AVALANCHE PHOTODIODE STRUCTURE Field Of The Invention This invention relates broadly to
an avalanche photod ode 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-Al"Gai_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 impact ionization process. Avalanche multiplication in APD enables the APD to
be used in low light level appl|c%ﬁéhéﬁgﬁ&gﬁlgréo%%%ﬁv%ﬁﬁﬂﬁﬁ@ﬁ)Ies (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-amplifiers to strengthen the signal. Low noise in APDs can be obtained if one type of carrier has a
significantlyﬂ%ﬁ@f—@ﬁi&@?ﬂ%’é‘)eﬁicient (a for electrons and fi for holes) than the other. Si was found to
exhibit largétag/limatiotian d¢ietesebpredy cesdovavaltighe gilorio@zde sstjuntise. Hdighrsptbed and high
capacity optigaL iRy telecommiNSatnnSYRIEMSMRRGHO QRarate Aand WRKsIggH,begause of their

low fiber attenuation (wavelg‘eqrflgh, 2=1550nm) and low chromatic dispersion (2=1310nm). The

emerging ASEARAEC BRER R e Em iR T Y B e S RSN 8B REF I O W R fortunately,
existing Si hgat®|tmdidracdgeptersthestot réspomdsat WavelSgtits Shedgunttjand\@eimbrmojunction
detectors weya found to.syffer 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 telecommunication systems. In seeking an alternative, IlI-V compound semiconductors have
received mBebkattemiiohf Heweventionost I11-V semiconductors have nearly equal ionization

coefficientsa Aeed IIRIBIRERNAIDS BreVids.an ayalanchraieiadipdeadnesheg e fpyicating an

avalanche photodiode, and devices incorporating an avalanche photodiode that seek to address at

least one of 1BV IERTEHER BIEBR AR NSERRIEF 6 e TR S RIETF AR eR7HiNG B 4 aspect of

the presentanizatitiorptberesisAyetaidbe anlGvlalsioha phitdloshetiesthecARE toimprisaugia iGe doped

region havipenafivst BRIRERcACRASERRSS §ﬁ%ieﬁl/£‘%}6iﬁ&|3c§8§é%’}j¢\@@ tht?ﬁEﬂ%éSri&é*?ﬁ first
ope

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

heterojuncith; PREFe HETNUFedrEliBRRDNHrREER AR RixES, RIMPhdgrtbg_dPEgion may
comprise Gen@atisrehdplibeGiias;shmtewncdipedysigion mapavasb e i Geiksig @aluAips graded

compositiop,papienid e ERiss il ale S HEadeHiIFRRROSHAN PRIIRR Bigisextend between a Ge
layer of the undoped region and a ALGal."As layer of the undoped region. The GaAs-ALGalAs graded

composition portion may extend between a Ge layer of the undoped region and a Al,Gai_xAs portion
of the GaAs@opeikeefioh” Phealbs dogaadeljionariayecompaiserama-gy satfieaathsdrgion layer for

850 nm ang} e, 8RARMILRIIQNGORIBLRGS HRAYPRARSRPHIAT|AKE" Il 330,A0ddarPgm. The

heterojunction may have a p-i-n configuration disposed on one of a group consisting of a Ge p-type
substrate, £X5HAda0E F <Ak FRENS escriR TS e I ipic s texre Ty G‘éﬁ%-ﬁiﬂil‘nﬁﬂﬁ%r n-type
substrate Theiumgppeshsemiobpmay hessmalestiamium dhitknd hestdepeskregiaon may be smaller

than 0.2 um thigk. In.example embodiments, L X 2, RLelerably L X 04 1-1550nm) and low
chromatic dispersion (A=1310nm). The emerging AOC and opiical interconnect market
requires detection at 850 and 1310 nm. Unfortunately, existing Si homojunction
detectors do not respond at wavelengths > 1100 nm, and Ge homojunciion detectors
were found to suffer from an intolerabiy high amplification noise. Stimulated by market
demand a considerable amount of work has been carried out in APD research since the
development of these telecomrunication systems. In seeking an alternative, -V
compound semiconductors have received much attention. However, most -V

semiconductors have nearly equal ionization coefficients.



An Al,Gal_xAs undoped layer thickness it -AlxGal-xAs) may be greater than an Ge undoped layer
thickness (toe). An AlxGalAs undoped layer thickness (tAl.Gal-kA)5 may be greater than a combined
thickness of a Ge undoped layer and a GaAs undoped layer (tGe+tGaAs). An AlxGa,..,As undoped
layer thickness (t v.pdxGa 1-x4 may be greater than a
combined thickness of a Ge undoped layer plus a GaAs-AlxGal_xAs undoped graded layer
(tGe+tGaAs-AlGaAs) An GaAs-AlxGa,As undoped graded composition layer thickness a ?
-GaAs-AlxGa 1 -xAs) may be greater than a Ge undoped layer thickness (tGe) The avalanche

photodiode’stERIURETRE SR SRS PR AYRIAG e Y RO 60 SPRSOR AR SREIE Rith. The
GaAs dopealedaiomenpayt oot sad dgracediddrBaraiig @GaAsatentageprattiediasedbpeskak timterface.

The avalanghe nhotodiode stryefiice may %mﬁﬁgg%g@@nghmic 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 ofShemadopietea énientioray comprise indium. The GaAs layer interfacing to the Ge layer of
the undoped region may comprise 1% indium (In0,01Ga099As).

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 polanty; and an undoped region
between the Ge doped region and the GaAs doped region forming & heterojunction;
wherein the undoped region comprises Ge and AlLGa As.

