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?nén@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 0 gdress at

metme ov;de s erBia nca i\% dlla ap t%a

least one o BOVe mehtioned proble mary ot nvention ing to a first aspect of
the presentqwemimrm@ﬁe idyriaieles raHElisRiiseHe ﬁﬁ&(ﬁﬂi@fééss‘ﬂwe‘hﬁ’ﬁé tébhepve%ﬁgra'@e doped
region havipmadist Rlrile s Gorexemperd rxegtﬂnéﬂaytmgteaﬁeemﬂ@méar\itamms@qwhe first
polarity; and an undop dre etwe nt e G ed req the G doped region forming a
hetero;uncrz}lgon "W ereln the un(%%eaareggloﬂpgor%pnses{)@e And A O&'E aAIS‘IJR%%ndopgeli?:?reglon may

comprise @en@at\@wah@pmﬁe”@pm@mmweﬁwtemommraéhmﬁﬁwe@e;tewteame graded
compositiompapiiesichlisterisieCaleiis geasiagicera positianperior Bighaextend 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 groy C.?@Zé %%?f a Ge

g

p-type subStFARt 12res KSRl D [RFEET 5‘@83&8"‘[ tﬁ PN ESERE RS insulator

n-type substidtéigh capacity optical fiber telecommumcation systems need to operate at long

wavelengths because of their low fiber attenuation (wavelength, 2=1550nm) 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.



The undoped region may be smaller than 0.3 um thick. The undoped region may be smaller than 0.2
um thick. In example embodiments, 1 x 0.2, preferably 1 x 0.4. 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 Itt) ,..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 (1Ge+t -Al .
GaAs-AI"églrﬁ%st%%r& 0;583 )a?gggg c%‘%ﬁo%?ti&a%%%%etﬁ%?(%s ¢ 2 5@%&&%@%@%@ be greater

than a Ge arrlapeis layeiodincknesd (O0YeT iRcarparaion @ pRyaRNIeHR RiRietreenRl BeRieta detection

range CovefiRg-abati-480:nd (0famvavelenaifed oKk doped region may comprise a graded
Al,Gai_xAs/GaAs n+ layer at an undoped-n+ interface.

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



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 (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 regibh AbGingAsiiBeeragdriayepibiriesaEansdopel PERRAIRAVIRY £R&eBMEIRRe ity opposite
to the first polarificiardsorauiding an undoped region between the Ge doped region and the GaAs
doped region forming a heterojunction; wherein the undoped region comprises Ge and AlxGal_xAs.
The method may further comprise forming ohmic contacts to the Ge doped region and the GaAs
doped regibh AlgpectirelyiionsdUparitishpere arme wiat®dy o8reeBiesdhplion 6P DRRRthgs Figure
1 shows thgtahstristure anaddpcbankesigepiile untigieergesaihias off GeALGal_xAs-GaAs
photodiodes of example embodiments. Figure 2 shows the (a) structure and (b) band-edge profile
under reverse bias of GeGaAs-ALGal_xAs-GaAs photodiodes of example embodiments. GaAs is
incorporatekintdaffen-fc edpret KR NIRMMBESpBtertial bEIFE LSt ATRAHSIAPSTHIRBIERRY IR ure 3 shows
the (a) strugigkaeard db)band-edapaiofigaungias ravessediagal As undoped graded layer

Ge(GaAs- ng*_-sfali_xAs)-ﬁleaj_"As-GaAs photodiodes, with a graded composition of GaAsAlxGai_xAs
layer, of exdihpl&*&nifiddiments. The graded composition GaAs-AlxGal_xAs layer prevents electron
trapping. Figure 4 shows the (a) structure and (b) band-edge profile under reverse bias of
Ge(Gaf\S'NPé@A%@S@%ﬁ mhmﬁgéﬁp@l@aewﬁbrﬂogmdmdas;ﬁmﬂhmﬁ%s @ﬁeg.@@@gﬁgﬁahy\sﬁayer, Iof i
example embodiments. Figure 5 (a) to (I W atically the fabrication process for the avalanche
photodiode%r%?%%ﬁr%%lg (e% r(])%? (eé)ngtaéfél—eitg&r%nggsgr?g\??‘s the simulated ionization coefficients in bulk Ge,
GaAs, Alo 3Ga07As and A10,8Ga0.2As. Lines represent the experimental data and symbols represent

