Figures 1(a)

s 0 St S AT R PN MO (R REL U T s Cons

undoped region rojunction p e of an examplé em
the structuf@oRarRiNbaditnedige(plofiwe G umgdivesdiarrhia $Hed We-ChrbPh e NS GaAs
undoped r@,@i@@@g&b&;@r@gjr@ﬁg@bmg;gq;gda@cfg(mmchampIe embodiment. GaAs 206 is
incorporated into the structure 200 to allow electrons to surmount the potential barrier at the
heterointerface. Figures 3(a) and (b) show the structure 300 and band-edge profile 302 under reverse
bias of a GE{GAASIING Hie SiRy.ABdHecKAR-Malrd Nt hglp 8- SiB IR B8E MABRAGHEIYRSIRotodiode of
another exg@pieRepRtisReny, SigUres d&) 4ndcia) sieow mermsjietivesd (handbandsadye profile 402
under reverse bias of a Ge-, s-AlxGai_ xAS)- ‘ region etergl ' hotodiode
of another é?(%?ﬁb 8%%5’0\’3}%@‘@%1% SFH’e%@t%?&%ﬁé%ﬁ% rlglj El}ge%glg(g%s é? %ﬁﬁgjwmhé%r%%%}t%gg?gzed
compositiohGaASHEN kG GirxAd IA/Er 306 A06RitNT IFEINEOPERTegions 304, 404, which

advantageously prevents electron trapping. In the structure of Figure 3, the GaAs to AlxGal_xAs

compositiop. grading extends from.the Ge-GaAs.interface 3 ouf th I undoped
region 304,P \'l‘%fﬁetr::\e% re%lgmsinégﬁmlj%r p')zea@%?ggi%%%lﬁl %tgni%rlsglr%&%(%é%A@% t @%@E{tm of Figure
4, the GaAsao e Witsteemsariorcipading EsiRamissTIE R tHe GeEEEirtareo%08%8 a graded
AI,GaIAs-(%)@@g@f@g;@@ﬁﬁ@@éﬂﬁhﬂ@g@g@@ﬁ@@mlp@diments, X is preferably in the range 1 x 0.2, and
more preferably x is in the range 1 ?.. x 0.4. The undoped region of example embodiments is
preferably < 0.3 um thick, and more preferably < 0.2 im thick. In the example embodiment of Figure 1,
the thickneE&ufettié (Al sbavsihe postiton eepsadand ipezsiigpegogificients in 5@y KdysGRéShickness of
the Ge portigmgfihadnerred levercdGr) b te examplammbodisteaheiFigure diicaineal-)cAs) >
the combined thickness of the Ge portion and the GaAs portion of the undoped layer (t t
,..Ge+.GaA"§§8Iﬁ e example embodiments of Figures 3 and 4, (tAixcal-xAs, > the combined thickness
of the Ge portion and the GaAs-AlxGai_xAs graded layer portion of the undoped region it t

Figure 11(b) shows the position dependent ionization coefficients in a 0.1 um thick Ge

homojunction pin {(at reverse bias of 3.5V, muitiplication = 1.83 and 5V, multiplication
=28.15).

Figure 11(c) shows the position dependent ionizaiion coefficients in a 0.1 um thick

Ge/GaAs heterojunction pin in 50-50 thickness ratio.

Figure 11(d) shows the position dependent ionization coefficients in a 0.1 pm thick
Ge/GaAs heterojunction pin in 10-90 thickness ratio (at reverse bias of 5.8V,

multiplication = 13.2).



,-Ge+ -GaAs-AlxGal-xAs and (t '.GaAs-AlxGal-xAs) > (tee). In example embodiments, indium can be
added into the GaAs layers interfacing to the Ge layer of the undoped region for a better lattice
matching with Ge, for example about 1% (In001 Gao 99As) Figures 5(a) to (1) show the fabrication
process for avalanche photodiodes (APD) according to an example embodiment. The APDs can be
fabricated using for example a standard photolithography process, as disclosed below. Figure 5(a)
Wafer cleaning A Ge-GaAs heterojunction structure 500 is provided. The heterojunction structure can

for example b Infie forms deecribed, above vith reference to blgpies d 19 4 he fistgrplunction
structure 508"¢%n e)fa ?(Y‘é%d%éing Ko Tee niques nelu INg bt hot limited t6' Molecular-Beam

Epitaxy (MBEHdesalASrhelsiojChivndal 3p5binDmssitiaic(MOCVD), Pulsed Laser Deposition (PLD),
Liquid Phase Epitaxy (LPE), Chemical Vapor Deposition (CVD), sputtering and combinations thereof.)
The sample surface 502 is cleaned using chemical solutions. Forféexar?gl.e, firsgt, the s%né%le surface
502 is cledrdd@ising) atat¥sethsy BBYIR™ ARRRAZETH QAR SR ISR 38 rbPeStes using
methanol @wlAsqptapylialtetabiPApThaesdhpieiswsacets02 is rinsed in deionised (DI) water for
about 1 minute and blown dry using a N2 gun. Figure 5(b) Depositing Si02 film using PECVD A
dielectric film 504 (for example 5102) with a thickness of about 200-400 nm is deposited using
plasma-enfigHied Heershons Approsiiesinsrepteety/ oy aatin<atdicsnis Baify' phdidhiSst (PR) A
resist 506 isapplied irtheaitaeetohtinesdizlettdeneyeradod using e.g. a spin-coating machine. The
resist 506 is then pre-baked, where the sample is gently heated in a convection oven and then on a
hotplate to evaporate the resist solvent and to partially solidify the resist 506. Figures 5(d) to (f)
Transferrirftjatie APMH)prAvn K pasiten TREGINEMBNREFCEOR ROBIISIRINE iftcPcBritatt otifproximity
contact withdhg, resisADR:tiingdMY expoSHIgROseas the positive resist 506 undergoes a
chemical reaction and leaves a negative image of the mask 508 pattern after being immersed in a
developer. The sample can undergo a post-bake process to further harden the resist 506 and to
remove anfigesdli&idfshewse tsopesitiFiydepSigprimitahengPeiskent i mdSiogTUbieg a wet
chemical efghyae &4 buftesedqudiaiivare (B hikriels tagielectric layer 504 is selectively removed.