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

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

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

The GaAs-Al,GaAs 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 regioh comprises a p-type absorption layer for 13106 and 1550 nm.

The heterojunction may have 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.

The undoped region may be smaller than 0.3 pm thick.

The undoped region may be smaller than 0.2 pum thick.

in example embodiments, 12x = 0.2, preferably 1 2x 2 0.4,



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 region comprises Ge and Al,Ga,As. The method may further comprise forming ohmic
contacts to the Ge doped region and the GaAs doped region respectively from substantially the same
material. BAaf Aescjptiamodferhiryegshibigass 1t shows)theyad)esinesterdamdab Ceamutientge profile
under revergsgep(;%@e@gﬁé&;aI_,As-GaAs photodiodes of example embodiments. Figure 2 shows the
(a) structure ‘and (b) band-edge profile under reverse bias of GeGaAs-AlxGa,"As-GaAs photodiodes of
example embodiments. GaAs is incorporated to allow electrons to surmount the potential barrier at the
heterointerfacerifBguras3 shvmpsdhey) inkotae @nd.(b))banalcog @etitetumter roversedias of
Ge(GaAs-%M%§)é@é(éﬁ&d%§a%§m%g%dgggdqg}@gﬁg&&mposition of GaAsAl,GalAs
layer, of example embodiments. The graded composition GaAs-AlxGa,_,As layer prevents electron
trapping. Figure 4 shows the (a) structure and (b) band-edge profile under reverse bias of
Ge(GaAs-ArGelCeksivé aAdophottmiedéscimithsa (aded) cormp dsitioraibGthas-Al, Gatbirsilayer, of
example emhodiments. Figire 54a)40 (),show schemasicallyhe fabrisaligapiasass fos the avalanche
photodiodes of example embodiments. Figure 6 shows the simulated ionization coefficients in bulk Ge,
GaAs, Alo §eab7agart Alo 0Gao2As. Lines represent the experimental data and symbols represent
the simulated results. Solid and dotted lines (solid and opened symbols) represent electrons and

holes, resperfyel Figute Zshausdns aance hasdas JisRmUNAL e Co Gadsntertace

determined by the XPS method. Figuré 8 shows the device configurations for Ge-Al,Ga,_,As
heterogen@ﬁgtgfm@ﬁjr%éaﬁf“@%ﬂ?gléa)é?ﬁ%ﬂ?ﬁ‘?@ﬁtgﬁsi)a) p-type Ge - no holes trapping effect and (b)

n-type Ge - holes trapping expected at the Ge-Al"Ga,As heterointerface. Figure 9 shows the simulated

electron (M} and:hole-(Min muitinlicatien, characteralissiErR ROmMEL BGHOM  MEa kA d*=0-45 and

0.60) homoiunctlons, and Ge-Al"Ga,As heterojunctions with the same thickness. Large difference in
Me and Mh'i&85EBMREIRNHE: (a) Ge-A1045Ga0 h5As and (b) Ge-A10,6Ga0,4As heterojunctions.

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 Gahs layer interfacing to a Ge layer of the undeped region may comprise indium.

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

indium {Ine.0:Gag cels).

According to a second aspect of the present invention there is provided device
comprising an avalanche photodiode structure as defined in the first aspect.



Figure 10 shows the ionization coefficients in Ge-Al,Ga,As heterojunctions in comparison with their
homojunction counterparts and Si, at (a) x=0.45, (b) x=0.60. The corresponding ionization ratios are
shown in (c). Figure 11(a) shows the position dependent ionization coefficients in a 0.1 pm thick GaAs
homojunction pin (at reverse bias of 5V, multiplication = 1.69 and 7.2V, multiplication =38.45). Figure
11(b) shows the position dependent ionization coefficients in a 0.1 pm thick Ge homojunction pin (at
reverse bias of 3.5V, multiplication = 1.83 and 5V, multiplication =28.15). Figure 11(c) shows the
position dependent ionization coefficients in a 0.1 pm thick Ge/GaAs heterojunction pin in 50-50
thickness réﬁé‘?rﬁiaglr@li(@)'%(ﬁﬁ@eﬂﬁeoﬁ&ﬁi(ﬂf@@ﬁbﬁ@@ﬁ?iﬁﬁi%fﬁn'ﬁﬁﬁiﬁ%ﬁ’tﬁtg@1°f)m thick
Ge/GaAs hgigiegtngtian piziumdiQ9fhthickodssratiti(at teyensetidscofi@hgmmbiplieptiosf = 13.2).
Figure 11(e) sho! ogitl ionizati ffici j : EP 8Gal4As
reterolunott b SO aleLs b Y e Bndg  e hre Pon
coefficient #ED A HFPH dOB NS IR IR FERASHMCABH FIEING #1KIESIEE WBigure 11(g)
shows the pesien tdepadanpianizgitensoactiicicaissrdapd wadhitkGies A\l 0eGaddAdibeterojunction
in 30-70 thi i0, F ) iti pgndent ionization coefficients in a 0.1 um
thick Ge/Ai%ﬁ%%ﬁo{ﬁg%@t%%ﬁ#éﬂﬁgﬁ%ﬁgeg)étﬁ%ﬁégggdkaz' |0.Q'Figure 11(i) shows the position
dependent ionization coefficients in a 0.1 um thick Ge/A108Ga02As heterojunction in 30-70 thickness
ratio. Figurg el (heshmivadhepositiongeperdenhipaizaiiarverefticems Raddgdednmetinokand
Ge/A108Ga0,2As, heterojunction in 10-90 thickness_tatio. iled Rescription of Invention Example
embodimerﬁrtig &atﬂ%%é‘?‘é%‘l’eﬁ%‘r‘f%%ﬁ“ﬁ‘FS%éJé a banc dgﬁlgr%%n"é%'rg EI‘(S%/%Hr?gise Ge-AlxGalAs
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 exgess 'gﬁ 83k and 1550 nm, owing to the suppressed ionization of the opposite
carrier and%ﬂ%% effects. S been found by the inventors that an enhanced difference in the
hole and elE&&h WikcHifo Rl TP re SBECtRIERARAT IS B iR 4 RRRE (EMRESBRBT4tRsn of a Ge
layer in the AlfGloped-tegiepioftbdimieguictemAP Babndixaniple embodiments. Example embodiments
of the present invention incorporate an Al,(Ga,.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 c@éﬁf@i@n?@%%@%é@éﬁfﬂﬁ%ﬁ%@%@ band-edge profile under reverse bias of Ge-