the simulatege 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.
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results. Solid and dotted lines (solid and opened symbols) represent electrons and holes, respectively.
Figure 7 shows the valance band-edge discontinuity at the Ge-GaAs interface determined by the XPS
method. 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-Al [ terqj ' i i iff in bis
observed i%"%tﬁcgt%@)agg Eﬁo”i@gégg%é%g ;ﬂ% bgéc%g?A%g@g@ﬁgh%te%?glﬁg%rqié.ﬁléiég:?y 10 shows
the ionizati3ArEaEntiant AeEnR LREAIONS e RiFdFiHTE R MEbRthEALHASINE thRifBMhSfunction
counterpagsoaidth$iaatayssdtdagil) x=0itd aThetcporastyopdngimnizatieAs atigedregloown in (C).
Figure 11(a) shows itjor ionizati ffici in:a .t DG,%@% omojunction
pin (at revg%s‘%né)i\gssg&@f?rgﬁ# Iiga‘io Q(g:q[fggqg ﬁ%?oz%%ﬁﬁgﬁ:ﬁig}’?g :]gg.gsg.&ilﬁ:%gure_lf(b) shows
the positioRIepER BRIt FonFRRRSN eder @R i G70a. IRRIAICRASE FRIMBRITCHSIPIITEIBverse bias of
3.5V, multipheasianie knddanc&ibmeuttiptisasi@e 288 ASRarigure 11(c) shows the position dependent
ionization coefficients in a 0.1 urn thick Ge/GaAs heterojunction pin in 50-50 thickness ratio. Figure
11(d) shows the position dependent ionization coefficients in a 0.1 um thick Ge/GaAs heterojunction
pin in 10-00hpieIEEed Rak RS RorBRrSRLNBS O RIGIERNERLR IP2"E38 dpRgarEPe P Fefhows the
position deperiiens inpzatenccoeticeivs)rrand dubstathialk Ge/sd88Ga6d#As heterojunction in 50-50
thickness ratio. Figure 110) shows the position dependent ionization coefficients in a 0.1 um thick
Ge/A1045G8055As heterojunction in 30-70 thickness ratio. Figure 11(g) shows the position dependent
ionization coefficients in a 0.1 um thick Ge/A106Ga04As heterojunction in 30-70 thickness ratio. Figure
11(h) showsridfenpesititibrieimmadenisionization coefficients in a 0.1 um thick Ge/AlosGao4As

heterojunction. in 10- ickness ratio. Ei | t Siti ept.ionization
MO BB RS e b ern A e poeas

coefficients in-a 0.1 um t 8Ga02As ,
AlLGa,As-GaAs photodiodes of example embodiments.

Figure 2 shows the (a) structure and (b) band-edge profile under reverse bias of Ge-
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



Figure 11(j) shows the position dependent ionization coefficients in a 0.1 um thick Ge/Alo 8Ga0.2As
heterojunction in 10-90 thickness ratio. Detailed Description of Invention Example embodiments of the
present invention provide a bandgap engineered low noise heterojunction avalanche
photodiode (APD) with a large difference in the electron and hole ionization coefficients. The
heterojunction APD can be used for a wide detection range of 400 nm - 1600 nm, with low excess
noise, at 850, 1310 and 1550 nm, owing to the suppressed ionization of the opposite carrier and dead
space effects. It h en fo y.the inventars that I e ole and electron
muItipIicatiBer? Lfgsctcf)érsg&r)esaﬁ]eéc#\%gﬁ/gc%e epsrc(fiaqizag (?JL?)G? %gc%i%pﬁ%%%go%%ﬁ%ﬁ ae %‘Een%;?e#?‘n@the undoped
region of hied&®|RIFGHVAPDS 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,sape, ime eniance the differencs Indhe slecionanddiolempagtppization
coefficients -the he erojunction P Inone € ample embodiments of the present invention, a
device strudgisenivied Brile ARSI Mgtbashs)-i(AlxGai,As/GaAs/Ge)-p(Ge) configuration is provided,
thereby preferably minimising carrier trapping issues. Example embodiments of the present invention

