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[ 0001] EnbqQdj nen elate to a photodetector and a nethg
fabricatiosgbgtﬁgffl@(%#‘). Background [0002] Gernaniumon-S T/g(t,2008/000199

(sem conductor on insulator), or commonly abbreviated as Ge-on-SQ,
is commonly used in near-infrared photo-detection applications due
to Ge-on-SA i nt egifitatodefeochgavitbivialencewmehding adsorpa@@fEgyion and

t echnol ogy, and | arge absorpti Qﬂe%‘aféiifap _btioRthafdofe Phot odetectors
exhi bit good responsivity and quantumetrfticiency for optical

absorption at a wavelength R of 850 nmw th potential for |onger
wavel engt h L-band photo-detection (A = 1561- 1620 run). In a
conventi onal photodetector, a netal TechicabRidldct or - net al ( MSM)

structure is iljse 0,.l everage on the advantage of |ow j tiqn
capacitance a (hmlieasgm%?d"ﬁflgﬁergl e e éqﬁp‘&ﬂ%%a"i 68‘%31] Wﬁh\?/ﬁ/vééf??a%ﬁ‘fzagwn
dark current aqhseifved in a MSM phot odet ector causes the

phot odet ector to have a poor signal-to-noise ratio, which is further
aggravat ed when a narrow bandgap material such as Ge is enployed for
the active photodetector region, whBigghhga dark current is

predom nantly attributed to | ow Schottky barrier _height. The | ow
hol e Schot t ky (4942} j efFermantnsor-80k (S ORBICHAT I‘E‘ve’l“s"ﬁ?tﬁﬂ’i ng§ aforpmenly

el ect rode( net ah)LRhed 0eEeeh ROICR) cofihbill aged ah Mathdafd Peid-Berkdtion
| evel, which shows little dependence on the choice of netal work

function enpl aplisatiqnsy due i (GenRneSOL, injegratian GAMMAERALISH oYy stisting CMOS

integrated in@ngihey, bhd WRMESHYIrPEor @Y icRAY Cp A nbdphdtelector &@IVit good
performance in the order o 150§%A for a given applied bias of 7.
[ 0004] One comsseensiviiadnddmentua effipipreysioe spikst lebsomtioarft abyavelngddddfng

a large 850 nm with potential for longer wavelength L-band photo-detection (2 = 1561-
1620 nm). In 2 conventional photodetector, a metal-semiconductor-metal (MSM)
structure is utilised to leverage on the advantage of low junction capacitance and
ease of process integration.

[0003] However, high dark current observed in a MSM photodetector causes the
photodetector to have a poor signal-to-noise ratio, which is further aggravated when
a parrow bandgap material such as Ge is employed for the active photodetector
region, where high dark current is predominantly attributed to low Schottky barrier
height. The low hole Schottky barrier is due to strong Fermi level pinning at the
electrode(metal)/photodetector(Ge) interface at a charge neutrality level, which
shows little dependence on the choice of metal work function employed. For
instance, a germanium MSM photodetector integrated in a SOI nib waveguide may
have a high dark current performance in the order of 150 pA for a given applied bias
of 1 V.

[0004] One conventional device suppresses dark current by introducing a large
band gap energy material, such as a thin film of amorphous-Si or amorphous-Ge,
that is continuous at the interface between an electrode and the semiconductor.
Using amorphous-Si or amorphous-Ge as barrier materials increase parasitic

resistance, leading to a compromise in the photocurrent.



band gap energy material, such as a thin film of anorphous-Si or
anor phous-Ge, that is continuous at the interface between an

el ectrode m conductor. Using anorphous-Si or -
as barrier%ﬂg?%gﬁgﬁﬁ i ncrease parasitic resistance, Ieggﬂﬁéﬂﬁﬁﬂggge
conprom se in the photocurrent. 1 WD 2009/102280 PCTI SG2008/ 000199
[0005] It would be desired to have a photodetector that reduces the
dark current phenonena w thout at |east sone of the deficiencies

menti oned above. Summary [0006] In an enbodi nent, a photodetector is
provi ded, i nc[odsing lawdelléetdesiredrie g plotddetestor thehtedudes thegdagn current

formng an intgerface with the detector regi | st val ence
nendi ng adsor B%ingm?ﬂéag‘i”gﬁub%t?mtesﬁmteﬁg&feﬂ?fgﬁ(aénggﬁ glgt nr%%é]%dc")%' and t he
detector region. [0007] In another enbodinment, there is provided a
nmet hod of formng a photodetector. E@e net hod may include formng a
detector region, formng a first co egion as an interface with

the detector egéon,naadebddimsit, apiraetecmnd pyvideds orhding 4 dgicanr
between the first cgntact regi on and the detecto ion. .[ 000 [

et anot hor . oS it ComeREEIon oA S SCK DA AT S SRR o
detector regi Qflenc® mdnliiBf a8RMbaRClegion BeMiten MRdirst cohtaSirefioh Nt the WetdctoNy
adsorbate region formng an interface between the detector region

and the first™¥®t act region, wherein the first val ence nendi ng

adsorbat e regjogn7Pasii ¥RtRS Saddindrf theRds peRViee N thidhod iof SormEifRtact
region and the detector region. Brief Description O The EXamﬁng
[0009] | n thepkptedsiealgs, The msthed may dpchedetaaniag e detecigr Frgion fompngrasiirst o

the same part gnfchribaheuh iftBacdivifhehe Bltectbr@¥gion, HAE atirdiNalElSe MERINO!L

necessarily to scal e, enphasis instead general]y being placed upon
illustrating adserbpieiregioniiesueegitha fypt copiact regigiayd thsfetector fegidte f ol | owi ng

description, Nﬂéd]ou%?@jﬁgﬁﬁp%&dﬂﬁ&t,%ég i A6Hd¥ 4 Photodetector including a
detector region, a first contact region, and a first valence mending adsorbate region
forming an interface between the detector region and the first contact region, wherein
the first valence mending adsorbate region passivates dangling bonds between the

first contact region and the detector region.

Brief Description Of The Drawings
[0009] In the drawings, like reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of various
embodiments. In the following description, various embodiments are described with
reference to the following drawings, in which:
[0010] Figure 1 shows a scarmning electron microscopy (SEM) image of a
photodetector built in accordance with an embodiment.
{0011] Figure 2 shows a cross-sectional view of a photodetector built in
accordance with an embodiment.
[0012] Figure 3A shows a cross-sectional view of a photodetector without a

valence mending adsorbate region.



reference to the follow ng drawi ngs, in which: [0010] Figure 1 shows
a scanning el ectron mcroscopy (SEM inmage of a photodetector built

I n accorda ] n enbodi ment. [0011] Figure 2 shows

cross-sect R‘?)(E%ﬂ%@@é@/ of a photodetector built in accor%%ﬁ%%m\(}\ﬁlqoﬁlgan
enbodi ment. [0012] Figure 3A shows a cross-sectional view of a

phot odet ector wi thout a val ence nendi ng adsorbate region. 2 WO
2009/ 102280 PCT/ SG2008/ 000199 [0013] Figure 3B shows a band gap

diagram for a photodetector without a val ence mendi ng adsorbate
regi on. [0014]0083yur Eigge ¥hohewsn achad sap clirgram dor i phgiagetegtor without a

phot odet ect or by dange, W th an enbodi nent. [0015] Figure
3D shows a bang1 iééé’td” 5?2%\%3 Ipl)hot odetector built in accordance

with an enbod{04l . fl@@@G}C I%hgm @ drossrgoiérnal ylewt ofl @t phaterleteior | buili in

accordance with an enbod o 1m p017] Figure 5 shows a flow chart of
a fabrication process 10 manu ure a photodetector built in

accordance wi [(msan angmm mmhowﬁ GOr8]d Bamulagsant Aot @ pieotaleetor built in
Cross- sectlon%I Vi Qh sgvb%ﬁ% Iabri cation stages of a

phot odet ect or *4€E aP%FW oA Ebodi ment. (0019] Figures 7A and 7B
show hi gh r esiloné)i onﬁgmaﬂsh@md ghotodbtecadr tmiit i accodamopyith érh-lﬁiﬂﬂv;imémages

of a N Ge/ CGe | tion in hoto ete n accordance an
enbodi nent . [B’@S@] Fﬁé\.’fFeﬁa “&Ho ﬁ%rgggﬁzklﬁ??ca*‘%%l’%csgq S p8e %ra%tgiéeo?)y
(SIM5) depth pha&ddt@tortbﬁxltan adctbidaticeetiraagaibedinihiGe Schot t ky cont act of
a phot odet ect &B@wl . cor nce wth. a

_ _ L . (?Q“poc}jsrreng.l. 00t21
Figure 8 15 a b5 Lo AP PE B PR OVOT CAE (1RO LIRS
of a photodetector according to an embodiment.
[0019]  Figures 7A and 7B show high resolution transmission electron microscopy
(HRTEM) images of a NiGe/Ge junction in a photodetector built in accordance with
an embodiment.
[0020]  Figure 7C shows a secondary-ion-mass spectroscopy (SIMS) depth profile
of a suiﬁar—segregatéd NiGe Schottky contact of a photodetector built in accordance
with an embodiment. 4
[0021'] Figure 8 is a plot of room-temperature current-voltage (I-V) curves.
[0022]  Figures 9A and 9B are plots of current versus applied voltage V.
[0023] Figure 10 is a plot of response (dB) versus frequency (Hz) for a

photodetector built in accordance with an embodiment.