GahAs-AlLGa,As-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-AlGa. As)-AlLGaAs-GaAs photodiodes, with a graded composition of GaAs-
Al Ga.As layer, of example embodimenis. The graded composition GaAs-AlGa..As

tayer prevents electron trapping.

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

iayer, of example embaodiments.

Figure 5 (a) to {I) show schemaiically the fabrication process for the avalanche

photodiodes of example embodiments.

Figure 6 shows the simulated ionization coefficients in bulk Ge, GaAs, Aly:Gag;As and

Al;sGag.As. Lines represent the experimental data and symbols represent the simulated



In one example embodiments of the present invention, a device structure with a
n(GaAs/AlxGal,As)-i(Al,Gal_As/GaAs/Ge)-p(Ge) configuration is provided, thereby preferably
minimising carrier trapping issues. Example embodiments of the present invention advantageously
suppress the feedback of electron 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 reverse bias for avalanche photodiodes of example embodiments of the
present invention. For illustration and clarity purposes, separate layers are shown for the different
compositiofRSUlsheelid I8 G siofsd iBastHae i shrfet SRREFE CEETRAY n B es Y sk BB pASSent from a
compositiondanespesicemposition, for example when there is a graded composition. Figures 1(a)
and (b) show the structure 100 and band-edge profile 102 under reverse bias of a
Ge-ALGat.,,As-GaAs undoped region 104 heterojunction photodiode of an example embodiment.
Figures 2(d)'a¥@ () Shewsth& e Rane 208ahadssn diserjiiprbfilebdbaurfaeGeberddiesiaseof a
Ge-GaAs-Altzahinda-Syahs Xpsopadaggion 204 heterojunction photodiode of another example
embodiment. GaAs 206 is incorporated into the structure 200 to allow electrons to surmount the
potential barrier at the heterointerf ace. Figures 3(a) and (b) show the structure 300 and band-edge
profile 302 TiSHET feifionge hrdeice ceniariom e P o) RS AIReREtM TR HEB O 304
heterojunctisambletesiiesténedranqt)er-gyaBplermbrdinaingighisesah@)andyby seowdhe structure
400 and band-ed file,402 nreverse hias of a Ge-(GaAs-Al,Ga,As)-GaAs undoped region
404 heterojrtrj?*f}c%fga%p é%%?oﬁéngf%§ﬁ3?1éxx§§§g' em E(Scatfr(%ient. The structures shown in Figures 3
and 4 incorporate graded composition GaAs-Al,Ga,As layers 306, 406 within the undoped regions
304, 404, whithea@vatiagae ushupredenistelecvonatiappisg My theigiivetiorechbfaguretidstihe GaAs to
AloaL < CaTRIRII MR RIS LONLE O 9 66 SIMIIRGR 05 Inpouhlhe middle of the

undoped region 304, e remaining undoped region 304 comprising AlGal_XxAs. In the structure of

Figure 4, tHESEMNEHRE Wi dN&sSeaInpostfGi g aRpR) Eltsprrero Mur EWc B RerAAR 408 to a

graded Al9(al&3-GeAlrediansine sad eodl Be-An exanpichemalopdionents, 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 pirn thick, and more preferably < 0.2 iirn thick. In the example embodiment of Figure
1, the thickis8Sof e SRWSaI A [eRtaHr theeliicifsiied TayerAhGandAs heteropielant yiRs) > the
thickness ofdhedriedposiitartiaditheogepesh layertéeajtd mtaese xanple-amisodinest.of Figure 2, a

> the comb&%ﬁ%&ﬁfﬁ%%&%@gﬂggg@%@@\%t{ﬁ&%s portion of the undoped layer (tGe-F1GaA9).

In the examp ents of Figures 3 and 4, (t -AlxGa 1-xAs) >
the combined thickness of the Ge portion and the GaAs-Al"Gal_As graded layer portion of the
undoped regignet Y Heshowahe AbsEonldapenliémnch(iarhscddriciahntia)=>0(1Ge) thicexample
embodiments, indium can be added into_the s layers interfacing to t layer of the undoped
region for 4 AT RS e S AR B op o Aot g S AP s 5(a) o ()
show the fabtfchtion 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 11(b) shows the position dependent ionization coefficients in a 0.1 um thick Ge

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

Figure 11(c) shows the posilion dependent ionization coefficients in a 0.1 pm thick

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

Figure 11(d) shows the position dependent ionization coefficients in & 0.1 um thick
GefGaAs heterojunction pin in 10-90 thickness ratio {at reverse bias of 5.8V,
multiplication = 13.2).