e e R Al Sle AU o0 LR ol e DR BN e et

reducing theoverall Carmier transit time an increasing thé opération sp
structures SXeN ErelRBMRAEICE UMBER (Eoerde hries frrRAgATaE FHLBRIYES SFaitiiple
embodime{}gﬁ)gﬁ@gxp@s@n@{imry@tyéo;mt,((g@;_ijga’g@i@mtaﬂgcﬂarity purposes, separate layers are shown
for the different compositions. It should be appreciated that distinct interfaces may not necessarily be
present from a composition to another composition, for example when there is a graded composition.
Figures 1(&)gie gphsmsiheaistriated relertoaid-band e &branidtipteatiprieradsdrsstierl of a
Ge-Al"Gal_ds-rrmsurbtienediiesionsl Od=beterejunatien) photasliedeopt arexaBiphe,sabadiment.
Figures 2(a)_and. (b) show the structure, 200an -e il 2 rrev ias,.of a
Ge-GaAs-i?&%rgéQk'sq@a%{s% Jﬁ%ggrg rtgciqg%ﬁe %g%rﬁgrgﬁj%gﬁgé %ﬁfoﬂ?oﬁ@hog acl)%{)t erge?(nample
embodimetite GBASZ96:iS tnecdiparatéd frtotheSredatet e i W electrons to surmount the
potential barrier at the heterointerface. Figures 3(a) and (b) show the structure 300 and band-edge
profile 302 under reyerse bias, of a Ge-(GaAs-AlxGal, xAs)-Al As-G region 304
heterojunctlji:jé%uf)%of(e){di%cf)é’v 8f%hneothoenr'zea%gpnp‘?g%?rﬁgﬁgaslmleﬁntéég’%%’ﬁg) ggr%g r%%%%ﬁv%tﬁeg structure
400 and banireadropryfifctagp hnfaei et sowMe RATE Ged(BlaAkAINCRAXAR)-ERAD uhddped region
404 heteropfedippmiieiosiedaof anethee example @nbodiment. The structures shown in Figures 3
and 4 incorporate graded composition GaAs-Al,<Gai.xAs layers 306, 406 within the undoped regions
304, 404, which advantageously prevents electron trapping. In the structure of Figure 3, the GaAs to
AlxGal_xA$ sorapdsricheradiepestaiodenenienticeatansdiativrite 8osGd apolidh&aitidle of the

undoped regin3RdioNithher eiaiing angoped reaigiafhcomprsing AlzGamupibatbe structure
of Figure 4,_the§aAs to Al,Gal_xAs composition grading extends from the GeGaAs interface 408 to a
graded AI,G3§A )('n+) region interface 410. In example embodiments, 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.uMm i dkoRRANDYEREF IR LR K 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).



In the example embodiment of Figure 1, the thickness of the Al"Gal..xAs portion of the undoped layer
(t "Ai(eal-xAs) > the thickness of the Ge portion of the undoped layer (tGe). In the example
embodiment of Figure 2, (t aixGal-)cAs) > the combined thickness of the Ge portion and the GaAs
portion of the undoped layer (t t ,..Ge+.GaAs) In the 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 ,-Ge+ -GaAs-AlxGal-xAs and (t
.GaAs-AlxGal-xAs) > (tee). In example embodiments, indium can.be added intg the GaAs layers
interfacing t§'the ﬁgePagE? ?thg Uil gﬁé‘dgrééog%#?%r 'g%%(igp lat r%e"’h?ﬁ%ﬁ?né‘ vr\al)it t‘%, 6?kexample
about 1% (e001:GaaAokaipRignesertadicdl tivwsheatitbrication 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([? \Wafer cleanin A%e-GaAs
heterojunctigH &trl ré@@g i$BroRIL fResn %Vo]ﬂﬂ'éﬁgansﬁﬂ% S“faﬁ”ro? X&rﬁme“ &in the forms
described @atAg,With y#erertemiton&igniessd-T0 thicknessetdimjunction 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 Deposition (PLD), Liquid Phase Epitaxy (LPE),
Chemical VEb? 6é&},gmawscd%g%ﬁ%ﬂ?@%ﬂﬁ‘&dﬁ%&ﬂ%fbﬁﬁﬁ%ﬁﬁ)'ﬁ*rﬁe Ll Wiitace 502 is
cleaned usigachesnicAkseiidionsclar iexmTpleidiksesthasample surface 502 is cleaned using acetone
for about 3 minutes in an ultrasonic bath, and then repeated using methanol and isopropyl alcohol
(IPA). The sample surface 502 is rinsed in deionised (DI) water for about 1 minute and blown dry using
a N2 gun. Figuree b{) bpwsiting srsfiatraeanget conizatianctastiicenis 502 ot efadiife 5102) with

a thicknesg;afaha, 2001408 s|0ndssieRORIted MRiRgRiASMA-enhanced chemical vapor deposition
(PECVD).