Detailed Description
[0024] While embodiments have been particularly shown and described with
reference to specific embodiments, it should be understood by those skilled in the art
that various changes in form and detail may be made therein without departing from
the spirit and scope of the invention as defined by the appended claims. The scope
of the invention is thus indicated by the appended claims and all changes which
come within the meaning and range of equivalency of the claims are therefore
intended to be embraced. It will be appreciated that common numerals, used in the

relevant drawings, refer to components that serve a similar or the same purpose.



[0022] Figures 9A and 9B are plots of current versus applied voltage
VA. [0023] Figure 10 is a plot of response (dB) versus frequency (Hz)
for a pho built in accordance with an enbodi | ed
EEscriptio&afg@giFg il e enbodi ments have been particulg§ﬂ§qgﬁ§@ﬁbgnd
described with reference to specific enbodinments, it should be
understood by those skilled in the art that various changes in form
and detail may be nmade therein w thout departing from the spirit and
scope of the invention as defined by the appended clains. The sco e
of the invent{®a5] s Figus | rlipwataesrabying w&eca:grpewa@épowaﬁsﬁh/l)awgaw
changes whi ch t f equival ency of

. ghﬁtﬁggec 1% Qunfts}gncg&ggﬂc@g‘b rr%‘@&gg] :

the clains ar erefore race It will be
appreci ated t [(maﬁborrlﬂ“mm Fipwre riafitscan (s etisdrvedt thas the phatedetectod A 8hinedyeies a

refer to corrp st serve | t

5006 109260 paIT S et HeoTs S"?‘C@z‘g} tdte 214, b?&sﬁgﬁedg&lisoggﬁﬁmém\’%&
el ectron m cr ¢senRy0.( SuMhe |em=bgémmht shovph) aho ghttedtaptor 10 hasi it effcptwe
accordance w th an enhodi 2 om Fi t can be
observed t hat dﬁ‘f?“‘ﬁﬁg})ﬁr&ﬁ%'ﬁ?L’icg?)glg%fﬂ?a‘@%sg?”f’w%s%bEfnectrode 216
and a second @loagf r opiguré b4hoWei brosk- @mﬁﬁm&bw&n&lmsm\pam eNFighryler

210. I n the enbodi nent shown, the phot odet etgtor has an effective
di ameter 0 of °§%@H@°WW&%“§“HW@%’F”§B% g embmeNts ng 2. 0 pm

[0027] Fi gur e[gd2§hoWBheApKoidiRRetdL 400 Gidldey iaChilk tsais&aeahyuagzolﬂ A&lefchdr
of Figure 1, of the photodetector 100 built in accordance gth an
enbodi ment . [ GEE]21hisolptnsreienseOfe andidBb; thepastiedion 1ayar k! 0s & HEY Pt

llayer 201; a dei&CIRF a SE&% Q&t;’&%eglérs@isawm Ja&awﬂ@ndzmgdsamtezeﬁbm
the passivation |ayer 210; first contact region 220; a second

contact regi oﬂlfm@ﬁratqlqcﬁg‘ieﬁél aMdle seaondiclfgte fbate region 215;
the first el egjopede ﬁleﬁﬁrs@émmw?egﬁﬁczz@%ﬁﬁseﬁ; rn&@ﬁc;&ﬂh D@2 or ToBlon

first contact regl on 220 forns an interface Wlt e det ect or regli on
212, wherein the first valence mending adsorbate region 215 is disposed between the

first contact region 220 and the detector region 212. Similarly, the second contact
region 218 forms an interface with the detector region 212. In another embodiment
(see Figure 3C), a second valence mending adsorbate region (compare reference
numeral 317) is disposed between the second contact region and the detector region.
[0030] In the embodiment shown in Figure 2, the first contact region 220 forms
the interface with the detector region 212 by being in contact with the detector region
212 so that the upper surface of the first contact region 220 is flush with the upper
surface of the detector region 212. This allows the first electrode 216 to directly
contact the upper surface of the first contact region 220. In another embodiment (not
shown), both the first contact region and the first valence mending adsorbate region
are formed within or embedded inside the detector region.

[0031] It will be appreciated that in another embodiment (not shown), the first
contact region may be disposed above the detector region. The first valence
mending adsorbate region may be disposed between the detector region and the first
contact region so that the upper surface of the first valence mending region is flush

with the upper surface of the detector region.



212, wherein the first val ence nendi ng adsorbate region 215 is

di sposed between the first contact region 220 and the det ect or
region 212. Siml arl the second contact region 218 fo

interface WPR®H%Rfet ect or region 212. In anot her enboHFﬁ‘éﬁ%Gosl?"é'égé’
Fi gure 3C), a second val ence nendi ng adsorbate regi on (conpare
reference nunmeral 317) is disposed between the second contact region
and the detector region. [0030] In the enbodi mrent shown in Figure 2,
the first contact region 220 forns the interface with the detector
region 212 by [¢032hg Rewsiiy tacle amibbﬁintehshdwn aécFigure2ethe mon&d@tasoregioat

t he upper surf of the first gi.on s. fl.ush w

upper surf acezaigfﬁ”i“ﬁea“d‘(?{eé%@ ‘53 ecﬂf g‘%izig gﬁb&/\é 't hgmf'ct h g
el ectrode 216 defc@t Er@i‘dnl Y12 ROhktath up;lrae sumn;erofshur fezomd adntacheegianrms is
contact region, 220. anot her, emhodi nent ( not owq). oth,the
first contact Teyigh "Eﬁ&p?%es“’f{?‘iﬁs‘l tg%lggtﬁ%‘ér freiogi 8 \A@ﬁ%ﬂgoa“fs thy S&5o84
are formed W tdiicRod 2133@3&'@@5‘ cbitgdt @ dpper ﬂﬂh@Cdelie s’ee@iin@nta[:tQ@@&r} 218
wi |l be appreciated that in another enbo &?&P ﬁ gmq) E first
contact regi o™ rAd¢itigl @F§Eﬁ@€dmaﬁ6¢@99ﬂ@ gt & GBI thy figgt
val ence rrendlcegta&%gwaztz@ Yye ik PortiRYofOBe dekp@S e@g@ememrabbmen In
detector region and first contact region so that the

surface of thampthersembpdiresne nqisheliHg b‘i’tEd]i]‘eo peepRd ponfach regigny ﬁldt ﬁé SEROPer
surface of t h%ﬁﬁée‘%ﬁ&%g ra@rofe refioN\e40:920 WBEE RbldREHARR/IRORIRRr
[0032] Returning to the enbodi ment shown in Figure 2, the second
contact regi orreglmS forms an interface with the det ector region 212
by being in c tl@@ Fighle €8O whitl %v&%lgno“iﬁert RAbodiRentURPER
surface of th second co tact region 218 is lush with the upper,
surface of thehotetdesesta30p dyilon ageppdangehyish an P@b@dupﬁéa %@emon@%r@s%de
214 to directlysGo dagt&calﬁgo@@%ab%%&hé&aécﬁf;%egén 512 SCCORM (oA Glending

region 218. In a e second contact region 218
electrical ly iadsirkatecegfonohh7t teay e rdigposed drgtvaren th@gptsﬁoqgaawbﬁ haad the

portion of t h%{:a%%ﬁ%gﬁt%rt r{%‘?ﬁﬂ% s%]tﬁattﬂn: da?apre%\f’ﬁgéa'of thé sec@ﬁlp{'zhﬁfce mending

enbodi nent (no second contact region and the second
adsorbate region 317 is ﬂush or substantially flush with the upper surface of the

detector region 312,
[0034] The second valence mending adsorbate region 317 effectively passivates
dangling bonds at the interface between the second contact region 318 and the
© detector region 312. Similarly, with reference to Figure 2, the first valence mending
adsorbate region 215 effectively passivates dangling bonds at the interface between
the first contact region 220 and the detector region 212.
[0035] In one embodiment (not shown), the passivation layer may be disposed
above the detector region. The passivation layer only has a first trench, wherein both
a first contact region and a first valence mending adsorbate region are disposed in the
first trench.
[0036] In another embodiment (not shown), the passivation layer may be
disposed above the detector region. The passivation layer has a first trench and a
second trench, so that the region of the passivation layer between the first trench and
the second trench is discontinuous from the remainder of the passivation layer. Both

the first contact region and the first valence mending adsorbate region are disposed



val ence nendi ng adsorbate region are fornmed wthin or enbedded inside
the detector region. [00331 Turning to Figure 3C, which shows

anot her e L Ien f a photodetector 300 built in acc C it h
an enbodiggﬁ??ﬁgﬂég@ond contact region 318 may be disp@éﬂ%gﬁﬁ%@%h?he
detector region 312. A second val ence nending adsorbate region 317
may be di sposed between the detector region 312 and the second
contact region 318 so that the upper surface of the second val ence

mendi ng adsorbate region 317 is flush or substantially flush with
t he upper sur finghe fisst tepgh. Qrethe other hangdhognthg serond gme] regien ané thgrsecond

val ence mendi quleﬂ&%ﬁéx}aﬂ.g%dgo%@aﬁiﬁﬁzre%s §&hL VAL YechAPSInYAL €S dangl i ng

bonds at the interface Detween the seco contact region 318 and the
det ect or regi (933112, R&umitgap|the empadimeng tleomario digue B theidete@or tepion 212 st

val ence nendi | f ' SSi . | ng
bonds at the in el*jr% %@é&géﬁ%gﬁé %éljogf a(r?ésltaﬁegtgm/’glé}%ﬁeE%d?‘%%t%%%gglgﬁgﬂg%e
det ect or regi and 208b. arf dB385std bbovenie Bib edbisimaaniayémittl ant @djagent tdepposing