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
Deposition (PLD), Liquid Phase Epitaxy (LPE), Chemical Vapor Deposition (CVD), sputtering and
combinations thereof.) The sample 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 uSiagremHe i1y e mepieal dependamn lonertisanspriisiatiic dnse 0id rimsdtlish deionised
(DI) water foeahQuial MiMEeRRhEIeMR dtysosinekady2 @up. Figure 5(b) Depositing Si02 film using
PECVD A dielectric film 504 (for example Si02) 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 resisigss 9 dppliedicthkersgifavedsbiraleit|sridetiayec@itiasiagre.g. &ispim-dbigking machine.
The resist 2Q64p then pie-bakedowhgieit sanmnigisgeatly 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 witFitheer esigl) S@GvButieg e dilv e xiepsude @drosessjdhecpelitivetsesist 506 undérgbes a
chemical r@ézﬁg‘(poréégod A%an\ée(grgjmgﬂ\(g imageofithe 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 Using a wet
chemical eribue.gl tahhuffered ingdpeflitionc dBidhdeiciorietidiel ectit:layer b04 & selectiveky removed.
The remaining,resist is,then remove [ resi Ivent. Figure 5(h) Forming mesa diodes The
dielectric I%%%Oé%érﬁ%g%mﬁgi%fh{ggo rﬁ%%ﬁ%%gg:ﬁng 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 wyglichamicaiheickiagpidieithe paagarstiveitiasSdaetuakenn fJosmegnthgiglielectric
layer 504 is.remo d,agi ur 5{?}) Figure 5(j),Djelectric and/or antireflection coating A dielectric (eg.
Si02 or Sil%,ce?%ﬁ\%ﬁ /g(%'gr%éo inst e%f%ngﬂ%%géﬁé?gS?gBQYSiN.), indicated at numeral 514, are then
deposited using PECVD for isolation and to minimize the light reflection at the wavelengths of interest.

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

GelAly «Gag 2As heterojunction in 10-20 thickness ratic.

Detailed Description of Invention

Example embodiments of the present invention provide a bandgap engineered low noise
Ge-Al,Ga._As 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 opposiie 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 example embodiments.

Exampie embodiments of the present invention incorporate an Al,GayAs layer into the
undoped region to suppress the device ieakage current, and at the same time enhance
the difference in the eleciron and hole impact ionization coefficients in the heterojunction
APD.



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 to 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 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. Conventionally, the ohmic contacts for n-type
and p-type need to be formed separately for homojunction photodiodes, where additional processing
steps are raquired slaapierdobodmand isbldte thegenandvartype cortadts 580522, wiphatomask for
ift off is US%P@%%&%@@%%%W&%Q{&&) LREEINING steas ardansrbed ahgyadyithygigrence to

Figures 5(c) to ot shown) Is then removed in a solvent after contact metallization using

for exampl€"EIBERH HRAIRPSSH I SARR B ERSEd n-type contacts 520, 522 in isolation as illustrated
in Figure 5(1), which shows the cross-sectional and top views of the final fabricated device of example

embodime RiRartbie SHNBSHRAR A3 %%m%m el gAnde aliRied-AeortngIg speciic

requirements. A'rapid thermal anneali rocess can then be performed to minimize the contact
resistance. of EEHARAEREIRE BY the ABBSideeintingto MelriydesrtiBaiiem s ucidtstrated in
the followingausingre MonteGasioy MEpsanstitatigsepdogram. 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
microscopi€ ‘E&teriny ieditthidifs JEHEShRRT ?ﬁ’\’éﬁﬁ*ﬁﬁaﬁf%‘gﬁf WA c¥sEeMBfidEarlo
Investigatiaivabifxize-fhepeistizst dhepactdiesrditoinrop et ties prebeRt Undetid@ubotitkatr8oale”, Journal
of nghtwavaqha SERRPINIY0KY! 26aNEs H)eMAY LadRROPInLemethad relisnan tesasngration of

random numbers to determine the occurfence of random events such as the termination of a carrier's
free flight, $81eERBIERES ML rifigHE N B CFRERYin R HiSESgRE AN daR rBHRRHURESential fitting
parameterscunibesicogtaanahencampbsition Scattermte aremipseticonigatied catesy@iierobtained by
fitting to 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
parameterd 181§8e! (@)raBe dPersam Hisy RIB BRI dLE0Pd Parpidespeofisg] ﬁlﬂ@ééfvﬁréﬁgys A. and J.
Kundrotas, Bikand bo dieotl, Bhy sicaBiapentiopaf €2gic8i, 1G4 AsangunelioVibhosdiciendeaand
EncyC'Opedéga%ﬁwén%m%?mg%yc@vah oAb RRKCRELER D SeRicandLGie Raameters,

vol.1, M. Levinshtein, S. Rumyanisev and M. Shur, ed., World Scientific, London, pp. 33-57 (1996)].
The ionizatfif rdtB9R7. &P SEndtFy ERvhich @GR thEnreheidendrgyPEtsEHga KP4 modified
Keldysh expegssioncigivarhatisdide CiRindtath 9xdiipleherdaiinsatfitedsZiifesngaoat®ietsch includes
the softnesg facior. &-RAWEr Soyam Usshindibizarede) AfipnbBraile HdniidMBastdPrisafien rate and
soft energy thresholds for anisotropic parabolic band structures”, Semicond. Sci. Technol., 3, 48
(1988)] to b isaRIRE Aefitional softness in the impact ionization probability rate, accounting for the
dependence of threshold energy on direction in k space. Eth is related to the band gaps of the material

by the weigh &V@@%ﬂgg&ﬁmﬁ& a&%&}e%danw*b%rﬁd%%?&ﬁe%aﬁ%mm@@ps between

the F, X and L-valleys an g valence band maximum at F. expression for threshold energy

was first usBaSPhradi& tHaAR G aresrd e T SR R FERITo A I B RYTARBM J., Adams
AR., Pate MhatatictRobertstheSexdmpactnumidabon. iF iGads 4(d)sanbutiprebddirtbb edgottore states

determined g by ol AlEPIESHY & BeASHL MERISe ARl PLYEL@ILAS A 2304 9mAkand was

able to model accurately the breakdown voltages in maér}?/ wide-gap l11-V materials including
€