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

Ge/Al sGag As heterojunction in 30-70 thickness ratio.

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(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 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) Transferring the APD photomask pattern The photomask 508
is brought into contact or in proximity contact with the resist 506. During a 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) Transferring PR pattern
onto Si02 UsipRpasyarelfepieapdnants. ¢f otk rRipsaNt aMSItIBHC ABRRYJSIHTHHE GBI R layer 504 is
selectively ferapyed,GReagmAairng JesskisiBenserepvednigingianesist saiviest, Figaredy(h) Forming
mesa diodes 1;I'pa i%%g}rgggi!%gggrt?grél{ Battern iguléged as a hard mask for etching of the semiconductor
materials 10 10 form Mesa Struciires BRBth.s 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 giglpetrigrisoemat ist @ pwantigueatblladightagbi)dNiclenirisantkiceamtisetiection
coating A diglectric (eq. SiQ2 or. SINIX) film and/or an anfiteflection i i102/SiNix), indicated
at numeraloflejf%?%rgtﬁ%e%z %B%s’ﬁe,t %i‘l#ge r&l&%ﬁ“f@ﬁ?&)I{aﬁt?c%l%gnﬁgfgarﬁ%%rﬁ%zgg%@%igétw%e‘lection at
the wavelelfigfthié Bnenaertiscr o= 0ed 5 SPRPEBICN LBRTact windows opening Using a photomask (not
shown) designed for contact windows, patterns for metal contacts on the mesa structures 512 can be

formed by tepeating the,patterning steps as descri e with ref lguyr ) to (Q).
Openings i@"f%sr tﬁegooﬁms?goc%r:[ agctgttrct%‘nui% fgﬁﬁwgﬁ%ggﬁér%}%ﬁ ((‘)?r'fgt%g%%%gnﬁ%%%é&) and p- (at
the side ofaMelanembeldipgescoimEeirin exbafiResin BbHIFRSESD TYe BB iHVER]ET Both p-type
and n-typeplangisrepplastssanbeafatenagen the serme nenbensersattbengmsisoabmicieantact recipe for
n-type GaAs ohmic contact can be.used for.p-type ic con ventiopal e_ohmic
contacts fo?en-ﬁ})ﬁereg}%é gtyg/}f)ag ncgggq {% B%t grgr%%ég gne% a%a g:yﬁ%%ﬁ%rﬁgjﬁ%]tgﬁ% B(I)Ftlo%?ége%, where
additional prsceesitieg Ranothrs seapReliom fsrdepieriBMIemiPRIBISte Bhadsd SATTRRERE contacts 520,
522, a photomask for lift off is used by repeating the photoresist patterning steps as described above
with reference to Fjgures to (f). The resist sho ISt r in I er contact
metallizatic%%gﬁg?ﬁg%i 8Q§$Bglg%é%ég%sﬁ% giég%tgna,qé\;%%%%%%pﬁ '{az%ﬂdé/ r?f%éptéﬂgsgmlgg{%%%o, 522 in
isolation adifasefate@avigare st Batvhietrener sagiencriks RelefiiHariR ROPIUAERTE G tRE final
fabricated deyiggOtexamplenePRotiaepisaihe comachpatsdidd 2R sigaddopsitien can be
altered accrding to specific requirements. A.rapid,th | anngaling can.thenpg performed
to minimizegége g(n)él)?éctr?ggfg%gg'ea.s Tﬁ% c%a%%%g%ééﬁsﬂ?fgtﬁ‘e ?&é%kggac%@%ﬁrélg to )'gfnpﬁgﬁem bodiment
are demonbatgfeinstipre roRRFingeLSiny atiMb FRBIREIVRCY BRI 88MSpfEB N CPREIAEmethod has
been used wislaheinssammiconzhictey davicessinmatian teustuslnhaheapaammtiogrisraaarysal under the
influence o egr%%?ligglcelectric field and subject to scattering processes according to given
probabilities escn%mg?he microscopic scattering mechanisms [Chen Shiyu, Xu Kunyuan, and Wang
Gang, "Monte Carlo Investigation of Size-Dependent Impact lonization Properties in 1nP Under