passi vation | ayer be .di spos f% above the detector region. The
passi vation Iéeix/%ersog%%?etﬁ‘ét%”ggﬂl?s' trench, wherein both a first

contact regi of00a8]d aTlid pasdivatiah éayec? I0ds disprgedsinoe hatdetectogregiona®12. The
di sposed in the .first tr h. [00361. ln.anather enbodi t {,nhot .
Shonny -t he pRESYTT B IR MR RE g AR EBEEATh A aer BREFon
regi on. The pasticypadsivation laye 21 hbaweenfthe Bist teneinZiRaand tha secdad atgth 212b
trench, so that .the _ regiqn of the passivation |ayer bet he f.irst
Lronch and t ReCSERORPE AL fei EOAPEE ot h B a1 Ur SHflh e Fshe
the passivati esnthodypion B0tand thefrs valente @emigCidstrbat adpich stahe dispdsed
val ence nendi ng ac}sor bat e regi,f)n are di sposed g”\ﬁ\g 1009/ 102280

r

PCT/ SG2008/ 0081 8§ firstrireppin 2432y sthey segand rontest regian PPeri ngBe AecPRb

second cont actresc@i1® and t-he second val ence nendi ng adsorbate

region are di [SO%gS?]ed 'I.‘hr‘]a f%r?t%resxlglggPZ% a;[nr(.i%?ecsrzabond trench 212b define openings within
the passivation layer 210 to portions of the detector region 212 at the base of the first
trench 212a and the second trench 212b. Within these openings, the ﬁrét contact
region 220 forms an interface with the detector region 212, while the second contact
region 218 forms an interface with the detector region 212. As mentioned above, the
second contact region 218 is electrically isolated from the first contact region 220 by
the region of the detector region 212 therebetween (i.e. in between the first contact
region 220 and the second contact region 218).
[0040] Tt will be appreciated that the bulk substrate layer 201 further includes an
isolation layer/buried oxide layer (see reference numeral 404 in Figure 4) and a
waveguide layer (see reference numeral 406 in Figure 4). The waveguide layer is
below the detector region 212, i.e. the detector region 212 is disposed. above the
waveguide layer, so that the isolation regions 208a and 208b are disposed above the
waveguide layer and adjacent to opposing edges of the detector region 212. The
waveguide layer is disposed above the isolation layer/buried oxide layer (see
Figure 4).
[0041] In another embodiment (see Figure 4), the photodetector 100 may further

include a buffer layer (compare reference numeral 422 in Figure 4) and a compliant



[0037] Returning to the embodi ment shown in Figure 2, the detector
region 212 my be di sposed above the bul k substrate |ayer 201, while

the isolatj ayerﬁg%%es 208a and 208b are disposed above%(?]lf)&;&g@,olﬁ?wgr

substrate and adj acent to opposing edges of

region 212. [0038] The passivation |ayer 210 is disposed above the
detector region 212. The passivation layer 210 has a first trench
212a and a second trench 212b. The region of the passivation |ayer
210 between the first trench 212a and the second trench 212b is

di scont i nuous layemempase refererica dewersk 424te Figyrest)y dhp eempligpelayer ipdispnsed

the first co ' t
r egl on 215 ar 2}5 g'lgtsﬂﬁ)e(r)‘gg‘}cf%dg %8’ ﬁ’aqﬁiﬂﬂ% E}tﬁ l{ulrf%ig:aﬁ&al%gﬁggsegggg‘}eegg%g‘q%%%? gc'?
region 218 i sladers psalitertor tegonId2 endisposedeabone the dhfferd lapao Thas, heftiufsr

trench 212a a th%ﬁgge%%t& AL addAD HR0 I BRADIAIEAALD Runilb ife

passi vation | &y&r™® ons"0 tector i'on
base of the fbtﬁm]illantlamti:dﬂlﬂﬂ)&d bamtenﬁlebsﬁcrdawtr mrdahcwa@gﬂide lapiest 296n

t hese openi ng he fir st nta f n th
t he detector ﬁ)%#]on I‘Eféee f”éent ﬁ%o de orﬁ"rcé%l ﬁfspglf‘gnnggtlgi{?&?pgors‘?rﬂs
an i né erface wbdvl théflﬁrsﬂei)ﬁl@étOﬂ‘eglegaZOmanQ mABntmﬁthlomlmjﬁabwm;h 21e.
second cont ac 218 el ec Iat d fr

contact regi o%‘nﬁg‘gy’o © S¢R ?‘18 03?15{)4 1(,saj gsa g sreg%ﬂ% Cﬁmgitieglon 218

t her eget ween fid i contict bathweacdnderehdrab.cont act  regi on 220 and the
second cont act regl Q 8 0040 be.appreci at ed at .the
bul k substrat @M3yerT r]‘fcz}%“%‘ﬁ tefe q‘ﬂ'ﬁ:ﬁi&é‘gm&ﬁeg‘? Saff iAot %Trf%’ﬁ?

oxi de |ayer (gReinfeerth& B&Q@exﬁﬂﬁeﬁ@d cohiidt irdgidni Q20 @nd! theadelector mgMeguade

| ayer (see reference nuner

406 in Figure 4). The wav de la is
bel ow t he det SisilsFlyy e sm g‘i‘ﬁ“‘e‘i‘* (gee Efﬁ‘ge&&)é@m ‘hPe‘ﬁ‘f"c‘j' @Cﬁ weding
di sposed, aboyfoithR repRY e Yréient %éeﬁe-coﬁpvilﬁit% ﬁl&ﬁhﬂgsﬁtﬂsaﬂiaﬁnregﬁgll@nﬁ
208a and 208b are di sposed above t vvavegw de Iayer and az% nt to
ér

opposi ng edgeieehraleH degiat @c@%ﬂn‘?@éf’ &ﬁt“?i‘?t e5eond, GoplagLTegRn jte

di sposed abovgetdi§ ki B2l on | ayer/buried oxide |ayer (see Figure

- [0044] The valence mending adsorbate regions enable Schottky barrier height
modulation. In Figure 2, where nickel germanide (NiGe) is used for the first contact
region 220 and germanium (Ge) is used for the detector region 212, co-implantation
and segregation of sulfur as the valence mending absorbate region 215 at the
NiGe/Ge interface allows the Fermi level of germanide to be pinned close to the
conduction band edge. This results in a modulation of hole Schottky barrier height,
leading to a dark current suppression of more than 3 orders. of magnitude over a
conventional metal-semiconductor-metal (MSM) photodetector (i.e. a photodetector
without the valence mending absorbate region 215). When operated at a bias voltage
¥4 of 1.0 V, a photodetector 100 with an area of 804 pm?‘ shows a spectra response
of around 0.36 A/W or a comresponding quantum efficiency of around 34%. In
addition, a frequency response measurement reveals the achievement of an around
—-3dB bandwidth of around 15 GHz at an illumination photon wavelength of
1550 nm.
[0045] The approach of using a valence mending adsorbate as a segregation

region at the interface between the first or second contact regions (220, 218) and the



[0041) In anot her enbodi nent (see Figure 4), the photodetector 100
may further include a buffer l|ayer (conpare reference nuneral 422 in
Figure 4) 0991&9%' iant 6 WD 2009/102280 PCT/ S@OOS/W@%MIJO%W
(conpare referencé nunmeral 424 in Figure 4). The conpliant” Tayer 135
di sposed above the wavegui de | ayer, while the buffer |layer is

di sposed above the conpliant |ayer. The detector region 212 is

di sposed above the buffer |ayer. Thus, the buffer layer is disposed
bet ween the detector region and the wavegui de |ayer, while the

conpl i ant | aydeteiter tigwpcddcilipes laselnenginsening elethe halpefchattky payder through
wavegui de | ay . T i I L the
first elect rogéele%l?’g nfl%l[“gl%s%o“é%@u{ %Eeg@ggj@ gBﬁ}? glt%B %:P({)i%t %ﬂg{lgyggk{t%nlgél%g
and is in contZéZtCevipdred wigh ¢onreitional phethdeeras, theSiontattaesisjance prepegencet d

el ectrode 216,i s, di - Feql in
contact with tb ﬁ?’eseé?:cgr(ralge%?z r@%@%%ﬁgﬂ@%ﬁ‘ﬁ@] &%ﬁgqﬁ? r?gé\;%},gﬁ% %Olrirgéri?g? ng
adsor bat e r egifiequeddbards: lawsreigrkagatedor agiase asingtveliagent er f ace bet ween

the first con regi on 0.and. the detectaor gi hmelakly,
in the enbodi h@%%} (gééurﬁ g\réo g% 'l\?ﬂ%%g Ifewe asg%ngnéé)ﬁéifaéééne 3?%?#%@
adsor bat e r egiphstodeSecpir E00MBuilt til @csedand with anembodimentnef thelSiordgive is
region is a sggregated region t.he i,nterf bet n the cond
contact regi oﬁ&%l@g‘& CPWBQ'FE%E}%%‘PS@W disesm %@3’“1%‘“@3‘ tegt %353&"’3%0&%
mendi ng adsor Bahlendeaginaing addetatededHomot t ky barrier height nodul ation.
In Figure 2, where njickel rmani de (NiGe) .is ed for the fjrst
contact regi 844420 ﬁﬂeaégﬁ‘é"?’ﬁ Ws(ség‘jtm% Vﬁ%‘i’#ﬁ%&“’f?‘i‘geﬁt& %gcq‘?ﬁ‘houta
region 212, coaleiRehantingb@drbariekisegr egati on of sul fur as the val ence
mendi ng absorbate region 215 at the N Ge/Ge inlierfa allows the
Form Tevel off0§ maRiecRbodeiERorsiSHrReioder Gt veBmdalaver AR eeon ant
edge. This resgy.tag idolhtian FERRHI3384; @PagRivatictl 1RyePGbO talskybnt B6thce keghvdl 13 a