The remaining resist Is then removed using a resist solvent.

Figure 11()) shows the position dependent ionization coefficients in a 0.1 um thick

GelAly:Gag As heterojunction in 10-90 thickness ratio.

Detailed Description of invention

Example embodiments of the present invention provide a bandgap engineered low noise
Ge-AlLGaAs heterojunction avalanche photodiode (APD) with a large difference in the
glectron and hole ionization coefficients. The heterojunction APD can be used for a wide
detection range of 400 nm - 1800 nm, with low excess noise, at 850, 1310 and 1550 nm,

owing {o the suppressed ionization of the opposite carrier and dead space effects.

It has been found by the inventors that an enhanced difference in the hole and electron
multiplication factors respectively can be realized due to the incorporation of a Ge layer
in the undoped region of heterojunction APDs in exampie embodiments.

Exampie embodiments of the present invention incorporate an ALGa, As layer into the
undoped region to suppress the device leakage current, and at the same time enhance
the difference in the electron and hole impact ionization coefficients in the heterojunction
APD.



Figure 5(h) Forming mesa diodes The dielectric layer 504 pattern is used as a hard mask for etching of
the semiconductor materials 510 to form mesa structures 512. This can be done using dry etching,

e.g. inductively coupled plasma (ICP) etching, or wet (chemical) etching. After the mesa structures 512
have been formed, the dielectric layer 504 is removed, Figure 5(i). Figure 5(j) Dielectric and/or
antireflection coating A dielectric (eg. Si02 or SiNIx) film and/or an anfireflection coating (eg.
Si02/SiNix), indicated at numeral 514, are then deposited using PECVD for isolation and to minimize
the light reflection at the wavelengths of interest. Figures 5(k) to (1) Contact windows opening Using a
photomask (not shown) designed for contact windows, patterns for metal contacts on the mesa

structures Bl 2nsaprETamentsdiasaiing the PRESMINDVeRs ad Ratsh Y et With feference to

Figures 5(¢)tr4Q)ARRENNYS(RLBiQAbG aheniseFortastseandiesiamed toaetides fotireréon top of the

mesa 512) anfd B; at the side of the mesa SIZSLC%De contacts in example embodiments of the present
. , retﬁr biy minimi lng[ carre ragpm%{s . .
invention. BG p-type and n<type ohmic'contacts can be formed at the same time because the same

ohmic contact recipe for n-type GaAs ohmic contact can be used for p-type Ge ohmic contact.
Conventiongiynshephpirmsantastsifepr-bepe iatshicly Bevaremtolu feuprdssaparfialydor
homojunctign photodiodes, .where, additional pr cesw’ re_required. Irb%pla%r Q. form and
isolate the%— gf_ﬁc_rﬁ- QB%lf:aobrcl)t%cl_stESO,%E?}%R%%Ogtomaéﬁ??%?oﬁ%%lﬁ C?Ey repeat%néjr%;e photoresist
patterning &es1s8 #seiaseisseraovisnneiiferaR&edo Figures 5(c) to (f). The resist (not shown) is then
removed in a solvent after contact metallization using for example e-beam metallization, leaving the p-
and n-type_contacts 520, 522 in jsolation as illustrated.in Fi (1), 'Qh ghé)r\glg g1§ cg&ss-sectional
and top vieF\(/i%u{ﬁsth?e hal fsa orvlvcébgds %’\?rllgéegf %'?(éa%%?g gdn?n?olgﬁ%ae%sqq’%e (go\r’nac_t pécfs.524, 526
design ancRpelsnrhe ehatedicdesretexemniaing bedipeniiotdn@srniisveniapid thdlvatpbhealing
process caghtherrkbe ReHessacadsarataimzasthe contactsesistameeekheopasaioiayistisscaidhe APDs
according to example embgdiment.are demaonstrated in the fallowi ing onte (s lg,(MC)
simulationtf)?ogrpfr_%g.cﬁieed ar{r?(gtiﬁ%n Ea{g Been used wide y{\r% ésgegzénglcﬂgt‘l?gctg}r%e\ﬂcg s%rnu ation to
study hot ceameesitisiida aneieysemerriicerinrrBREbraiNgp i FIREGHCHBRPERAUbject to
scattering processes according to given probabilities describing the microscopic scattering

mechanis Chen Shiyu unyyan, and W Gang,."Mante Investigatio
Size-Depﬁ%‘ﬁﬁrﬁ@cﬁ%@%ﬁ% F#\gp%%féég Eﬁa{lr%’ ﬁgjearn’éherbgjt%?c%%é] gng--f’%}rr%‘?%? EIé_ightwave
Technologyiagobf 27 GeoAliGamas QB 2 0099perheegith et rérier gHnFiey etsiatiodofaftiom
numbers te:gatae Bedhe-saaumgNes: ol sRBEO B aRisRUshuas tBe josmination-abe patier's free
flgh, selecjipn ohascaternd eyent the shange aligftandle aaddn (MEREA I, Faseplal fitting
parameters iiT the program such’as pﬁonon Scaftering and Tmpact ionizafion rates; are obtained by
fitting to théetstpisnatientahatedides BiIRNIBES RIRMRIERBRS IR LGRS 8RR BFRIRYVASA and
phonon engigy thw areQbiained fronatbe ldrratore [tAdachicont' GaApowbAal andidd, Gaithes: Material
parameter%%?‘érg;s?ei [:%search and device application”, J. Appl. Phys., 58, R1 (1985); Dargys A. and J.
Kundrotas, 2ndbOoK o Physical Properties of Ge, Si, GaAs and nP", Vilnius, Science and
Encyclopedia Publishers, (1994); Vorobyev L.E. Handbook Series on Semiconductor Parameters,

vol.1, M. Levipskieina)SarlduB)yshinemand Muihaooeshd \Waildagieptibite L3020omiappeddszr (1996)].