ALGal..,As {ARERPRS 'eLRREE IR RIARPBPIAFHALR HePBPARIBYATBIS SarRRIMERir "€ hoosing
materials fatiighrgoalemdeiidéglyrdprs. dnd\gphdhysate grede36oiER8i{203794sBeGrms also found to

follow the BrllquingangaVaraaethensayeandaisss G /Alemwhand Adamsus, siighiEressure

Measurements and the "Universal" Scaling of Impact lonization with Bandstructure”, Egé/s stat. sol. (b)

211, 335 (19889" FABPERenG S PRUHBIT Yattsiifg forBRe&iRiTs BndiAes SBRRREYBY fitting to
the multipligasitingchatacte fistiusitf (e Galsshiectre Sa disahoptdbemudds @rbryrigdmsendent

phonon scaligiing peaRffe e Ratbs il diitloFEPREMEN04 comprising AlLGa.As. In the



Table 1 summarises the material parameters used in the simulation. particle DOS mass C, 013 s-i)
E.ho (eV)(roeV) Ge electron 02209111 0.1110.86 1

structure of Figure 4, the GaAs to AlLGa,.,As composition grading extends from the Ge-
GaAs interface 408 to a graded Al Ga.As-(n+) region interface 410.

in example embodiments, x is preferably in the range 1 2 x 2 0.2, and more preferably x

isintherange 12xz204.

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

preferably < 0.2 pum thick.

In the example embodiment of Figure 1, the thickness of the Al,Gas..As portion of the
undoped layer (taxca1xas) > the thickness of the Ge portion of the undoped layer (ige). In
the example embodiment of Figure 2, (taxsaixas) > the combined thickness of the Ge
portion and the GaAs portion of the undoped layer (fgeticass). In the example
embodiments of Figures 3 and 4, (faxeaixas) > the combined thickness of the Ge portion
and the GaAs-AlL,Ga ., As graded layer portion of the undoped region (fae* loans-ancai-xas )

and (foass-angat-xas) > (tae)-

In example embodiments, indium can be added into the GaAs layers interfacing fo the
Ge layer of the undoped region for a better lattice matching with Ge, for example about
1% (Ing.01Gao seAs).

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
heterd}unction structure 500 can be fabricated using known fechniques including but not
fimited to Molecular-Beam Epitaxy (MBE), Metal-Organic Chemical Vapor Deposition
(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. For exampie, first, the sample surface 502 is cleaned
using acetone for about 3 minutes in an ultrasonic bath, and then repeated using



1 37.5 hole 0.340 102 GaAs electron 0,607 51 1.201.7529.0 |

methanol and isopropyl alcohol (IPA). The sample surface 502 is rinsed in deionised (D)
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 Si0,) with a thickness of about 200-400 nm is
deposited using plasma-enhanced chemical vapor depaosition (PECVD).

Figure 5{c) Spin coating photoresist (PR)

A resist 508 is appiied to the surface of the dielectric layer 504 using e.g. a spin-ccating
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 APL 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-hake process to further harden the resist 506
and to remove any residue of the developer.

Figure 5(g) Transferring PR pattern onto SiO;
Using a wet chemical eich, e.g. a buffered hydroflucric (BHF) etch, the dielectric iayer
504 is selectively 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
materials 510 to form mesa siructures 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().

Figure 5(j} Dielectric and/or antireflection coating
A dielectric (eg. SiO; or SiN,) film and/or an antireflection coating (eg. SiOx/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 patierning steps as
described above with reference to Figures 5(¢) 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 exampie embodiments of the present invention. Both 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.
Conventionally, the ohmic contacts for n-type and p-type need to be formed separately
for hemojunction 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 paiterning steps as described above with reference
to 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 isclation as illustrated in Figure 5(1), which shows the cross-sectional and top
views of the final fabricated device of example embodiments. The cantact 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 Carlo (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 eleciric field and subject to
scaltering processes according to given probabilities describing the microscopic
scattering mechanisms [Chen Shiyu, Xu Kunyuan, and Wang Gang, “Monte Carlo
Investigation of Size-Dependent Impact ionization Properties in InP Under Submicron
Scale”, Journal of Lightwave Technology, Vol. 27, No. 10, MAY 15 (2009)i. 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 scatiering and impact ionization rates, are cbtained by fitting to the

10
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experimental data for bulk materials, whereas ionization threshold energy £, and
phonon energy hw are obtained from the literature [ Adachi 8., “GaAs, AlAs, and Al,Ga,.
As Material parameters for use in research and device application”, J. Appi. Fhys., 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 Parameters, vol.1, M. Levinshtein, 3. Rumyanisev
and M. Shur, ed., World Scientific, London, pp. 33-57 (1896)].

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

Ry = CI(E/ Ey) =11, (1)

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

B, =[Ey +3E] +4Ey], )

where Eg, E? and E;: are the band gaps between the T, 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
A.R., Pate M.A. and Roberts J.5., “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 voitages in many
wide-gap 1V 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 (1897).]. Ge was also found to follow the Brillouin-
zone averaged energy gap in eq. (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 filting to the
multiplication characteristics of the bulk structures and is represented by energy-

independent phonon scattering mean free paths, 4. and 1, respectively.