| eading to a dark current suppression of nore than 3 orders of

magni t ude ovePuier IyghY R erdgrrsrongetesirodesftc onduct or - et al - (MBM)

phot odet ect or [ghi91e. PreRBInALEHES kébion 368 forms an interface with the detector region
362. The buffer layer 372 is disposed above the waveguide layer 356, while the
detector region 362 is disposed above the buffer layer 372. The isolation region
358a is disposed above the waveguide layer 356 and adjacent to an opposing edge of
the detector region 362. The passivation layer 360 is disposed above the isolation
region 358a and the detector region 362.
[0050]  The second electrode 364 includes at least a first conductive material 364a
and a second conductive material 364b, wherein it is the first conductive material
364a that is in contact with both the second contact region 368 and a second trench
362b formed in the passivation layer 360.
[0051]  The photodetector 350 can be represented by two back-to-back Schottky
diodes. In the absence of image force lowering effects, the Ge photo-detection
region 362 between the second electrode 364 and the waveguide layer 356 will be
totally depleted under high applied bias. The total dark current Jr,.s flowing through
the photodetector 602 can then be described by the following expression:

J
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wi t hout the val ence nendi ng absorbate region 215). Wen operated at a
bias voltage VA of 1.0 V, a photodetector 100 with an area of 804 n?
shows a spectra response of around 0.36 AAWor a corresEondi n

quant um ef PYRPUHP28% around 34% In addition, a frequ E’§G7r°8§?98]r?§e

measur enent reveals the achi evenent of an around -3dB bandw dth of
around 15 GHz at an illum nation photon wavel ength of 1550 nm

[ 0045] The approach of using a val ence nendi ng adsorbate as a
segregation region at the interface between the first or second
contact regions (220, 218) and the 7 WD 2009/102280

PCT/ SG2008/ 000199 ectar.region,212 allag | oc engi i\ng. 10
the hol e SchotTiRy b it Hout GRS SlfealinioP8 ol pER LABEIO Hhatl,
affecting the (@aptiicele Riclapdoh’isesnadnt fdrchotke{ebetrat). r Bghahe hdd 2urrent and

Conmpared with conventional photadet ect.or.s he, cont act. resi stance
experi enced CFHLCRTBLF 6’8@‘?’ e%18 ¢ ‘HHBE‘?L}P fhg dlaﬁil\%weﬁﬁ’lnct ©p ’gesf‘ﬂ‘{% &r

i nproved carrisgh wRkl eibiOR stréigedbpeitieyceaiCiha SEERWRY baafek feriole) faad a
reverse biasing voltage. [0046] Figures 3Ato 3D illustrate how a

band gap di agrekatrau@d.oespestivelyp ircauinede thsr Schotkpioftrtheasy e idsplasiele
wi th an enbodi I } i .af

band gap di agrsgﬁg‘\gi@gé?%gﬁghgx%[%hgt?]é%§%?&§&%%ﬁtg%%% d;e va gﬁ?gEQhé
nmendi ng adsor Riffegence gifothe meQAY AdorEi fynutien 34,5 hadstha deonss - 8ty ofiahe

vi ew of the photodetector 350 w hOUt,H% val ence .nendi n% adsqr bat. e
region. [0048fenMeendyFt Gigki-edtes - HOPFYRIeE PRACHES, BYUITgEnIe &) LHersss; .

a detector regj,Q8hasHien sidmitS st inQfe $RBIIGban Reight HepIbsd Abpendent 8y €T
360; a second contact region 368; a huffer layer 372; and a second

el ectrode 364 .hqmgalgrorirfimcten oberns Shrrdevel signias feagee pighprgecap clectrode
interface withgp Elgd HEUBELE dBGGrEﬁgﬁcﬁﬂn cgiﬁrgbute-ghi? glm%lfee@é’ctl{)ﬁ?é@ﬁot&; BarkiSr ¢y,

di sposed above t wavegul ayer 356, whi t detector” regi on
362 i s di sposa#o,azodvasil¢adingubd ey hblapelottBY Darri€h ¢ 382 o tioumd .¢gVoms a

consequence, the hole current dominates over the electron current in affecting the
dark current of the MSM (metal semiconductor metal) photodetector 350, as
schematically illustrated by the band diagram 390 in Figure 3B, which is taken along
line A-A’ of Figure 3A.

[0052]  Figure 3C shows a cross-sectional view of the photodetector 300 built in
accordance with an embodiment.

[0053] The photodetector 300 includes a waveguide layer 306; a detector region
312; an isolation region 308a; a passivation layer 310; a second contact region 318; a
buffer layer 322; a second valence mending adsorbate region 317; and a second
electrode 314.

[0054]  The second contact region 318 forms an interface with the detector region
312, wherein the second valence mending adsorbate region 317 is disposed between
the second contact region 318 and the detector region 312. In the embodiment
shown in Figure 3C, the second contact region 318 forms the interface with the
detector region 312 by being in contact with the detector region 312 so that the upper
surface of the second contact region 318 is flush or substantially flush with the upper

surface of the detector region 312.



358a i s disposed above the wavegui de | ayer 356 and adjacent to an
opposi ng edge of the detector region 362. The passivation |ayer 360
i's dlsposed above the isolation region 358a and the detector re

362. [0050WHPRYLRE NG el ectrode 364 includes at |east BCHPEps/00 199"
conductive material 364a and a second conductive material 364b,
wherein it is the first conductive material 364a that is in contact
with both the second contact region 368 and a second trench 362b
formed in the passivation |ayer 360. 10051] The phot odetector 350 can
be represent e@U5§] t whhbladter lageri3a2 ks dsmo@ttdtdbyve it wdesgnide tayehi0balybdnthe

ofimmefmc mmn Hets Yely

bet ween the s %taf éﬁgécglt %589?5 céf]e Wg%/fgrg%?%?%ﬁre 1%@%60%1 e?i%ﬁe
totally depl et398!a is ékposet Blyhrealmp#aveglndin lager 3Tt end nh@hntdmaﬂ(ommsing ndlge of
JTmal flow ng through .th t odet.ect or 60 an,.t he e desc

by the f ol | owlig Ui deon i S PleoreeiaipR Jah F16 Rbieng 0 B R Slalates
AlT 2e yq, i kTegdidn3088 adfOhe Q8EA&GERED3 1RCT/ SG2008/ 000199 vvnere J,,
(J") is the h (el ectron urrent i.njecte fro he ,anode . .

Ccat hode) | andhiagh ' Fiesestaeeehbderdia iathiin st £ it hag Se Fagtal 3140
(el ectron). B@h&n atsB&nb @oﬁﬂxﬁtﬁcr RRveridBd 4b, abm&m @NisakY fikntorduaivehagered
to contribute _to the dark curre 350, i ch

in the phot odet ec
exhi bit a strdnlp BeYEMemast BHb b t@c%?ftdw;?m&a‘rrﬁ%*gfﬂ%?%?ﬂ%m% B
and electron 3ﬁ@afonﬁa§,aqgﬂay§}aﬁ9nﬁ9&qndl ng to the Schottky-Mtt
theory on ideal netal- sem conductor_ system the Schot kky %Prl er

hei ght (0B) cH®5Pe dEeweDhwa™s thsbrrdhepr Yagres Séhcddyisg & 1inGr k

function (4) w@fﬂgﬁreejce%ﬁsmﬁhéd dbole/ t1ef valddBe mERIMLAREYSE Pgidnnngs
i.e. OB=0,,, . However, in practlce the presence of interface

states has beabous wOmﬂdltlaiwﬂesfmole Momebgeﬁ'bb%l&ly HetrRaERe Fégugh e Powithg

| ess dependentg;Qp. 3¢ e iAGEAE ife ol thb 1 banRir R 58 RatthiB¥e! For the
pi nning feature of the second el ectrode 364 and the detector 362

junction cont einbedimentt @oamhmgﬁg@rb 6. rtbe Igkeh Sehoitley harrier efpr 844 is around
0.49 eV.
[0058]  Figure 4 shows a photodetector 400 built in accordance with an
embodiment.
[0059]  The photodetector 400 includes an isolation layer/buried oxide layer 404;
a waveguide layer 406; a compliant layer 424; a buffer layer 422, a detector region
412; isolation regions 408a and 408b; a passivation layer 410; a first contact region
420; a second contact region 418; and a first valence mending adsorbate region 415.
[0060] The waveguide layer 406 is disposed above the buried oxide 404. The
detector region 412 is disposed above the waveguide layer 406. The isolation
regions 408a and 408b are disposed above the waveguide layer 406 and adjacent to
opposing edges of the detector region 412.
[0061}] The passivation layer 410 is disposed above the detector region 412,
wherein the passivation layer 410 has a first trench 412a and a second trench 412b.
The first trench 412a and the second trench 412b define openings within the
passivation layer 410 to portions of the detector region 412 at the base of the first
trench 412a and the second trench 412b. The region of the passivation layer 410
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380, and thus leading to | ow hole Schottky barrier Onh 382 of around
0.1 eV. As a consequence, the hole current dom nates over the