The ionizatjon rate R,.at nergy E which excegd th r r,.| ihed by a
modifed KEEYoH S5 e IR Hh i S A B LT P Ra e Ao REoe o e
which inclupgariedofhessthritexanpevistoiasiss@ianid oy Sl TMelBisRURIe mpact
ionisation rate apg seft@earey shmehalds faianiseirepisiparabalichanedsirmioBassis)Seamicond. Sci.
Technol., 3, 48 (1988)].to introduce additional softness in the j ionjzati ity rate,
accou ntingifgtrj'8 é%gdre éc’nndgré%)eg1 6 t’ﬁ#%%#@& Bﬂ%(t)r%d)?/ooﬁ g?rg%t?éa%?r%% as%g,c%:é ‘é&@ﬁ%ﬁge@{é the band

gaps of thestfisierea Bhane Weligiss Avardye Baarpeaie-arasies somposiinie aEs-BikGmaASL are the
band gaps aesneeethenk witeiRdHe (@RS @ReGIBEs 304, 404, which advantageousiy prevents

electron trapping. In the structure of Figure 3, the GaAs to ALGa,  As composition
grading extends from the Ge-GaAs interface 308 to about the middie of the undoped
region 304, with the remaining undoped region 304 comprising AlLGa.,As. In the



gg valence band maximum at F. This expression for threshold energy was first used to predict the
hydrostatic pressure dependence of breakdown in GaAs [ Allam J., Adams A.R., Pate M.A. and
Roberts J.S., "Impact ionisation in GaAs - distribution of final electron-states determined from
hydrostatic-pressure measurements”, Appl. Phys. Lett., 67, 3304 (1995)] and was able to model
accurately the breakdown voltages in many wide-gap I1I-V materials including ALGal.As [Allam J.,
"Universal dependence of avalanche breakdown on bandstructure: Choosing materials for high-power

devices", Jpn. J. Appl.Phys, Bar 6, 1 1997 was f rillouinzone
averaged é?]rgggti}'egg@ﬁ!r? lér\é ZSh%A%r%%Jgoaﬁégﬁ%’é%\r%sc) ob%%i%g?? Prggsgﬁ%&a%ggﬁﬁ%ﬁs and the

"Universal'Ca8alIngarandiicio sramdrsh WibeBAderu taien pRjacetiiOsol. (b) 211, 335 (1999).] The

strength of phonon scattering for electrons and holes is obtained by fitting to the multiplication

characteristics of the bulk structures. and is [ t nergyAnd t A Scattering
mean freejgaefﬁasr,né\?,e éer?ahx%n}%gé%eétﬁ%g%# %[g%%ﬁf%%r?]%\ %ijeée)%h_eﬂf%é?g?%gﬁn%%used in the
simulation inateEaR TS it BBY-mass tilDOS/-Ili, (A) CO (x10B s.1)( ho (MeV) Ge electron0.220 91

The undoped region of example embodiments is preferably < 0.3 um thick, and more

preferably < 0.2 pm thick.

In the example embodiment of Figure 1, the thickness of the Al,Ga.,As portion of the
undoped layer (tawcarws) > the thickness of the Ge portion of the undoped layer (tge). In
the example embodiment of Figure 2, (faxcarsas) > the combined thickness of the Ge
portion and the GaAs portion of the undoped layer (fgettcans). in the example
embodiments of Figures 3 and 4, (taxsaixas) > the combined thickness of the Ge portion
and the GaAs-Al,Ga,..As graded layer portion of the undoped region (fget teans-axcatxas )»

and (toaas-Axcatxas) = (tee).

in example embodiments, indium can be added into the GaAs layers interfacing to the
Ge layer of the undoped region for a better lattice matching with Ge, for example about
1% (1ng_o1Gao_ggAS).

Figures 5(a) to (I) show the fabrication process for avalanche photodiodes (APD)
according to an example embodiment. The APDs can be fabricated using for example a
standard photolithography process, as disclosed below.

Figure 5(a) Wafer cleaning

A Ge-GaAs heterojunction structure 500 is provided. The heterojunction structure can for
example be in the forms described above with reference to Figures 1 to 4. The
heterojunction structure 500 can be fabricated using known techniques including but not
limited to Molecular-Beam Epitaxy (MBE), Metal-Organic Chemical Vapor Deposition
(MOCVD), Pulsed Laser Depasition (PLD), Liquid Phase Epitaxy (LPE), Chemical Vapor
Deposition (CVD), sputtering and combinations thereof.) The sampie surface 502 is
cleaned using chemical solutions. For example, first, the sample surface 502 is cleaned
using acetone for about 3 minutes in an ultrasonic bath, and then repeated using



011 0.86 37.5 hole 0.340 102 GaAs electron 0.607 _ 1.20 1.75 29.0

methanol and isopropy! alcohol (IPA). The sample surface 502 is rinsed in deionised (DI)
water for about 1 minute and blown dry using a N, gun.

Figure 5(b) Depositing SiO; film using PECVD
A dielectric film 504 (for example Si0O,) with a thickness of about 200-400 nm is
deposited using plasma-enhanced chemical vapor deposition (PECVD).

Figure 5(c) Spin coating photoresist (PR)

A resist 506 is applied to the surface of the dielectric layer 504 using e.g. a spin-coating
machine. The resist 508 is then pre-baked, where the sample is gently heated in a
convection oven and then on a hotplate to evaporate the resist solvent and to partially
solidify the resist 506.

Figures 5(d) to (f) Transferring the APD photomask pattern

The photomask 508 is brought into contact or in proximity contact with the resist 506.
During a2 UV exposure process, the positive resist 506 undergoes a chemical reaction
and leaves a negative image of the mask 508 pattern after being immersed in a
developer. The sample can undergo a post-bake process to further harden the resist 506
and to remove any residue of the developer.