Submicron Gegies', 3la el o) lisbinaeesTeshro iy aMo ba-dlgelfrolA ¥025uRi209Rvetoe method
relies on the generatiqon gf ran nu rsto determine u e V. such as
the termina?f(%n 8?518 c(gerafi@%aégfsr%‘g’!ﬁi%ﬁgéggf‘ét Fo‘ﬁ%f'gg;}%%tggﬁﬁ %vé%ﬁ?b%e?éﬁg%gg%ﬁ?g@@ngle and in

momentunpRizdindal Fitangther ATasi8 pMmhediregkaiicstieh 48 bRBHAR shatefify A ifact
ionization rates satepiaiRe dtiNgd theler reverse bias of a Ge-(GaAs-AlGa,,As)-GaAs

undoped region 404 heterojunction photodiode of another example embodiment. The
structures shown in Figures 3 and 4 incorporate graded composition GaAs-AlLGa,.,As
layers 306, 406 within the undoped regions 304, 404, which advantageously 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



experimental data for bulk materials, whereas ionization threshold energy Eth and phonon energy hw
are obtained from the literature [ Adachi S., "GaAs, AlAs, and Al,Gai. As: 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 nP", Vilnius, Science and Encyclopedia
Publishers, (1994); Vorobyev L.E. Handbook Series on Semiconductor Parameters, vol.1, M.
Levinshtein, S. Rumyantsev and M. Shur, ed., World Scientific, London, pp. 33-57 (1996)]. The

ionization rate R, at ap.energy, ich ex S e | ri y a modified
Keldysh e)Zc’%rruecsﬁsi’%no,lagggiE gﬁea% ﬁeﬁ%ﬁ&%%ﬁ%qﬁéﬁ;ﬁéﬁggg éﬁﬁgf%é%{ §§§§'§ﬁi A%Sr(g’t% which
includes tHéaAsntasiaeadtR 1A pEIRERS WaBa:sAf-{AthiedivadeiesRer fbattie A.R., "Impact ionisation

rate and soft energy thresholds for anisotropic parabolic band structures”, Semicond. Sci. Technol., 3,
48 (1988)] to introduce additional softn in i argh' Hzggpg é)ﬁogﬂgi Ity Late. apgqunting for the
dependené%%ﬁﬁ%%ﬁgl‘ Oegﬁ%?é@sbn)?%ipz‘%ﬁ%anbﬁ% g%)@ace.%?h is related to the rBEZé]g gapsyof the material
by the weidhtethaveragé ExE3%g =+ 3 Ex +44(2) where Er Ex and EL are the band gaps between the

F, X and L-valleys and the gg valence band maximum at F. This expression for threshold energy was

first used tqQ predict the hydrostatic pressure dependence of. breakdown in G\!%AQ [AgaTW ]Jé, Adams
A.R., Pate A %Dﬁgoﬁ%qr'%nf .ij m aec?ﬁ%?\?g%ﬁ%%ﬁr{sﬁa{%g@%ktﬁbﬁtljgdﬁn 0 fﬁlélae ectr%n-states
determinedfeferablyds @statio-thiekssure measurements”, Appl. Phys. Lett., 67, 3304 (1995)] and was
able to model accurately the breakdown voltages in many wide-gap IlI-V materials including ALGal.As

[Allam J., "Universal dependence of avalanche breakdown on handstructure: Choosing materials for
high-powe! HERACBEMBIETPRABISEHS T B4R 1, B8 ¢ @@e(%@t?ﬂgf épﬂ%ﬁéé%l '?‘On ??tt[(g'n“:l"ollow the

8N
Brillouinzonedoypechigedr énetgy.gap fhecthickepsleiiths. Gangoriimed ke Rndddierh lBerskewe In

Measuremgis.and icerkiiMeReal’ Gy o, apact IgnizaiopaiiBansRiiedyrer tihyse stat. sol. (b)
211, 335 (1999).] The strength ofeghonon catterln%fogljctron and h(gle? is,obtained %/ fitting to the
r

multiplicati@R EHAr 28R 86 Saf theBUIR st clFe SBIRPRS rd¥ES et dont enBrd) S n8&BEREent phonon
scattering mrebodineenpzath§igvremnd Ay dedpestive)y: Tebtertkoedriiiciswssind trmfesiabg@mmeters

used in the simylaEonMatesiahBUaleROS PrrsSHBRRS(Mbioped region (teet tassaxcatons ).