el ectron cuyrrent in affectlng the dark current of the q(;

seni conduct'd? “HRt B phot odetector 350, as schemti cal P?/Tfﬁ ?%’g?“ro}ft"ed
by the band diagram 390 in Figure 3B, which is taken along line A-A
of Figure 3A [0052] Figure 3C shows a cross-sectional view of the
phot odet ector 300 built in accordance with an enbodi nent. [0053] The
phot odet ect or 300 i ncludes a wavegui de | ayer 306; a detector region
312; an i sol atbetveen difost (B08n412a apd ¢wi second dren¢lad/i2b 18 diBcontinerwe droth the
cont act region 2; a second val ence nendin
adsorbat e regi onggﬁ&thpglsgﬁgtldnqﬁl:mei)lzectrode 314. [0054] The segond
contact regi of00828 f Wiithi thefirshtrench atla, ﬂwﬁi-st tdact stgent420 fmavglammterﬁibﬂ
wherein the sec nce in e 171

between the sé @Qﬂdﬁ' 2%’?\”3 lC"“r‘glgi o%er 31% ]ﬁncegmfn%"% adsorr eaé? rgﬁggi‘;y
In the enbodi rmﬂtspos%&daumaeﬂ thé g‘mxtecoﬂﬁpt tegipns4band centeedion egioand 218

fornms the int d o) ion 312 cont act
Wt hthe: det Qi B i e Secot hiten 41Ab b SRe0d Sottesci gt 418 BE &b
contact regi ofnteife IvﬁthfthdJGdﬂeowr régxk’ﬁﬁfilantA sdcbiyd ¥dieinh menhdifg bdverbagepegion
surface of th det Jon %él WO 2009/ 102280Q d

PCT/ SC2008/ 006 o o ff“é?"“l"é%@ £9ntee g Eand fisdlrsetthe
wavegui de | ayedg ,(;’n(lﬁg Whl |l e the detector region 312 is disposed above
the buffer layer_ 322, The jsolation re n 3 i s di sposed, ab ve

t he wavegui del4083ler ke eﬂﬁodgaf%é}é?wn 'L“?)F’ﬁﬁe Spg‘ﬁgirﬂdoﬁtaﬁée%?“ ?taon
detector regi @ ifddace Wil tRAGH MR dpith 412%9beidd B dofitath ﬁlﬂptﬁedet@cb&\t@glbﬁle
isolation region 308a and the detector region 312, f&?G The second
el ectrode 314%1heq thakike yppar sudice of fhe fugt CeﬁtﬁﬁLfES‘P’R‘/équﬁt i gyith ghey upper

and a second gl ineIdIRIR tb@bn JLADTHWRALRE B fidt d18cubbe (fot 'shdwn, but

conductive materi al
compare first electrode 216 of Figure 2) to directly contact the upper surface of the

first contact region 420.

[0064]  Similarly, the second contact region 418 forms an interface with the
detector region 412 by being in contact with the detector region 212 so that the upper
surface of the second contact region 418 is flush with the upper surface of the
detector region 412. This allows a second electrode (not shown, but compare second
electrode 214 of Figure 2) to directly contact the upper surface of the first contact
region 420.

[0065]  Figure 5 shows a flow chart 500 of a fabrication process to manufacture a
photodetector built in accordance with an embodiment.

[0066] The fabrication process begins at step 502 with the forming of a detector
region. In step 504, a first contact region is formed as an interface with the detector
region. In step 506, a first valence mending adsorbate region is formed between the
first contact region and the detector region.

[0067}  Further detail on the fabrication process outlined in flow chart 500 is
described with reference to Figures 6A to 6F.

[0068]  Figures 6A to 6F show cross-sectional views of several fabrication stages

of a photodetector 600 according to an embodiment of the present invention.
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31l4a that is in contact with both the second contact region 318 and a
second trench 312b formed in the passivation [ayer 310. [0057]

0RO 00 501 340, o MR,

region brings about a nodul ation of hole Schottky barrier height.
Conmparing Figure 3Dwith Figure 3C, an increase in the hole SchottKky
barrier height 342 is attained. For the enbodi nent shown in Figure
3D, the hole Schottky barrier Cbh 344 is around 0.49 eV. [0058]

Fi gure 4 show@069]phdhodetelxidonent,0lk ioiddeteitor @O cmydande MEM(gamanium

enbodi nent. | 9] The.phot odet r I n n_isolathon.:

| ayer/ buri ed g%sﬁ]ém Saf?é‘%“ﬁ‘ff%r m%’%\@%@%@%‘gr az%%‘ga?eﬁéf%én %&ggﬁg :Esélh%on_

| ayer 424; a buHdselatohayiestra22ith € 00pduefeteqrientejoron 412; i sol ati on

regi ons 408a 408h; .a passivati | ayer .41Q; first .contac .
region 420; @Rg@coﬁg&ﬁ?ﬁht d‘ilt i:llg}érﬁi g&f ing'*;(’[ag%lq%?’e??%efl ?/Xé‘?eegaggr %r%"'n('fl ng
agsor bﬂ] e [) egf@igeﬂ_ﬁove a aﬂﬁﬁat?] Ther \@itegoiile hagiBdon46vepsidelilapo $66 is

a 04. T t ect ' . I

SDove bhe oo by iy gt eSS S AR R TR o
are di sposed 2ROYEcdnRvHRNARANHB06 ayEthe AORtiGNHyaGuaebHtidé Ryerdop Gsing
edges of the detector region 412. [006,1LnThe pas%iv tion. layer 41(? S
di sposed abov@SPhebatekaviie & tifon hody thicknggpaf axoup tzﬁamﬁ’a?élgiag’éf‘?% 1de

| ayer 410 hasygihisstarbi@nCiin412a and a second trench 412b.  The

first trench 412a and the second trench 412b defi ne openi ngs wt hi
the passivatP8h| ayfdzsmaaphensed, sheonipp] vapr depesitinmy @@F&P ) eoﬁ%/mﬂ'ﬂndgt

the base of t Py thiknest s8R efdshiBd B the siliobRERBEAE Iag&cd'l)ﬁéuﬂggho%ﬁl
regi on of the passivation |ayer 410 10 WO 2009/102280

PCT/ SG2008/ 005G 6B, o REGV P easideiiy pateped B eagh veaion frhinge thewby fyming

|t gsgfh 4‘11(1)2b | e dictRRALENHRUSISE B 0B defirBhP bl dQfve OfinllAVe 6DRBRIWERS RN
isolation regions 608a and 608b. The active window 603 allows for the formation of
a Ge detector region 612 (see Figure 6C) on the silicon waveguide layer 606, where
the isolation regions 608a and 608b are adjacent to opposing edges of the detector
region 612 (Figure 6C) that will be subsequently formed.
[0072]  The wafer is then subjected to pre-epitaxy cleaning using a standard SC1
(NH,4OH : H,0; : H,0) clean and a HF-last wet process.
[0073] Ge epitaxy growth, in an ultra high vacuum chemical vapor deposition
(UHVCVD) reactor, first starts with an in-situ baking in nitrogen (N>) ambient at
800°C for native oxide removal.
[0074] ~ A Si compliant layer 624 of around 5 nm thickness is deposited at around
530°C through the active window 603. A silicon-germaninm (8iGe) buffer layer 622
of around 10 nm thickness with [Ge] of around 20% is then deposited on the Si
compliant layer 624 to minimize lattice mismatch with an eventually deposited Ge
detector region 612 (see Figure 6C) and have a gradual transition at the interface
between the Si waveguide layer 606 and the eventually deposited Ge detector region
612 (see Figure 6C). A low temperature growth at around 370°C is subsequently

employed to form a Ge seed of around 30 nm thickness, before the high temperature

Ge deposition of around 300 nm thickness and at around 550°C to form the Ge
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[0062] Wthin the first trench 412a, the first contact region 420
forms an interface wth the detector region 412, wherein the first

val ence nepd] rbate region 415 is disposed bet fi
contact re |oﬂﬂ%§%%§nd t he detector region 412. Sim}ﬁya@ﬁéﬁﬁﬁ¢ﬁﬁ5
t he second trench 412b, the second contact region 418 forns an
interface wwth the detector region 412. A second val ence nendi ng
adsorbate region (not shown) maybe di sposed between the second

contact region 418 and the detector region 412. 100631 In the
enmbodi ment shdemectonreBiog 612, a4 shavimein fFigust 6@ oPriecursor igasss elwding pusy digilang he

interf it h. t [ 4 b ' [ |
detect or regi it nd W R iy el Bohe, R N0} BEpioled for HE
regi on 420 i s epitdxgtprwthioftthe SiGeperier biyerf @eandfthe Kie ditsctor regiow @i dhe