Table 1 summarises the material parameters used in the simulation.

Material Particle | DOSmass | A, Ax C. Eu hey
1P i, (&) (10M ohy (eV) {meV)
ot 17
Ge clectron | 0.220 o1 6.11 0.86 375
hole 0.340 162
{ectron 7 51 .
GaAs cleciron | 0.60 2 1.20 1.75 29.0
hole - (.33 46
electron 0.63% 43 -
AlysGag2As - - 1.30 1.61 31.0
hole (0.399 41
eleoty z ;
Al :Gio ssAs electron 0.651 44 135 1 99 17 5
hole 0634 38
electron {.666 39
Alp sGagp cAs - 1.40 2.08 34.0
hole 4,668 37
lectro . 3 -
AlpsGagsds |oooon 0080 d 1.65 221 350
hole 0,714 34

Table 1 Material parameters used in the simuiation.

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 jonization rates
in germanium”, Appl. Phys. Left. 37, 4 387-389 (1980); Kyuregyan A. S. and S. N.
Yurkov, “Room-temperature avalanche breakdown voltages of Si, Ge, SIiC, GaAs, GaP
and InP”, Sov. Phys. Semicond. 23, 10, 1126-1132 (1989)], GaAs [Bulman G.E.,
Robbins V.M. and Stiliman G.E., "The determination of impact ionisation coefficients in
(100) Gallium Arsenide using avalanche noise and phoiocurrent multiplication
measurements”, IEEE Trans. Elec. Dev., 32, 2454 (1985) ], Al;3Gag-As [Robbins V.M.,
Smith $.C. and Stillman G.E., “Impact ionisation in Al,Ga,_As for x=0.1-0.4", Appl. Phys.
Lett, 52, 296 (1988)] and AlyzGas.As [B. K. Ng, J. P. R. David, S. A. Plimmer, M.
Hopkinson, R. C. Tozer, and G. | Rees, “impact ionization coefficients of Alg sGag.As,”
Appl.Phys. Lett., vol. 77, no. 28, pp. 4374-4376, Dec. (2000); B. K. Ng, J. P. R. David,
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-. 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 nP", 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 noise and photocurrent multiplication measurements”, IEEE Trans. Elec.

Dev., 32, 2%54-(%68%) R A1d.28501ALIREMEIRsBOM: Sritfes. AR LRIMEERCE 9™ AliShct ionisation
in Al GalAsieakadvh-0.49, Gaphfbys. DLIE TR T 296 d8e) barfietiDBBanceAMa. 4, N, J. P. R,

David, S. A@B?g\‘?ﬁ,oyb Idgigéig.'%)mr%rgrgger, and G. J. Rees, "Impact ionization coefficients of Alo
8GaD2As," Appl.Phys. Lett., 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."As o) sitmbisidi amn saciiogsrens|etticnrBe Weesondoictdd, (B 12hDete(Re02H, using the

MC program, For, MC si jOn.| rogen: S S C ion ( n lence (a,Ey)
bandedge %nccé‘%r? ui#é@g#%@%-%ﬁes ﬁ%ﬁ%ﬁ% V\%@%Ee%tewn%ere\e %%/Hﬂfe%)%é tec n%%%, as shown
in Figure 7142BRiGKS afs iq¥se Bgfdient- WRASHE 8ife [CRRSH SIS AN &M WHINE§I "B opant

incorporatioph&rasah Exekbmouament. afitbpaidretseirat (defaadis| OB0 vterface aRthysical Review B,

38, 7858-7504.(1988), I baRdedge ASeOnNLES SLNG GRASALER. 488 rtatsos age taken from

literature since they are well report ere a 60% of AEQ, an % of aEg. Generally,

the structurebergsiarntndtnsnbiip b sretangie i@?ﬁﬁéﬁ‘?rﬁéenfl%kgﬁﬁ)‘! H%ngrﬁ@ﬁ%ﬁ%ﬁrations
comprisingtregiarswefi(Rsstoredwnsleped/ingiisier nEloped ey, (adopetiamydoped/intrinsic-p-doped),

depending on the choice of materials and/or dopants. The undoped region is also known as the
multiplication region, where multiplication occurs. Figures 8(a) and 8(b) show the band-edge profiles

800, 802 ofG@nsi@ihpHdteeivdes dhe avspreampisiatienes Jffissahraise AMPREMSSE FRjure 8(a)
shows a n(Adfe ahd DorfiBliGions edHErRING Q)Y idP) (Blaspsa v fiareig(hispewson

PANGAL A (AKGBRASISRIRIGE) (Bos) stiiclure, The erpodiment shown,in fioue A(e)
advantageous yppreven(f carrler?ragpln e?‘fectse WhICH may otherwise limit tﬁe evice operation
speed. It wiltbaripprdiatetidnaethssgsntigeration aigurs sl MutiBicaierawed where
n(GaAs/Al,Gakfra(ibd dealrkAs/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 advantageous significant reduction in feedback ionization in the AlGalAs layer,