Figure 5(g) Transfetring PR pattern onto SiO;
Using a wet chemical efch, e.g. a buffered hydrofluoric (BHF) etch, the dielectric iayer

504 is seiectively removed. The remaining resist is then removed using a resist solvent.

Figure 5(h) Forming mesa diodes

The dielectric layer 504 pattern is used as a hard mask for etching of the semiconductor
materiais 510 to form mesa structures 512. This can be done using dry etching, e.g.
inductively coupled plasma (ICP) etching, or wet {chemical) etching. After the mesa
structures 512 have been formed, the dielectric layer 504 is removed, Figure 5(i).

Figure 5(j) Dielectric and/or antireflection coating
A dielectric (eg. SiO, or SiN,) fim and/or an antireflection coating (eg. SIiC./SIN,),
indicated at numeral 514, are then deposited using PECVD for isolation and to minimize
the light reflection at the wavelengths of interest.
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Figures 5(k) to (I} Contact windows opening

Using a photomask (not shown) designed for contact windows, patterns for metal
contacts on the mesa structures 512 can be formed by repeating the patterning steps as
described above with reference fo Figures 5(c) to (g}. Openings 518 for the ohmic
contacts can be formed together for n- (on top of the mesa 512) and p- (at the side of the
mesa 512) type contacts in example embodiments of the present invention. Both p-type
and n-type chmic contacts can be formed at the same time because the same ohmic
contact recipe for n-type GaAs ohmic contact can be used for p-type Ge ohmic contact.
Conventionally, the ohmic contacts for n-type and p-type need to be formed separately
for homojunction photodiodes, where additional processing steps are required.

In order to form and isolate the p- and n-type contacts 520, 522, a photomask for lift off
is used by repeating the photoresist patierning steps as described above with reference
to Figures 5(c) to (f). The resist (not shown) is then removed in a solvent after contact
metailization using for example e-beam metallization, leaving the p- and n-iype contacts
520, 522 in isolation as illustrated in Figure 5(), which shows the cross-sectional and top
views of the final fabricated device of example embodiments. The contact pads 524, 526
design and position can be altered according to specific requirements. A rapid thermal
annealing process can then be performed to minimize the contact resistance.

The characteristics of the APDs according to example embodiment are demonstrated in
the following using a Monte Cario (MC) simulation program.

The MC method has been used widely in semiconductor device simulation to study hot
carrier motion in a crystal under the influence of an applied electric field and subject to
scattering processes according to given probabilities describing the microscopic
scattering mechanisms [Chen Shiyu, Xu Kunyuan, and Wang Gang, "Monte Carlo
Investigation of Size-Dependent Impact lonization Properties in InP Under Submicron
Scale”, Journal of Lightwave Technology, Vol. 27, No. 10, MAY 15 (2009)]. The method
relies on the generation of random numbers to determine the occurrence of random
events such as the termination of a carrier's free flight, selection of a scattering event,
the change in flight angle and in momentum. Essential fitting parameters in the program
such as phonon scattering and impact ionization rates, are obtained by fitting to the

10
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experimental data for bulk materials, whereas ionization threshold energy Es and
phonon energy hw are obtained from the literature [ Adachi 8., “GaAs, AlAs, and Al,Ga,.
JAs: Material parameters for use in research and device application”, J. Appl. Phys., 58,
R1 (1985); Dargys A. and J. Kundrotas, “Handbook on Physical Properties of Ge, Si,
GaAs and InP”, Vilnius, Science and Encyclopedia Publishers, (1994); Vorobyev L E.
Handbook Series on Semiconductor Parameaters, vol.1, M. Levinshtein, $. Rumyantsev
and M. Shur, ed., World Scientific, London, pp. 33-57 (1996)].

The ionization rate R, at an energy E which exceeds the threshold energy, kg, is
described by a modified Keldysh expression, given as

Ry = Gil(E] Ey)~1F, (1)

where C;is a fitted scattering rate which includes the softness factor. A power 3 was
used in this mode! after [ Beattie A.R., “Impact icnisation rate and soft energy thresholds
for anisotropic parabolic band structures”, Semicond. Sci. Technol., 3, 48 (1988)] to
introduce additional softness in the impact tonization probability rate, accounting for the
dependence of threshold energy on direction in k space. £y, is related to the band gaps
of the material by the weighted average

E,=4%|EL +3E] +4E;|, 2)

where E;, E? and Ei; are the band gaps between the I', X and L-valleys and the

valence band maximum at T". This expression for threshold energy was first used to
predict the hydrostatic pressure dependence of breakdown in GaAs [ Allam J., Adams
AR., Pate MA. and Roberts J.S., “Impact ionisation in GaAs - distribution of final
electron-states determined from hydrostatic-pressure measurements”, Appl. Phys. Lett,
£7, 3304 (1995)} and was able to mode!l accurately the breakdown voltages in many
wide-gap 1lI-V materials including Al,Ga..As [Allam J., “Universal dependence of
avalanche breakdown on bandstructure: Choosing materials for high-power devices”,
Jpn. J. Appl. Phys., Part 1, 36, 1529 (1997).1. Ge was also found to follow the Brillouin-
zone averaged energy gap in eqg. (2) [Allam J. and Adams A. R.: “High Pressure
Measurements and the “Universal” Scaling of impact lonization with Bandstructure’,
phys. stat, sol. (b) 211, 335 (1999)].

11
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The strength of phonon scattering for electrons and holes is obtained by fitting to the
multiplication characteristics of the bulk structures and is represented by energy-

independent phonon scattering mean free paths, A, and A, respectively.

Table 1 summarises the material parameters used in the simuiation.

Material Particle | DOS mass e, An o £y, Ao
Ao i {A) (x10%% gy (2V) {meV})
fron 22

Ge cloctron | 0220 o1 0.1 0.86 37.5
hole (.340 i62

GaAs clectron | 0.607 31 1.20 175 26.0
hole - .530 46
slectron 0.636 43

Aly;Gag 7 As : 1.30 1.91 310
hole (.589 41

AlyssGag oA emon | 0.631 40 135 1.99 32.5
hole 0.634 35
electron 0.666 39

o o CHf o 1.40 ~ E
Aiu_éG&g_ﬁAS Lole 0.668 37 2.08 34.0
E O TOT -

AlosGiag Ay owon | 0.686 3 1.65 221 35.0

hole 0714 34

Table 1 Material parameters used in the simulation.