412. This all a first el ectr,de, (-not, sh o)1) R, f ]

el ectrode 216%%S Ff‘frtaﬁ? Kug ?%al}#ﬁﬁee%egelcgs dfgsr%&\ggétthet ﬁéeepd%ger ggrrn %s%gchcg?
the first comtagdundeql en0.22eh «ADNGEH Gixi®arh ), respeetivebe ohidwitiohtia bt
region 418 forns agn interface with the detegtor region 2 by .bei ng
in contact wi FPP"P%%‘%@'PE%’FB‘W F}?g(it'eo#ef'fﬁr@@%%&fnﬁyﬁgl%ﬁ’ﬁbn&u]de g%%f‘"e?ctggof
the second coR{@Ehuffee Biyer622 WBeviesn fhe Giewtiohrdzivn G1ppeat ths siliterceaaguidbe
detector region 412, This all second el ectrode .(not. shown,. but
conpar e secon&“*éﬁ%%@?%gﬁm§¥4g%%egﬁ&ﬁWéegfnéﬁfHFyg%?#angﬁ?g%Fm¥%§e
upper surface splohflBinf lay&1626 8EwasGH the Il Giyed@D. anfl @RGHIcofrwguegide 1afeoWs

a flow chart 500 of a fabrication process to manufacture a
phot odet ect or 8% It in accordance with an embodi nent. [0066J The

fabrication PloResss Refibiher @hboalnkit GEFr Mg 24l)éhd GE BéteGorQbgion 082 fay O
region. In step 504, a first contact region is fornmed as an interface

with the det ede directlydepmsd onpRulkisphbstraiodpyer first val ence nending

adsor bate regjgig) S inO'Ff%Fla et VBRIV Nidel tEppkitioR Nk agdrfolf@l @6 fafiel thbe
detector region. 100671 Further detail on the fabrication process

outlined in fpawiveter laygo 0 of argensc}20mewy tikngssy apave dhrcdelscerpegion 842 6 A

to 6F. and the isolation regions 608a and 608b. The passivation layer 610 is then contact
hole patterned to create a first trench 612a and a second trench 612b within the
passivation layer 610. Ion implantation 650 of valence mending absorbate, such as
sulfur (S) with a dose of 1 x 10" ¢cm™ and at an implant energy of 10 KeV is
selectively performed in the first trench 612a so that a first valence mending
absorbate region 615 is formed in the Ge detector region 612. It will be appreciated
that the ion implantation can also be performed in the second trench 612b, so that a
second valence mending absorbate region (not shown) is formed in the Ge detector
region 612.
[0077] The ion implantation 650 step can be integrated into existing CMOS
fabrication processes, thus facilitating use of the fabrication process outlined in the
flow chart 500 (see Figure 5) in full optoelectronics integrated circuit applications.
Further, the ion implantation 650 step provides the advantage of easy modulation, in
a localized manner, of the Schottky barrier height by adjusting the dose of the
species being implanted compared to photodetectors which use two different set of

electrodes with different work functions to modulate the Schottky barrier height.
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100681 Figures 6A to 6F show cross-sectional views of several

fabrication stages of a photodetector 600 according to an enbodi ment
of the pre vention. 11 WO 2009/ 102280 PCT/ S&008/ Q00 0069
In one enb%@?ﬁ@?pﬂ he phot odetector 600 may be a Ge MS é&r"%‘#ﬂfﬁn]
612 nmetal sem conductor netal) photodetector fabricated on an 8 inch
SO (silicon- on-insulator) substrate with (100) surface orientation.
[0070] Starting with Figure 6A, an isolation |ayer/buried oxide |ayer
604 is formed above a substrate Iayer@& not shown). A silicon

wavegui de | ayd9078D6 Adter dibiadelF Isleanr ickst Qi) Aidme with apiskngsy 9f 3f nphare
i solation |ay Jf,&&{éd %F&ﬁ'tﬁ@ LAKES 6 PR d qibe A %&Bpg?ﬁq&?gﬁb&‘é il avgr

606 and the isofatrion ayer/ uried oxi ayer
substrat e havipegomned] 4si shown oBigurteriEC kineBTA|Rapid dhenthal B@neath @0 for

buri ed oxi de hlcknes of ,ar 071

chen cal vapor CEREM bRt hef biskdmabatmanae sGYaT PR feed <
t hen deposi tﬁd:oﬁ)tﬂctt fegiofis Iazommdvm&gupdﬁvélgyeﬁ‘heﬁ%lﬂlmﬁrss halencd mnendlng
Figure 6B, the, PECVD oxi atterned reac ion etchin

hor ey for i H-OEAGreBBILS POh TR BF HESTSE B Ecioe b e ey

active w ndow Rd&iheel v dipe isolation regions 608a and 608b. The

active wi ndow 603 allows for the formation of a Ge detec e
612 (see Fi gul®7Bk) While fhe agrpamidstio V@bEFP&“é’d*‘r’é%’tmpéﬂ’éed fémm?ﬁgg

i sol ation regiNshsfl&oaBgteSidh (B¢ RitctLobedRientthe NWﬁﬂsﬂ@nﬁdgﬁgmﬁf&D he
detector region 612 t{q@ﬁt gure 6C) that will be subsequently f
(3)

[ 0072] The wafaéii the ey 501 é@{eéﬂ thigsegregation; ‘Pafé@ﬂgbp%a?ﬂdﬁ gt 4}5 Nl"l%e/ Ge
standard SCl  ifNiOidan bd R ivelFRidivatedaBug iR idpihast oMBirmBKids B&rin

[0073] Ge epltax growh, in an ultra high vacuum chem cal_ vapaor
deposi tion (UmeCdpye iopthie tegpductipn bandsedget olnygiusHoapges, docsf ﬁahqs'ékuhw@rn

ni trogen (N2) 2yiQi-650 isathicRE Wb arRiette\Be SpticAlehbRERYaLs of B0 Zé’dnmﬁliys'

conpliant |ayer 624 of around 5 rimthickness is deposited at around
fabricated Ge photodetector 600 (see Figure 6F).
[0080] A photodetector (not shown) without the first valence mending absorbate
region 615 may also be fabricated to act as a control sample.
[0081]  Figure 6F shows the metallization stage. A first electrode 616 is deposited
above the first contact region 620 and in contact with the first trench 612a; and a
second electrode 614 is deposited above the second contact region 618 and in contact
with the second trench 612b. - The first electrode 616 includes at least a first
conductive material 616a and a second conductive material 616b, wherein it is the
first conductive material 616a that is in contact with both the first contact region 620
and the first trench 612a. Similarly, the second electrode 614 includes at least a first
conductive material 614a and a second conductive material 614b, wherein it is the
first conductive material 614a that is in c-ontact with both the second contact region
618 and the second trench 612b. The first conductive materials 616a and 614a may
each be tantalum nitride (TaN) of around 200 A to around 500A, while the second
conductive materials 616b and 614b may each be aluminum (Al) of around 6000A.
The first electrode 616 and the second electrode 614 are patterned and etched to

desired shapes. The spacing S between the metal contacts of the device is around 1

pm.
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530C t hrough the active wi ndow 603. A silicon-germanium (Si Ge) buffer
| ayer 622 of around 10 rimthickness with [Ge] of around 20%is then

deposi ted l.. conpliant |layer 624 to mnimze | ch
with an ev%%‘@ﬁf@kgeposited Ge detector region 612 (s ‘Lef"ng—ﬁ%g?gi}/@n%
and have a gradual transition at the interface between the Si

wavegui de | ayer 606 and the eventually deposited Ge detector region
612 (see Figure 6C). A low tenperature gromh at around 370C is
subsequently enployed to forma Ge seed of around 30 nmthi ckness,
bef ore t he hi {f#82kenpExamnle dimeGaongdpios photasigteotor A106UHY, 30DaniGOh beikiess

and at_around seoffintuiifhd ﬂ;ﬁﬁb%u%t a:%%szké@m%g’oﬁ{e]tﬁl%%?egﬁfgﬂd? isolation/buried

PCTI SG2008/ 00419 oWl 1N
Pr ec ursor gaseside ﬂ‘zryl:m(dbh gnqoﬁﬁ%lscmsmﬂ dyme, wWiSieXh6 thivkdesd iof the echveiided ayer

-14 (10% wer e oy ol t he | ro
Che S ce bt 1 4th, 4 ?“‘%% i aoynd 20y dhe ditknertor il Ishiion SR [l
surface roughmsomdosmaommmmmsﬁosy and 608b iCerowpl 1 20par eacker &he
nmeasured to € arou 06 cm
respecti vel y. tPEkngss|q P%H%ss‘ﬁgt’onalﬁ%efz&%a?gg%?ﬂé‘f‘d?(1) %32(@" The
detector regi @t éﬁ&dﬂayz ffeLantl 5e6) ahd tHewelond eletiddg (nhand Sltﬁardi)dﬂ:f)iretéd by
| ayer 622 between the %Ttector on 612 gnd the silicon .
wavegui de | ap&istasesorf aphp %rﬁﬁoﬂﬁdéifg“&arﬂ'é"cde MF% &1 5Paging Sis
further incl ud@sufagemrrbgﬁérbgeedgbrf&ﬁmd ant Iayer 624 bet ween t he
buffer |ayer 622 and the silic

anot her enbodi®8H: (Femple ppt %“52 Eeéé’ 5%@6%2169%3‘?‘%3%1@1@%

be directly f gniad a@&r@anwbvh@h%ytaﬁib&ﬁheml AWRY invERIA Gle ddfolib@sr Bo@Dhe
PECVD oxi de deposition is performed to formthe passivation

| a
510, o oy oundB SR Bl 420 MR Larkh e ot e B 31 ke
the isol ati on,f£gis9heyili8aadnd kA& frxm%nP%s oy &okOBY 4 %mﬁ cérmsn@ of
a

t hen contact hole pafterned to create irst trench 612a and
second tr enchnghgigerpanilen wikel-phaigymasimanifs o piskelgitpnium ggrmanide, % and