with larger Fégiiesd@renihBer AbesritefantedyeonsfilaySP-PAIosawvc Mahesdies#soAl contents
of 0.45 andRHAL -pIeSEMGAI NoF gl sl andR(b). TERRESIBRIY shows a n(ALGa;.As)-
i(ALGa,.As/Ge)-p(Ge) (n-i-p) structure while Figure 8(b) shows a p(AlL,Ga,.As)-i(AlGas.
AsiGe)-n(Ge) (p-i-n) structure. The embodiment shown in Figure 8(a) advantageousiy
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/AlLGaAs)-{ALGa . 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 advantageous
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 0.45
and 0.60 are presented in Figures 9(a) and B(h), 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 800,
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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, 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 GeA1045Ga0,55As 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 8ffardAcETMRRESHUMBHC AR M PRILINHIthe CUARIRE SOMRERE-S FHudlPes biexample
embodimeetscitigs rasd 1@y arndd 6(bery espectivielynshow tthe rholgfidetitrofidoization Geefficients for
Ge-A1045§%0§25 S A%%¥F’e? %Q?U}Qsogg &g%ﬁgﬂggﬁgﬁés heterojunctions (curves 1004, 1006),
compared wi fi same overall thickness A10,45Ga.055As (curves 1008, 1010), AI0O6G80.4As (curve
1012, 1014), Ge (curves 1016, 1018) and bulk Si (curves 1020, 1022). The corresponding ionization
coefficient radios are) showstie frigure 20 ke @ositiomiepenigécdtionizaaneteifcEits, a(z) and

b(2), are defiped cﬂ&%)éézﬂ{ﬁééﬁloﬂel?é@pémééfmé}@ SREHALLR) i WBREEYR)AdgRg) are the

concentrations of electrons and holes at position z and dne(z)l dz and dph(z)l dz are the rates of

increase offHBsdyGaMMREEALEE dhsetRomaiNBEBT: FOHFSIRHIS dSHE®IGE® 1At Hiredfons of
transport oklkmse caiiersias lehiainedd cangth diinentation ffEhegimiidatied feswltsratieepBesented in

Figgres '11%%-6@829"%‘ lifferent t &t&r@g@é%@é%%%%gording to example gmbodiments, 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 AlxGBighepdienafdhe @eabEelvds shdepbd regitis;tiresutnmginih®efivantadgeous large

difference ig lojizatign GEfUGIEOLS 85SHews) IhiBLres EXANOHGErojunctions (curves 1004,
1006), compared with same overall thickness Alp4sGagssAs (curves 1008, 1010),
AlsGagsAs (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 defined as

T odn(z) and  b(z)= m_nl_m@_h_(_zl (3)

N plzy dz

atz) = n(z) dz

where n(z) and p(z) are the concentrations of elecirons 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 resuits are presented in Figures 11(a)-(j) for different heterojunction
photodiodes according to example embodiments, where the i-region thickness for the

respeciive 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 AlLGa.As
portion of the Ge-Al,Ga,,As undoped regions, resulling 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 provide a low noise Ge-Al,Ga,"AsGaAs
heterojunctions APDs covering a wide detection range of about 400 nm - 1700 nm. The
Ge-GaAs-AlxGa, xAs APDs have low excess noise, at 850, 1310 and 1550 nm, owing to the
suppressed ionization of the opposite carrier. Example embodiments of the present invention
advantageously provide a low noise APD operating at a wavelength longer than 1100 nm, in particular
at technologically important wavelengths of 1310 and 1550 nm. The APDs of example embodiments
exhibit similar low noise characteristic as in Si APO. Example embodiments of the present invention
can also provRIBPhBRRASIEIRDIS ThiteareeeepisiNRTIEhER 850V KIS 1Y AIRPVERBldRRtHSfor use in
optical intereahnéetedgrcninss MEDapElicationa attiveleptttahcalnles ohielsdight peak) mofiber to the
home commuAle sgiepclione aplealaay eRlul Wealpplsa) s als IbEgAnOe of 1AW

and hence low noise APDSII% exam le em% |ments operating at these wavelengths will be very

useful to dé%%‘tgafﬁd’?rﬁkmﬂ?%%@%ﬂéﬂ‘Ekafn%ﬁé’eﬂ%%ﬁﬁﬁfﬁ% EFW&SQWFH%}%SW‘@ .
advantage @ustgrirovieleiav aldrehegpbotdpodsd atmandsieaPancpkeaatin figha egpensigity at 850 nm
o0 pn0G erentp i SxGesRaRPSKURL IR A Sk Bl EXRIRG SbAdnents gldne presen

invention allow the same Ohmic contact for p- e and n- GaAs in t e designed structure, and
thereby carl P6Vide _Ehﬁl&Pﬁeﬂoﬁ@@é@%|?16‘?F@ﬁ%’%ﬁéﬁ'ﬁf&éﬁ?’@%ﬁ?@ﬁ\ﬁiﬁﬁc@kéﬁ@@r?ﬁood|ments of
the presentnriexftion 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 1An avalanche photodiode structure comprising: a Ge
doped regiGrHER/MEEPRETSEIAM S BreseRS HEHEATSBIAIERIAY 98 Sk REISEIaM BhRGsite to the
first polarityseantientonedip b degidnibBe veenvibe=Begtiop ddrregoin andith e ided sraeprdisegion
forming a haJRLIHECRBiLtare/BdAR WieRe ddsalon FOTUPHiRAS B8 A MGAIA G 2nJhe avalanche

photodiode structure as claimed in_claim 1, wherein the undoped rei%ﬁgn comprises Ge, GaAs and