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
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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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G. J. Rees, R. C. Tozer, M. Hopkinson, and R. J. Airey, "Avalanche Multiplication and
Breakdown in Al,Ga.As (x<0.9)" [EEE Transactions on Electron Devices, Vol. 49, No.
12, Dec (2002)], using the MC program.

For MC simuiation in heterogeneous structures, the conduction (AE;) and valence (Aky)
bandedge discontinuities of the Ge-GaAs interface were determined by the XPS
technigue, as shown in Figure 7. Results are in close agreement with literature
[Chamber S.A. and Irwin T.J., “Dopant incorporation, Fermi level movement, and band
offset at Gel/GaAs (100) interface’, Physical Review B, 38, 7858-7861 (1988)]. The
bandedge discontinuities of the GaAs-Al,Ga,.,As interface are taken from literature since
they are well reported, where AE¢ = 80% of AEy, and AEy = 40% of AE,.

Generally, the structure of the avalanche photodiodes of example embodiments can
have the configurations comprising regions of (p-doped-undoped/intrinsic-n-doped) or
{n-doped-undoped/intrinsic-p-doped), depending on the choice of materials and/or
dopants. The undoped region is also known as the muiltiplication region, where

multiplication occurs.

Figures 8(a) and 8(b) show the band-edge profiles 800, 802 of avalanche photodiodes of
example embodiments of the present invention. Figure 8(a) shows a n{ALGa,,As)-
i(ALGaAs/Ge)-p(Ge) (n-i-p) structure while Figure 8(b) shows a p{AlGaAs)-i(ALGa,.
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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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 Arsenide using
avalanche pqise and photocurre ultiplication measurement EI 32 2454
(1985).], A%%Ga’{b %’Spqﬁ-?oﬁglns {}H\% Sﬁnmogr@i CF%H Man é ég%%gégcrﬁonlgatlglem AlxGaL,As
for x=0.1-GlECtRpplarhyisiaschavs 2 vos (wsw]fwmmsewsz&xehfeﬂw fagtos. it Bawid, S. A.
Plimmer, M%I;%@mmé%rgstmésaﬂ@@@Jweﬁgdiml 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 Breakdown in
ALGal xASigtee ) [ERESThescliong bR grsteo e SuiBliceonsharacteaties@dHe, using the
MC prograpa:drefMtopiRiklsiiess B aterpaeaapusipbeldfebe tﬂs@mm@u@mr(@cﬁa)@mbgalence (AEV)

bandedge ontinuities ofthe e s interface were eter in d’g hmgH as shown
in Figure 7g@zsurl'ts P eidse agrge?rﬁeﬁ?%%‘:?eractﬂf% ﬁr]%bﬁe'r ¥ and l’wm%'IJ %opant

|ncorporatleﬁcmmﬁf&/épﬁmﬁ?eﬁw%d%%d“ﬁﬁ‘@élcat‘G@?@M‘ﬁ%ﬁ%t@ﬁ@ééﬂ ‘Pﬁ)@ﬁ:al Review B,

38, 7858-786 1d4 988 hetthesharndedos diseantruibegiokiie GaAs-AlxGai_xAs interface are taken from
literature since they are well reported, where ,AEc = 60% of AEg, and AE v = 40% of .AEQ. Generally,

the structure of the avalanche photodiodes of example embodiments can have the confl%uratlons

comprisingriegiehd ¥B|Rad 8L IHasprdiNalyirkiew 1he fede/ BrtiiosedalidoedifeRtsiep-doped),

depending@a il ehice Ofmatey el ANy dapapdsA T By ntoped tpgioiis Ase8oM04as the

muItipIicatl?&}E;glon Wherte m%htlphcatlo{glvgr%(ﬁu ﬁm%%lége%\?(a&and %(b)cgp\,%\g %Qanl% ge profiles
av