Figure 6 shows the fitting of the ionization coefficients in Ge [Mikawa T., 8. Kagawa, T.
Kaneda, Y. Toyama, and 0. Mikami, “Crystal orientation dependence of ionization rates
in germanium”, Appl. Phys. Lett. 37, 4 387-389 (1980); Kyuregyan A. S. and S. N.
Yurkov, “Room-temperature avalanche breakdown voltages of Si, Ge, SiC, GaAs, GaP
and InP", Sov. Phys. Semicond. 23, 10, 1126-1132 (1989)], GaAs [Bulman G.E.,
Robbing V.M. and Stillman G.E., “The determination of impact ionisation coefiicients in
(100) Gallium Arsenide using avalanche noise and photocurrent multiplication
measurements”, IEEE Trans. Elec. Dev., 32, 2454 (1985).], Aly.Gay-As [Robbins V.M.,
Smith S.C. and Stiliman G.E., “Impact ionisation in Al,Ga,_ As for x=0.1-0.4", Appl. Phys.
Lett. 52, 296 (1988)] and Aly;:Gag.As [B. K Ng, J. P. R David, S. A Plimmer, M.
Hopkinson, R. C. Tozer, and G. J. Rees, “Impact ionization coefficients of AlgsGag2As,”
Appl Phys. Lett., vol. 77, no. 26, pp. 4374-4376, Dec. (2000); B. K. Ng, J. P. R. David,
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2.2135.0 hole 0.714 34 Table 1 Material parameters used in the simulation. Figure 6 shows the
fitting of the ionization coefficients in Ge [Mikawa T., S. Kagawa, T. Kaneda, Y. Toyama, and 0.
Mikami, "Crystal orientation dependence of ionization rates in germanium"”, Appl. Phys. Lett. 37, 4
387-389 (1980); Kyuregyan A. S. and S. N. Yurkov, "Room-temperature avalanche breakdown
voltages of Si, Ge, SIC, GaAs, GaP and 1nP", Soy. Phys. Semicond. 23, 10, 1126-1132 (1989)], GaAs
[Bulman G.E., Robbins V.M. and Stillman G.E., "The determination of impact ionisation coefficients in
(100) Gallium A enid avalgn oto nt a nts", IEEE
Trans, Eleg. Dot o, 2ata (100 ‘fiﬁ%@%%%%&%éb.%f e e e
"Impact iofRERIGIHR A2 A8 KGN JBEE, Hppeaptsns E@t?iaﬁﬁc’?é@(m@{%nﬁgﬁtw@ 8Ga0,2As
[B. K. Ng, 42Po& @Rooa, &;ﬁg fRénvioasdytatopkinson, R. C. Tozer, and G. J. Rees, "Impact ionization
coefficients of A10.8Ga0.2As," Appl.Phys. Left., vol. 77, no. 26, pp. 4374-4376, Dec. (2000); B. K. Ng,
J. P. R. David, G. J. Rees, R. C. Tozer, M. Hopkinson, and R. J. Airey, "Avalanche Multiplication and
Breakdowifr ¢ MEGHNWetioTir hSsrIsERopasstfTs b ERsHeiPDeVictanYyRlaceNdELl, Dec

(2002)1, ugikthsdM G REERIMe s off Mie SERUEHIRN IREGIREOGRINEOUSISHIILEAIaS; ttae crpguction (AEc)
and valence AEV) bande e dISC tlﬂUItIgS &f th SGgrga}nAsdnterface weretdve’t qupé/ the XPS
technique, 58 Q}H n ﬁ?F? & 7MRESIE dre T El0Se agreemen with IRerature ham er S.A. and

Irwin T.J., [Ograberifcrpotaddionn Fetmilepantriosenreatoan Huam devesepdeaaiicans 1aod) interface”,
Physical Rewfs%wﬁ SRS (TEHLIMARRY:, Tmaaﬂdadqe\migzminmsmth@mﬂs -AeGai_xAs
merace s gian o el Sfce hey el epored. where Are.- G0t oLARg, and AC v -

40% of .A Savarandhe’ ) exam & embodiments can
have the cttrd]mnsawgthsmﬁmdtwhgree@@nsﬁéffﬁmﬂ@@nﬂqdﬁped‘m%rﬁﬁgm doped) or
(n-doped-undoped/intrinsic-p-doped), depending on the choice of materials and/or dopants. The

n is also known as the muIt| lication re ccurs. Figures 8(a)

undoped regio here multiplicati
and 8(b) sﬁ?ﬁﬁ%ﬁé’%a’i‘?a SHyE Brofied'8RY: i?@f}tﬁ ]9 % ?{l&% g J% %%gm%?ese?ﬁﬁodiments of
the presenhiveetittonoifiguraigia) siuwisiagn(@diBa, ofA(g)dm&@momé/ﬁ@em—itﬂ@ew@e@p%tructure

while Figurg, %@eﬁhﬂ\ﬁémﬁﬁt’ﬁ&@fﬁéﬁaa%%@m% i ed{bdan)ostivgtunaisT Aa@sbodiment

shown in F ure 8 é_advanta eously prevents carrier tr effects, which may otherwise limit the
device ope Qﬂaﬂt%p 8. HRAPEE & Pé'iat%oa ﬁ%ﬂfﬂ%‘"ﬁbrﬁP F%tléﬁuﬁ\ﬁgfﬁd%’ & hayWé'§eneralized
to a n(GaAsipliGabndasiHigAIxGal xAs/GaAs/Ge)-p(Ge) configuration. Monte Carlo simulations

have been conducted for embodiments according to Figure 8(a) with Al content x of 0, 0.3, 0.45, 0.6

and 0.8. All simulation results show advaméal eous Si¢ n|f| nt r@?u t|o %ee%‘all [l”.ll} 10, |za(£|on in the
AlxGal.."Ad gy fifh3arhRiPleqawids e Al O a)@ F RS ?gtl n, the
results for Akaopte ntsnbbiméntndf0ite ar%pr&sam@eﬁqm Fﬁg;smes&@a)mg(@)ntébﬁ@et&@ty Figure