Al"Ga,As. §°’°1*Né‘rél?féifaﬂ(ﬁ*iét?iﬁﬁtg@%?feaﬁ?ﬂ%?ﬂ?@%g%hwgdvﬁ’?Ela 3! Wélﬁ’tﬁ'@ (#{5ped region
comprises anMSsAb((Ean&e wadediconpasition pedigne 4nfheliavaiancperphejodiogaséructure as

claimed in g‘; geN(ﬁlB f@%@l@Gﬁ%@gﬁg&s&fﬁh@p?|t|9n portion extends between a Ge

layer of the reglon an a,As layer o oped region. 5. The avalanche photodiode
structure as clalmed in claim 3, wherein the GaAsAl,<Gal.xAs graded composition portion extends
between a Gextayier ehtheitrdaped meignssse amktinn. AovpatiganotitheGads dopadargion. 6. The

avalanche gholodiogde &%%‘8%:%&%?'5’1@%9\) éBM P&gg%sﬁlﬁ%? d&q&? %o‘g §rFf dhe SpAs.doped

region comprises an n-type i sorption layer for nm'an ope region comprises a
p-type abs&’tﬁlﬁ’ﬁhl&fié?%m‘éﬁ@iﬁﬂari%@@h?ﬁS‘? 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

aroup SonsiSiLA! B BSAHIAS SBRIAS. FROREFUIGFHIFLRIR SRR IR BIL pype substrate

or GaAs- on Insulator n-type su
Ge and n-type GaAs in the designed struciure, 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.

15



8. The avalanche photodiode structure as claimed n any one of claims 1 to 7, wherein the undoped
region is < 0.3 6m thick. 9. The avalanche photodiode structure as claimed in any one of claim 8,
wherein the undoped region is < 0.2 m 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 ft ',AInGal-xAs) > an Ge undoped
layer thickness (tee). 13. The avalanche photodiode structure as claimed in claim 2, wherein an
ALGaI.xAsgﬁ%%)ed layer thickness (t > a combined thickness of a Ge undoped layer and a GaAs
undoped layer ft tAnGestaridad\shotodiode structure comprising:

a Ge doped region having a first polarity;

a GaAs doped region having a second polarity opposite o 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.

2. The avalanche photodicde structure as claimed in claim 1, wherein the undoped

region comprises Ge, GaAs and ALGa, As.

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

4, The avalanche photodiode structure as claimed in claim 3, wherein the GaAs-
AlGa,As graded composition portion extends between a Ge layer of the undoped

region and a Al,Ga,_As layer of the undoped region.

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

8. The avalanche pholodiode 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 comptises a p-type absorption layer for 1310 and 1550 nm.

7. The avalanche photodiode structure as claimed in any one of claims 1 fo B,
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 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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- 14. The avalanche photodiode structure as claimed in claim 3, wherein an AlGal_xAs undoped layer
thickness ft > a combined thickness of an Ge undoped layer plus an
GaAs-Al,Gai_xAs undoped graded layer it '-ee+-GaAs-AlGaAs) 15. The avalanche photodiode
structure as claimed in claim 3, wherein an GaAs-AlxGa, As undoped graded composition layer
thickness (1 ,,GaAs-Aixca> an Ge undoped layer thickness (tee), 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 thé GaAs 86 F FEGInREGRPIRSEsSH l@?‘&&%&%ﬂ@@ﬁ%@@ﬁ)&@%ﬂ&ﬁé"ﬁt%ﬂv URSped-n+
interface. {h8.uhaemadagichésphatbgindeckiructure 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 tRe Gall¥ N tEGiBRNESRSEHSEIFIYE RBYrREIMESniNsaBYtantiatly Y& eam&ntaterial. nn
CA.J.The avatasehezphaetodiode structureas claimed in any one of claims 2 wherein a GaAs layer
interfacing to a Ge layer of the undoped region comprises indium.

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

z2xz204

12. The avalanche photodiode structure as claimed in any one of claims 1 to 11,
wherein an ALGa, As undoped fayer thickness (faxcaixas) > an Ge undoped layer

thickness (ige).

13. The avalanche photodiode structure as ciaimed in claim 2, wherein an Al,Ga...As
undoped layer thickness ({ancaixas) > 8 combined thickness of a Ge undoped layer and a
GaAs undoped laver ({eetcass)

14. The avalanche photodiode structure as claimed in claim 3, wherein an Al,Ga . As
undoped layer thickness (faxgaixa) = @ combined thickness of an Ge undoped layer plus
an GaAs-AlLGaAs undoped graded laver (taetgass-acans)-

15. The avalanche photodiode structure as claimed in claim 3, wherein an GaAs-AlLGa..
YAs undoped graded composition layer thickness (loass-amcaixas) > 80 Ge undeoped layer

thickness (tc.).

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 wavetength.

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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21. The avalanche photodiode structure as claimed in claim 20, wherein the GaAs layer interfacingto . :
the Ge layer of the undoped region comprises 1% indium (Ino.olGaossAs). 22. A device comprising
an avalanche photodiode structure as claimed in any one of claims 1 to 21. 22.A 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 region comprises Ge and Al,GalAs. 23. The

method as thaimedNf BN R emPHERES GnAR BRI BhREs Yo IREE ddp€d region and
the GaAs dopker regignisespetticbpiiens Subiiaritalipped ssgive matenalGaAs doped region

respectively.

18, The avalanche photodiode structure as claimed in c¢laim 18, wherein the ohmic
contacts to the Ge doped region and the GaAs doped region respectively are formed

from substantially the same material.

PR I T i et rdre imad n oany ARe i
avalanche photodiode structure as claimed in any one of claims 2 or 3,

e
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
layer interfacing to the Ge layer of the undoped region comprises 1% indium
(Ino.51Gag 9sA8).

22. A device comprising an avalanche photodiode structure as claimed in any one of
claims 1 to 21.

22. A method of fabricating an avalanche photodicde 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 fo 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 AlGay..As.

23.  The method as claimed in claim 22, further comprising forming chmic contacts to

the Ge doped region and the GaAs doped region respectively from substantially the

same material.
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