800, 802 o tarie éaphotovgllodes o?example ments of thie present invention. Figure 8(a)

shows a n(@lxGagAasicuprxEHi2 x ABlde)GRGRYYAS - Krutdl R wofl LHig e (BUBYashd
P(Al,<Gai_xéByitAx Cabedsbaghg (srlatin-Bo Stitiett rati ddere aHaagimeng sowrcin 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}Gapsitias)ceperde isntmrsriogis A BamhbEtisre 4#8ree earlo simulations have
been conducted for embodiments quegglng to Figure 8(a) wpthéy gontent x of 0, 0.3, 0.45, 0.6 and
0.8. All simulation resultg(st eougiynifieemitr troy"rrrfeedback ionizatiofSin the
AlxGal.."As layer, with larger rédictich in higher Al content’Af Ga,_,As layer. For illustration, the
results for Al contents of 0.45 and 0.60 are presented in Figures 9(a) and 9(b), respectlvely Figure

9(a) shows,JpeLes tSaR&tBFz lsctron anddplemutinicatienrlasagtaHRtcs bR dretepiunction

structures of examp eembo iments of the present invention Fo‘?g urves 900, 902), in comparison with the

homOJunctldﬁeééﬂrﬂerﬁﬁﬁs%ﬁﬁér@s@@ﬁh@@éﬁsﬁﬁ@@%ﬁ dngs6 Hﬁﬁgtﬁé\%‘%@eﬁ‘? e difference
in the multipligaiign fariL4iphRGRANAD GRANRDARBRIALO S UEBSObEXRGBle Ao dUBents.

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 (j), it was confirmed that the feedback from
ionization of the opposite carrier (electron) is greatly suppressed 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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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 multiplication factor in the GeAlosGao,As heterostructures of example
embodiments. Figures 10(a) and 10(b), respectively, show the hole/electron ionization coefficients for
Ge-Al0,45Ga0 55As (curves 1000, 1002) and Ge-A10.6Ga0.4A5 heterojunctions (curves 1004, 1006),
compared with same overall thickness Alo 45Gao 55As (curves 1008, 1010), Al a04As (curve
1015, 1015 BB 1010 B G ety TR 6oy T R e o
coefficient s hatershbiens At CrORNT BeMrsRisdepernentabaai P dutficiérts, a(z) and
b(z), are definethasbanaiEd!ANRB(ZhAUPD aREE2Dw i@ 6ZB50vNene aer) assbp(E) are the
concentrations ol slections and foles sLposition s and dne(z) | de and ARz gz e figrates of
quantities dué to efectron an e lonization, respectively, in the directions of
transport oPieResE iBaRNERs, adveptageedsiroriotidesiionaioireTABL ARskAEt rekalanrRiepedented in
Figures 11(shq6) fesdlifierent-hatasgitnction phiasioenarepsding imexands emizadiments, where
the i-region ickness.[or i iespective deyigss s 0L i amhs seils i FlassdLe) © 0
was confirmed that the ée Bk FOnY forization of the opposme carrier (electron) I1s grea?ly suppressed
in the AlxGatASPrtion of the Ge-Al"Gai_xAs undoped regions, resulting in the advantageous large
difference in ionization coefficients as shown in Figures 10(a) to (c). Example embodiments of the
present invention can prqvide.a low noise Ge-Al"'Gai. XxAsGaAs heterojuncti APDs covering a wide
detection ra!:eﬁ(ag%?a ol%)tg% nﬁsn??- ?@éeﬁ%.ﬁ VS%%%%’A?-%I)P 0e\fll, es?hé’%gasgﬁa%@%%ﬁvagg?ess noise, at
850, 1310 &gitbiissdn ket By 34hESS0 diireYauaitnalRat & ot doppissidntanmenacitafple
embodimeginafite ppRsestidAVERHcE agiantageessiynrrevidpadeskneisaAPk operaprgat a
wavelength londer han 140 partiey o) techaplogicglly,apprianiayelenalhs ¢, 1310 and
1550 nm. The APDE 0T eX mple 'em Balinhenta exRibit simitar low Noise characteristic asin Si APD.
Example eafbpdinsedtshendse igreserisénvétitiorot saxairpirevisedinoitsd clemmsRahait #ressensitive to
both 850 apg ROVAYE RGNS HIPIURALR: ARG NIgER_aRIR 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 dithme wamedeimgthtswill ieevergsestfinventiene etiunit 2gaplisly tiveogigaayaExransple
embodimenis,pfibgRrese hinMeRii B RAVARI 3R PR PEMid ey stanshmahaigsliotrm that can detect

and have hé%g ﬁ%pgxréseglslt O%gg% {;arptgragag%fo&- 1600 nm and with excess noise similar to 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.