9(a) shows,thedesultsaltheselestion ansthele miltinicaiensRamreristiosel 1he)-ia,ca:.
As/Ge)-n(Ge) (p-i-n) structure. The embodiment shown in Figure 8(a) advantageously
prevents carrier trapping effects, which may otherwise limit the device operation speed.
It will be appreiated that the configuration in Figure 8(a) may be generalized to a
n(GaAs/Al,GaiAs)-i(AlLGa..As/GaAs/Ge)-p(Ge) configuration.

Monte Carlo simulations have been conducted for embodiments according to Figure 8(a)
with Al content x of 0, 0.3, 0.45, 0.6 and 0.8. All simulation results show advaniageous
significant reduction in feedback ionization in the Al,Ga,As layer, with larger reduction
in higher Al content Al,Ga,.As layer. For illustration, the results for Al contents of (.45
and 0.60 are presented in Figures 9(a) and 9(b}, respectively.

Figure 9(a) shows the results of the electron and hole multiplication characteristics of the

heterojunction structures of example embodiments of the present invention (curves 900,
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heterojunction structures of example embodiments of the present invention (curves 900, 902), in
comparison with the homojunction counterparts (numerals 904, 906). The electrons and holes have a
very large difference in the multiplication factor in the GeAlo 45Ga0 55As heterostructures of example
embodiments. Figure 9(b) shows the results of the electron and hole multiplication characteristics of
the heterojunction structures of example embodiments of the present invention (curves 908, 910), in
comparison with the homojunction counterparts (numerals 912, 914). The electrons and holes have a
very large difference in the multiplicat |on factor in the GeAlosGao,A ostructies xample
embodlme&ﬁ?ﬂgures ﬁ%f a ano‘g resp ?\338 %8\3\? the i%%%?%néﬁﬁlgg nqc{agefﬂments for
Ge-Al0,45680r8BRgNEUINes 1ov® almm)l%rﬂa @%emes@éb%mgi%t@%?aﬁéﬁ%ﬂ%f(dhﬁ/@ﬂom 1006),
compared yithcama overalbihickirsschlaAbiiaernbhmiedtyes 1008, 1010), Alo eGa04As (curve
1012, 1014), Ge (curves 1016, 1018) and bulk Si (curves 1020, 1022). The corresponding ionization
coefficient ratios are shown in Figure 10(c). The position dependent ionization coefficients, a(z) and
b(z), are d&finee Us) hes) the pesuls afAieiewen aﬁ@if)%‘%my)ﬂa&%mm@réqtﬂﬁ?t&ﬁdlbm are the
concentratiphs g pleeH ansand Hefexahpesitasbaimadsnet@ bessandrehtioh| (Garase doe rates of
increase o%;{é se qggrgtlgﬁgo%ue %R (ﬂ‘]ec?jgrr]l1 %EQC gljleu%ggl%atlon r?ﬁgr%%tra |y9,f9 t@q ﬂreﬁyons of

transport o se carriers, as o alned romthe sim mulated results are presented in

Figures 11€éﬁc(j§>!ﬁ©r&iiﬁé1@ﬁ§ et 6j HetYi df gh B teIoRes i dBe revi s aiieinipréce iRbBaIfents, where
the i-regionthickness fetbetrespestivesdavisesiaddditigmtdrom the results in Figures 11(a) to (j), it
was confirmed that the feedback from ionization of the opposite carrier (electron) is greatly suppressed
in the AlxGat.As portion of the Ge-Al"Gai_xAs undoped regions, resulting in the advantageous large

difference Fideisiz df6a @rsffi@entsespasivwii inhow dhesheialee e iorizakaplcaskiBsalmEtits of the
present inveALQN, &) pryiderdldronpised@eaAl GainkAseaAs hatesnjHoieneAiias ooyering a wide

detection r%%gaof about 4 0 om - 1700 nm. TQE nessa?\?A Gal ékﬁggsh%ﬁéo ess noise, at

850, 1310 and" 1558 wiflg to %néesgb’%rrae”sseg lORIZafioh of the opposite carrier ple

embodimeAis:6Rth&preye(s m@qtm%\@ﬁta@é&%@%ﬁw%@ i r@i&%&tﬁ%@éraﬁﬁa at a

wavelength tongerdbas-LeeHamg i mestich efdeshralegivalbhiwpoitriguwarigngths of 1310 and
1550 nm. The APDs of example embodiments exhibit similar low noise characteristic as in Si APD.

The position dependent ionization coefficients, a(z) and b(z), are defined as

L) IS Y S .. /121

(3)
n(z) dz plz) dz

a(z) =

where n(z) and p(z) are the concentrations of electrons and holes at position z and
dn,(z)/ dz and dp,(z)/ dz are the rates of increase of these quantities due to electron

and hole ionization, respectively, in the directions of transport of those carriers, as

obtained from the simulation.

The simulated results are presented in Figures 11(a)-(j) for different heterojunction
photodiodes according to exampie embodiments, where the i-region thickness for the

respective devices is 0.1 um.

From the results in Figures 11(a) to (), it was confirmed that the feedback from
ionization of the opposiie carrier (electron) is greatly suppre'ssed in the ALGa..,As
portion of the Ge-ALGa,As undoped regions, resulting in the advantageous large
difference in ionization coefficients as shown in Figures 10(a) to (c).
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Example embodiments of the present invention can also provide photodetectors that are sensitive to
both 850 and 1310 nm wavelengths, for use in optical interconnects for consumer application (active
optical cables, Intel's light peak) or fiber to the home communication systems. These applications deal
with weak optical signals in the range of uW and hence low noise APDs of example embodiments
operating at these wavelengths will be very useful to detect and amplify the signals. Example
embodiments of the present invention advantageously provide avalanche photodiodes that can detect
and have 9}? Jespon |\gt*ha;% t§59 m and 1g‘mve Jﬂ600 nm_and with, excess |sg\]s(§nllqﬁ( to that of Si.