i npl antation GROLEE- cMAaRidE e BORNAE RQ: FRIOE Rdhding &46BaBSegion (215, 415 and
615) and the second valence mending adsorbate region (317) may be made of
material from any one or more of a group consisting of sulfur, selenium and
tellurium. The detector regions (212, 312, 412 and 612) may be made of material
from any one or more of a group consisting of germanium, silicon, silicon-
germanium-silicon and silicon-germanium-germanium quantum well. The
passivation layer (210, 310, 410 and 610) may be made of insulating materials from
any one or more‘of group insulating materials consisting of silicon dioxide, silicon
nitride, silicon oxynitride and undoped silicate glass. The waveguide layer (206,
306, 406 and 606) may be made of material from a group consisting of silicon, poly-
silicon, silicon nitride and silicon oxynitride. Other material that has a higher
refractive index than the isolation/buried oxide layer (404 and 604) and/or any
transparent materials to the operating wavelength of the photodetector (100, 300, 400
and 600) can also be used for the waveguide layer (206, 306, 406 and 606). The
buffer layer (322, 422 and 622) may be made of material from any one or more of a
group consisting of silicon, silicon-germanium and silicon-germanium-carbon. The

compliant layer (424 and 624) may be made of material from any one or more of a
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sulfur (S) with a dose of 1 x 1015 cm-2 and at an inplant energy of
10 KeV is selectively performed in the first trench 612a so that a

first val e%?%}ﬁ;a@%%ﬁg absorbate region 615 is forned %#/?(%0(%?009199

det ect or It will be appreciated that the

i mpl antation can al so be perfornmed in the second trench 612b, so that
a second val ence nendi ng absorbate region (not shown) is fornmed in
the Ge detector region 612. [00771 The ion inplantation 650 step can
be integrated into existing CMOS fabrication processes, thus
facilitating gsmpebniitiagofbilicaasiliom-garmandesy apd silicoregerinanimmesarbpn.ofhe

chart 500 (SefofaudHidkiont (308a bill bosBPIRE) ARE LANAGHS: i AL BhLLosh) Fiiy ot

appl i cations Lon 1 nplantation step provi
advant age of emdy ofrdculhtatg oateridlnfrom ahposd ozwdrervdnRrEoyp whsistng Eslisbh ky

b [ h ht h
cg;r{);re;d te Iogpﬁg’tx Ydﬁe?legsgr{r“glgetnfﬁpg x?"m%&]l eﬁgﬁlt‘:%ﬁd‘{&m{g’a ]E[Bc(?r odes

wi th differentlqwsidd 6L6af magris madmﬂuia'@hﬂst]hwnﬁchm tlkgtridnd resistivity and

hei ght. 13 WO 9/.102280 / 08/ 000 07 Iut

cl egn, ni ckel %‘ﬁ?‘)g“f‘? a0 \ﬁnhf%;[? Sz‘gzﬁfy%gﬁéeri‘ Sight ‘%genrtﬁ%nﬁr SE %ondaéjn 'H'H

both the tren¢has, éikdanadwded) i ln cdht@emrarthdadmm rfi@. €318, |638taher620)

per formed, as S Fi re.6E, at a RTA% gpl d Ther nal. geali of

Ro0C T or " 30" SEORALHTA a3 SersiE, 05 195 b Tt (G A eYRLr BBt

(T Ei Ce) | ;i r s]E amehasalgmmeh nm% &ﬁiahﬁxﬁ%i@fﬁmﬁﬁ&n&ﬁﬂe Eei:Snlcg &sﬁﬁc?ivb\r?@tehgl
e sulfur first va ndi n absorbate.re W t hen .be

di sposed bet wed by pig faflgéll”&@dﬂwgﬁ made, el Raters, g‘ﬂ&‘ng N clgerrigal retivity,

region 612. [ @8m%Uny Wi biGndrb 8f Hgot@etnsiofio0T afubimiimPlagendsd cépier.

i npl anted sul fur atons 650 are qbserved to segregate at the
i nterface bet (884 t Hexperimental Results gad Discussih on 620 and the Ge

detector 612. obss) t OFifl}bsS7 A S BOMokfigh k%t%ﬁﬁhérﬁ%lmoﬂ'ﬁm&bﬁopy
Ni Ge/ Ge i nterface can be effectively passivated, resulting jn th

pi nni ng of gefHRREM Imagenof a NiGepdfe upgioa it epb%%d%mae@%ﬁcqsaqﬁceew&é
I n this manneg, ehfe@henechot tky barri er

[0086] Figure 7A shows a NiGe contact region 718/720 disposed above a Ge
detector region 712, where the Ge ;ietector region 712 is disposed above a Si buffer
layer 722. From Figure 7A, it can be seen that the ratio of Ni to Ge varies across the
thickness of the NiGe/Ge contact region 718/720.

[0087] An excellent interface 701 is formed, with an approximately uniform
NiGe thickness of around 70 nm, between the NiGe contact region 718/720 and the
Ge detector region 712 to define a NiGe/Ge junction. An X-ray diffraction (XRD)
analysis confirmed the formation of a nickel-monogermanide (NiGe) phase after a
RTA of 500°C for 30 seconds.

[0088]  Figure 7C shows a secondary-ion-mass spectroscopy (SIMS) depth profile
of a sulfur-segregated NiGe Schottky contact of the photodetector of Figures 7A and
7B. While germanidation front proceeds, implanted sulfur atoms are observed to
segregate at the interface 701 between the NiGe contact region 718/720 and the Ge
detector region 712. Due to this segregation, the dangling bonds at the NiGe/Ge
interface 701 can be effectively passivated, which concomitantly results in the

pinning of germanide Fermi level close to the conduction band edge. An extraction
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nodul ation is achieved wi thout affecting the optical characteristics
of the eventually fabricated Ge photodetector 600 (see Figure 6F).

[0080] A p (not shown) without the first v |.ng
absor bat e Q@%g ﬁhﬁé@S may al so be fabricated to act asag8@§§¥ﬁﬁﬁgbg
sanple. [0081] Figure 6F shows the netallization stage. A first

el ectrode 616 is deposited above the first contact region 620 and in
contact with the first trench 612a; and a second electrode 614 is
deposi ted above the second contact ion 618 and in contact wth
the second tr efiSthogke barrigiright based em @ roigaic Gméssion anadgleat law revers biag

first conductji ;{%egpo%,h%&ﬂ@ PR 3R gn@oé@%ogaisqﬁ@ &%ﬁ&&tm@la sdtlottiy

616b, Wnerelnl rst conductive material 61ba that is in
contact with [betrier tiwelufatiors tirogoatoaed O le gV offois 20photodetettpre withpelt a tsubfwe h

olza. Sim Al YorodallGn AN o, Slofifid HAYSOAla kO BERR: Bl ?@%é&g%a‘ b i

conductive mat nd a secon conduc
wherein it is Nﬂe/(}efmteﬁacec%ﬂmeaﬂs toetherforma atical of@ﬂybanﬁh@ Stimtiky bamiatsac t

with both the 0 ontact re 6 d, t e 12b.
The first cona‘ggﬁ ﬁ]’@tqﬁﬁ?%t?’isaf‘vi‘% gh %%’ijwle ngregec balteng tea g%?‘l qﬁ i
nitride (TaN) coftadd @linshd2Oithobt iuifuﬁfeg&gdm!ﬁ@ﬁéhecmm e the second
conducti ve na al s_616h and 614b may, each

around 6000A. %‘Pﬁe £ oSt PIPh g r%’féteﬁlﬁaratﬁuﬁe mgreeg anéfig \)r)o%lév 19
are patterned c@:ﬂﬂar@ttﬁdﬂ @Harb@eristles béwders haﬁbﬁcatéﬂhB}“lGepESChm@yS)zhﬂéMB@M
t he net al cont get he devi.ce is around 1 /102

PCT/ SC2008/ 0004Y YingSuls| SSStaRaan & Beordepie ‘5‘* ﬁ%t“B‘ Syt the

(100, 300, 40%@9&1:.1169&1)31 PHékddetebtor wmogldﬁlag@eguﬁ& acureerma; $0nind 306
as follows. The thickness of the isol %@ buri e e Iag 40(?
and 604) is arersERtlnyY GHYesefor Hecc’t“HPlcR tegier "%a fiiseEcgatjoR, an

(306, 406 andpefy ah%fﬁ&%nﬂaxaa&n odeﬁamahJ,@lﬁnegﬁnpsnd béy.ch Sedpttivery.
regions (208a and 208b; 308a; a and 408b; and 608a and 608b) is

around 120nm &actes 8PBe8lG hﬁd:ﬁh?bﬁl’r??ﬁmthé( praasi fonti plivtqdgipetor (v TOSUI%‘!LO

410 and 610) ségr@é’aﬁ&p%@ﬁagﬂ@ Qﬁctwe diameter ¢ of around 40um, 32pm and 20um
respectively.
[0090] At an applied bias ¥4 of 1.0 V, high dark current Ip. in the order of
around 2.45 mA and around 1.69 mA was observed in the control photodetector
without sulfur segregation with a device area of A=804 um*> and 4=314 pm’
respectively. Such high dark current performance is predominantly attributed to the
low hole Schottky barrier height ¢y 814 of around 0.1 eV. However, through the
introduction of sulfur segregation at the NiGe/Ge interface (see reference numeral
701 in Figure 7B), a significant dark current suppression by more than 3 orders of
magnitude was achieved as a result of the enhanced hole Schottky barrier ¢, 816 of
around 0.49 eV. At ¥y = 1.0 V, the I of a sulfur-segregated NiGe Schottky
photodetector was measured to be around 0.92 pA and around 0.42 pA for a device
area of 4=804 pm? and A=314 nm? respectively.
[0091] Figures 9A and 9B are plots of current versus applied voltage V), for a
photodetector built in accordance with an embodiment. The photodetector has an
effective diameter ¢ of around 32um. Figures 9A and 9B show the photo-response

characteristics of a NiGe Schottky photodetector with sulfur-segregation, an
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first electrode (216 and 616) and the second el ectrode (214 and 614)
are separated by a distance of around S = around 0.1mto around 10m
Smal | er for ing Sis desirable for better speed .