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. Claims 1. An
avalanche photodiode structure comprising: a Ge doped region having a first polarity; a GaAs doped
region havagh%ssecond polarity opposite to the first polarity and an undoped region between the Ge
doped regiomard the GaAs doped region forming a heterojunction; wherein the undoped region
comprises Ge andmixaangs. PhotpHOeR slEHsEHE pABRIGIBEE structure as claimed in claim 1, wherein
the undoped regigreeaippéisasylos heafsaMmetAbiadi; As. 3. The avalanche photodiode structure as

claimed in claim 1,c\§\/r§r%in the undoped re%ion comﬁrise a GaAs-Al ah%(ﬁso%rrﬂ%ed 8omposition
in the

) 1] sifetnt | .
portion. 4. The avarancne %%dofgﬁl%%easvtlp fure as craimed thiclaim § wherei af&sAIxGalAs

graded compositiah yeiterrer@ntdp@rietna Be fioped Jrgienurbl Fagvo ey a88IRGal xAs
layer of thegingipeddigeipmctfon] he avalanche photodiode structure as claimed in claim 3, wherein the
GaAsAl,GalAs gra gd .%c%%pgsétci)og dorortigrq goxéienids évxé%%nA?éaae )Iﬁ'ger of the undoped region and a
Al,Gai_xAs portion Sf e S c?opeagregion. I SThe 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 ang the Gedlapageeipnaempiises ity Be alaaiptivnitaver fand3kOtpadrthpanm. 7. The

avalanche hotodiode.stru&tur& as clain}ﬁcbin apy one of claims 1 to 6, wherein the heterojunction has
: agion comaﬂses g, GaAs and Al,Ga. AS, L
a p-i-n configlration disposed on oné of a'grotp 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

photodiodesstructypg as-HaARE Gidta@neu@icalainas didpnédwhersin theksndeped egigseds < 0.3 i.tm

thick. region comprises a GaAs-AlGa.,As 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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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 valxGal-gs) > fcomned isknessdl 8,Gsvodaneg axerad A Gaseaurioperiass ( 1
e photodio

x-Ge+-GaAs, 14. The avalanc iode structure as claimed’in claim 3, wherein an Al,Gai_xAs

undoped |dyertsierereseg(en is < 0.2 umthick. > 3 combined thickness of an Ge undoped layer plus

an GaAs-AlxGai_xAs undoped graded layert -Ge+-GaAs-AlGaAs) 15. The avalanche photodiode

ruenure B5CIAMRL AR WIRKEIBAR"FRATE ACRL AL RGRF S AR RORgn fver
wherein 1z x20.2.

1. The avalanche photodiode structure as claimed in any one of claim 10, wherein 1

=2xz04.

12. The avalanche photodiode structure as claimed 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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,..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

photodiode SITctiig a3 SEIME IR AR & sreiad e Ahinis: caniashs e flape redion and
the GaAs doped region respecti?/e?y are formed from su stantiarllyt e same material. 20. The
avalanche pHbgdiotersncAive asUERR PN PBRORILIERN 20 B fheteidoPesd88 Pyer
interfacing tespdeg.éayer 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 Ono 01 Gao 00As). 22. A device comprising an avalanche photodiode
structure adlaimEtEiR wignehre Rt Riere (7 Ratups aa Heemasdibicfaltidating eisBvVERARHE photod ode

structure, thgrmethes! grnuishedhestepsaf: roddingatee #aped regienitayiagadiratpolarity;
providing a GaAs doped Ye%ion havin% a second polarity opposite to the first polarity; and
Ll ;

providing alc 015?185%5 nbetwaen the Ge doped region and the GaAs doped region forming a

heterojunction; wherein the undoped region comprises Ge and Al"Ga,_,As. 24. The method as claimed
in claim 23pfurtheficompiisingyraiag imis-cantacts iheGmdanediedioniansd thesGaAs doped

region respﬁggée‘:rly afrc%u\ss %32%%@1%#9&%%& % ee @?&E?g? !he 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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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)

AVALANCHE PHOTODIODE STRUCTURE

Abstract

An avalanche photodiode structure, to a method of fabricating an avalanche
photodicde 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,Ga.As.

Figure 1(a)
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