& e prese on can rovnd iow hoise
Example embo men resent Inven |ona w the ame mlc contact for p - eGe and

n-type Ga@ﬁ«sth@t@r@ygﬁfw%mﬁ%@wfwmmw é@ﬁeﬁmidé@@naﬁuﬁéa%rﬁ&ggmg ‘s?@Bs and

significant ﬁ@ﬁ%\@@@aﬁga«um& @A@bmm:matfe %M@é%e@té@vamw eanchsnbsesddnmapplications for
data- and tele- cc% unlcatlons hot detectlop in_secur mumcg{é on %Stg /Smgle

photon avalihe di gﬁiﬁg gso(!:?e orE iy active optica acrg%l%swop ical Claims 1. An
avalanche pE&tot iad@gﬂw @ﬂh‘fé"’é@ﬁﬁﬁ\d@m groazl%aj@aeacr@e@? Ravpstrtngr &t Soraisiencth GaAs doped

region havipggaraaeand MoRANORPASIErtet tleetsbgear rmtan wada@agtm@@ombetmen the Ge

doped reg| ndt doped region f rmln grojunctio wherein the u d reglon
comprises raAleGﬁﬁé g ﬁe&ava'lﬁlgwc e prﬁgt%)é" [)d‘] ruaé?ll?r% BT eﬁFr'ﬁéa ?%r‘éf)‘?.m 1, wherein

the undopéd $e@i?ﬁr comprises Ge, GaAs and Al"Gai_As. 3. The avalanche photodiode structure as
claimed in claim 1, wherein the undoped region comprises a GaAs-Al,Gal_xAs graded composition

portion. 4.1 ayalanchephotodinde struglure a5 Simedin SIS AISIERINE GapsabCains
graded compomﬁ)lon por ioh extends between a a ero %hé3 oF region and a Gal | XAS
layer of theseimiibsetp rbaibrog. aﬂﬁe@\?QIMW@ﬁﬁ@f@@éd@étHﬁwe%‘@biﬁﬁ%@‘?ﬁf@‘aﬁﬁinfg wherein the

GaAsAl G@&ea@%gmmwwemm&m@s bm@mga.ﬁeebatsye@;ofﬁee thdepedrrgion and a
Al,Gai_xAs (ﬁ)ortlon of the G ed re/gg?I atlgnnga(f\\\ﬁla{gnch glode tru%ure as claimed in

any one of Tlaime 30 Wﬁereln the & opedsreglon CO%%EI[’ISG an n- pesliaht abso?ptlon layer for

850 nm anafméf\c;erdobedqsegwn ooisprisBEa pityrerapisosstibpdisitfopngabnan@l §56am. 7. The

avalanche phatpaiade GiiuelVER,asclal e IBCRRNCHRMATCIAIMR AR 6, wherein the heterojunction has
a p-i-n configuration disposed on one of a group consisting of a Ge p-type substrate, a GaAs n-type

substrate, a Ge-on-insulator p-type substrate or GaAs-on-insulator n-type substrate. 8. The avalanche
photodiodeEsaruplareabasiunerd iof e ariesehtiiinestioto Fjwehaesaubly pnaldfredrétfioss < 0.3 i.tm

thick. photodiodes that can detect and have high responsivity at 850 nm and 1100 - 1600 nm

and with excess noise similar {o that of Si.

Example embodiments of the present invention allow the same Ohmic contact for p-type
Ge and n-type GaAs in the designed structure, and thereby can provide simplified

processing steps and significant cost savings.

Example embodiments of the present invention can be used in applications for data- and
tele-communications, single photon detection in secure communication system/Single

photon avalanche diode (SPAD) and as detectors in active optical cables / optical USB.



9. The avalanche photodiode structure as claimed in any one of claim 8, wherein the undoped region
Is < 0.2 um thick. 10. The avalanche photodiode structure as claimed in any one of claims 1 to 9,
wherein 1 x .? 0.2. 11. The avalanche photodiode structure as claimed in any one of claim 10, wherein
1 x 0.4. 12. The avalanche photodiode structure as claimed in any one of claims 1 to 11, wherein an
AlxGal.,,As undoped layer thickness (1. -AlxGal-xAs) > an Ge undoped layer thickness (tGe). 13. The
avalanche photodiode structure as claimed in claim 2, wherein an AlxGal_As undoped layer thickness
0 valeal-?il SE > a combined thickness of a Ge undoped layer and a GaAs undoped layer (t t1
x-Ge+-GaAs, 14. The avalanche photodiode structure as claimed in claim 3, wherein an Al,Gai_xAs
undoped ldyer thitkesgghe photodiode structurs ¢oRBRHNSEd thickness of an Ge undoped layer plus

an GaAs-AIxGa_i _xB% @agé_zpﬁg@;igraﬁ@dnl@}éa‘rkt@%r@%s-AlGaAs) 15. The avalanche photodiode
rueture as claMeE R RSTRRAR SRS SRk SRS HU AL BApaRL O faver
an undoped region between the Ge doped region and the GaAs doped region
forming a heterojunction;

wherein the undoped region comprises Ge and Al,Ga...As.

2, The avalanche photodiode structure as claimed in claim 1, wherein the undoped
region comprises Ge, GaAs and Al,Ga..As.

3. The avalanche photodiode structure as claimed in claim 1, wherein the undoped
region comprises a GaAs-Al,GaiAs graded composition portion.

4. The avalanche photodiode structure as claimed in claim 3, wherein the GaAs-
AlGas,As graded composition portion extends between a Ge layer of the undoped
region and a ALGa,_As layer of the undoped region.

5. The avalanche photodiode siructure as claimed in claim 3, wherein the GaAs-
Al,Ga,,As graded composition portion extends between a Ge layer of the undoped
region and a Al,Ga..,As portion of the GaAs doped region.

g, The avalanche photodiode structure as claimed in any one of claims 1 to 5,
wherein the GaAs doped region comprises an n-type light absorption layer for 850 nm
and the Ge doped region comprises a p-type absorption layer for 1310 and 1550 nm.

7. The avalanche photodiode structure as claimed in any one of claims 1 to 6,
wherein the heterojunction has a p-i-n configuration disposed on one of a group
consisting of a Ge p-type substrate, a GaAs n-type substrate, a Ge-on-insulator p-type
subsirate or GaAs-on-insulator n-type substrate.

8. The avalanche photodiode structure as claimed in any one of claims 1 to 7,

wherein the undoped region is < 0.3 um thick.
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,..Gam-Aixcal-xAs) > an Ge undoped layer thickness (tGe). 16. The avalanche photodiode structure
as claimed in any one of claims 1 to 15, having a detection range covering about 400 - 1700 nm in
wavelength. 17. The avalanche photodiode structure as claimed in any one of claims 1 to 16, wherein
the GaAs doped region comprises a graded Al,Gal.,As/GaAs n+ layer at an undoped-n+ interface.

18. The avalanche photodiode structure as claimed in any one of claims 1 to 17, further comprising
ohmic contacts for the Ge doped region and the GaAs doped region respectively. 19. The avalanche

e e & 85ARE LINGAR, & WpLem e A0 ANIBRLSIP i 3 HRBRAh e on and

the GaAs doped region respectively are formed from substantially the same material. 20. The
avalanchetpottstiperé regigstisre &< efith&d-in any one of claims 2 or 3, wherein a GaAs layer
interfacing to a Ge layer of the undoped region comprises indium. 21. The avalanche photodiode

structure as.claimed in claim 20, wherein the GaAs layey.interfacing to the layer of, the undoped
region comgriser:@% ﬁ\’a%'ﬁ?%r%hBT%ﬁjg osgr 3 L.HEZ?%C e[\s?gg é%rﬁ%¥i§ﬁ% 8?1%3‘5’%@&% ghotodiode
structure agteiegindckin afy2one of claims Ito 21. 23. A method of fabricating an avalanche photod ode

structure, the method comprising the steps of: providing a Ge doped region having a first polarity;
providing a GaAs_doped regjon havi second polarity opposite to the. fifs o ({W %nd1
providing a% undo 303}135‘35% Egt%é%gn%fa%s técgiorf)og ?@5%??@%8%8”& Y gratggebc? reé?iror'lnforming a
heterojunctiorz (herein the undoped region comprises Ge and Al'Ga,_,As. 24. The method as claimed
in claim 23, further comprising forming ohmic contacts to the Ge doped region and the GaAs doped
region resq%gtlvelyhgoarva aun%%tea% '%UA’&QS@SS %%tmgtgg%\'aimed in any one of claims 1 to 11,

wherein an ALGa..As undoped layer thickness (tacaixas) > a@n Ge undoped layer

thickness (ge).

13. The avalanche photodiode structure as claimed in claim 2, wherein an ALGa,As
undoped layer thickness (taxcarxas) > @ combined thickness of a Ge undoped layer and a
GaAs undoped layer (tgetigass)-

14. The avalanche photodiode structure as claimed in claim 3, wherein an AlL,Ga, ,As
undoped layer thickness (taxcatxa) > @ combined thickness of an Ge undoped layer plus
an GaAs-AlLGa.As undoped graded layer (facHeaasacans)-

15. The avalanche photodiode structure as ciaimed in claim 3, wherein an GaAs-Al,Gay.
As undoped graded composition layer thickness (fgass-axcaixas) > an Ge undoped layer
thickness (iz.).

16. The avalanche photodiode structure as claimed in any one of claims 1 to 15,

having a detection range covering about 400 — 1700 nm in wavelength.
17. The avalanche photodiode structure as claimed in any one of claims 1 to 16,

wherein the GaAs doped region comprises a graded Al,Ga.,As/GaAs n+ layer at an
undoped-n+ interface.
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AVALANCHE PHOTODIODE STRUCTURE Abstract An avalanche photodiode structure, to a
method of fabricating an avalanche photodiode structure, and to devices incorporating an avalanche
photodiode structure. The avalanche photodiode structure comprises a Ge doped region having a first
polarity; a GaAs doped region having a second polarity opposite to the first polarity; and an undoped
region between the Ge doped region and the GaAs doped region forming a heterojunction; wherein
the undoped region comprises Ge and Al,GaiixAs. Figure 1(a)

18. The avalanche photodiode structure as claimed in any one of claims 1 to 17,
further comprising ohmic contacts for the Ge doped region and the GaAs doped region
respectively.

19. The avalanche photodiode structure as claimed in claim 18, wherein the ohmic
contacts to the Ge doped region and the GaAs doped region respectively are formed

from substantially the same material.

20. The avalanche photediode structure as claimed in any one of claims 2 or 3,

wherein a GaAs layer interfacing to & Ge layer of the undoped region comprises indium.

21, The avalanche photodiode structure as claimed in claim 20, wherein the GaAs
layer interfacing to the Ge layer of the undoped region comprises 1% indium
(ino.meau.agAS)-

22. A device comprising an avalanche photodiode structure as claimed in any one of

claims 1 to 21.

23. A method of fabricating an avalanche photodiode structure, the method
comprising the steps of:

providing a2 Ge doped region having a first polarity,

providing a GaAs doped region having a second poiarity opposite to the first
polarity; and

providing an undoped region between the Ge doped region and the GaAs doped
region forming a heterojunction;

wherein the undoped region comprises Ge and AlGa,.,As.
24. The method as claimed in claim 23, further comprising forming ohmic contacts to

the Ge doped region and the GaAs doped region respectively from substantially the
same material.
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