[ 0083] Exanp éﬂoﬁrfg@géroi als used to realize a photodetect o?%i%@ﬁg@gég
400 and 600) built in accordance with an enbodi nent of the invention
are as follows. Both the first contact region (220, 420 and 620) and
the second contact region (218, 318, 418 and 618) may be nade of
material fromany one or nore of a group consisting of

ni ckel - ger manienodinerikelitaiptdafony gpﬁc@lgrp%zﬁ'pxggqts performed at a photon wavelength

ni ckel -ti tani ' atin er {/d t '

val ence mendi qug‘ga sor atgg) Orlgg?%sﬁw(ng%%, lﬂj}l% aWVB ()SO)dB%%%}mt%é&O?é{;%i\%
val ence mendi ngrapouingauentym gifintencBafArouwnd P.36A/ Wh ded arpunddercseactivelvm

Fol 1 uri um TheroralpdbRll SEIRPRSDY pg bt raR Rl BT 201 wes iy
of material bbmmedintherealevicesnor e of1a grbup consi sting of germani um
silicon, sili s ger.nani ym-sil | il F&an: ' g iU
SO 211 iy SSHEBRLHMEN bEPh HeRl LA™ 455 B PT R Y
made of i nsul ahotodpteret eiilalis dceardancanyittone emwbodbmant.of Figneup shows the

i nsul ating mateeri al s consistin f.silicon di,oxide, silicon nitrigde,
silicon oxyni %’F‘i"‘lf@cyaﬁép Oﬁ?ﬁed%p%ﬁg%?q?qe??g{oémge?sgrseg .a)é gﬂumn/él%aeué)ﬁ iwc?gelflé%%l’é Pg
(206, 306, 40850ame, £0dhrainsyfirdie teckbariaf travafoemicdla fulsemespogreo i around

consisting of silicop, poly- siljcopn, siligcon niptride and silLcan
oxyni tride. OF bﬁ’ﬁf“@‘ihﬁﬁf aropnd fr?aéﬂél “Fﬁsg"ﬂ‘iﬁ‘reve‘lr%’FraﬁcatpPgeéde’ﬁﬁgtqg)th
the isol ati onhyihEbnpiidr shaPerféfidcenskifd winEHotdtic@Modeling results.
transparent materials to the _operating wavel ength of the

phot odet ect or (00980, Wb embesimeny ob86)inteaHompaG brsn pegiguledy sheyg and
wavegui de | aygLscfigddbuitt3{frertO o §REI1OCADodidBRs, iDHohRIbel 1RMEEtob6BBY thode? 2

and 622) may be nmade of material fromany one or nore of a rqup.
consi sting of skilled othe asy [hat yerioye changruA fie and detail may be made therein

si | i con- ger maQidit GRpRER: FORE theCOMR! dnBNcopP Y thel HoéhtidR ths Gidfihed TBY the

made of material fromany one or nore of '‘a 15 WD 2009/102280

PCT/ SG2008/ 00appgnded claims.” The scope of the invention is thus indicated by the appended
claims and all changes which come within the meaning and range of equivalency of

the claims are therefore intended to be embraced.
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group consisting of silicon, silicon-gernmani um and
silicon-germani um carbon. The isolation regions (208a and 208b;
308a; 408a - and 608a and 608b) may be nmde of _j |
materials f O%P%%@Q%he or nore of a group consisting Ofpéﬂgg%@%&ﬂﬂm
di oxide, silicon nitride and silicon oxynitride. The first conductive
material (314a, 614a and 616a) nmay be made of materials, having | ow
electrical resistivity and which give rise to a high Schottky
barrier height when the first conductive material (314a, 614a and
616a) is i ClcAM&ct with the contact regions (318, 618 and 620).

Such materials fr ny.one or nore of a group consisting of
tant al um Aitrig§¥0%§gﬁﬁﬁﬁ%%?¥?$ e, tantalumand titanium and the
second conductiv teri.al.  (314b, 614b and 616b) nay be nade of

mat erial s, havif e%gkﬁrgpg&trical resitivity, fromany one or nore of

i sti f 1 Ni t .. .10
Bxperi hental Ro iy S Bet Kittne s FRa AR ERRER e 0w

hi gh resol ution transm ssion. el ect,ron m crosco HRT i mage f a
N o/ Go§ unct | ob T Vs GranEE aRLUPETERPE PP caLps AR A g B
enbodi nent . [Oogféﬁfi yure 7A shows a N Ge contact region 718/ 720

di sposed above HF'E®T 'R ector region 712, where the Ge detector
region 712 is disposed above a Si buffer |ayer 722. From Figure 7A,
it can be seen that the ratio of NN to Ge varies across the

t hi ckness of the N Ge/ Ge contact regjon 718/.720. LQ@%%& An ex%eILent
interface 201 i $hg BofRdgtectyy ehiflaim %%%I‘?f)?f’??ﬁ?%?%/aﬂ‘ﬁ FhHrRachjegien torming

t hi ckness of around 70 run, between the N GCe contact region 718/ 720
and the Ge det ®ciWericeghigh the1 9eteEPraeioRe VRIRINGEE Gsodn EMtash regipn 1s
X-ray diffraction (XRD) _analysis confirned the formation of a

ni ckel - monoger nelpstdeally okt frshnidie figt etachregiRRA of 500C for 30
seconds. [0088] Figure 7C shows a secondary-i on-mass spectroscopy
(SIMS) depth profile of a sulfur-segregated Ni Ge Schottky contact of
t he photodetector of Figures 7A and 7B. Wil e gernmanidation front
proceeds, Pnpl afkegheedefegior of shaimat.ciuphgesampgising a second valence mending

adsorbate region between the second contact region and the detector region.

4. The photodetector of any one of the preceding claims, wherein the first contact

region is disposed above the detector region.

5. The photodetector of any one of the claims 1 to 3, wherein both the first contact
region and the first valence mending adsorbate region are formed within the

detector region.

6. The photodetector of any one of the preceding claims, wherein the first contact

region is in contact with the detector region.
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segregate at the interface 701 between the N Ge contact region

718/ 720 and the Ge detector region 712. Due to this segregation, the
dangling bonds at the NiGe/Ge interface 701 can be effectivel

passi vat ed, VAU nconi t ant | y results in the pinni ngPST’SS’é’Pmpae
Ferm |evel close to the conduction band edge. An extraction 16 WD
2009/ 102280 PCT/ S&2008/ 000199 of Schottky barrier hei ght based on a
t herm oni c-em ssion nodel at |ow reverse bias voltage from around
0.05V to around 0.2V reveal s the achi evenent of hole Schottky

barrier nodll at iTha phetodetestaspidny one efthefciaims 2 3h i sdietccthe scapnd lsomiact a
sul fur- segregation region) to around 0.49 eV as a result of the

sul f ur - segr egat iregiorais dispased Mio@efhedetertormegiace. This | eads to the
formati on of asymmetrical Schottky barriers in MSM photodetectors,
where high and | ow hol e barrier height are achieved for contacts

wi th and without sulfur-segregation, respectively. [00891 Figure 8 is
a plot of r&om tTeaphotattectoronfr angninewd| thaghaind 3\ & uwrheesn both thenpané
the characteristics between a fabricated Ni Ge Schottky barrier NSM
phot odet ect or hawitig regidi und siegseegad vaience madogr diobetewegibn afe formed
enbodi nrent of the invention, and a photodetector w thout sulfur
segregati on. Cumitai tBO@stecBd4egiond 806 represent |-V curves for a
control photodetector w thout sulfur segregation and having an
effective dianeter 0 of around 401Am 32m and 20m respecti vely.
Curves 808, 810 and 812 represent |-V curves for a photodetector with
sul fur segr egatthephabdbidary ioh @n@bnedil € tiatss Plit@ BpvREreinGhe SécoRid Bord4bm
32m and 20m respectively. [0090] At an applied bias VA of 1.0V,

hi gh dark curr epdgionBPainkcohtBctiwifh th ddcto@fegionr ound 2. 45 mA and ar ound

1. 69 mA was observed in the control photodetector w thout sulfur
segregation with a device area of A=804 n2 and A=314 n2

respectively. Such high dark current performance is predom nantly

attributed oo tge pHoRWelRBbLOrSR) Bhd dithdREdetiBE cRBhY Rirthehébniprdingd ar ound
0.1 eV. However, t%rough t he

a passivation layer disposed above the detector region, the passivation layer
having a first trench, wherein both the first contact region and the first valence

mending adsorbate region are disposed in the first trench.

11.  The photodetector of claim 2, further comprising:
a passivation layer disposed above the detector region, the passivation layer
having a first trench and a second trench so that the region of the passivation layer
between the first trench and the second trench is discontinuous from the
remainder of the passivation layer,
wherein both the first contact region and the first valence mending adsorbate
region are disposed in the first trench, and wherein the second contact region is

disposed in the second trench.
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i ntroduction of sulfur segregation at the NiGe/CGe interface (see
reference nunmeral 701 in Figure 7B), a significant dark current
suppressi o than 3 orders of magnitude was achj

result of k?g%oe%ﬁézﬁsged hol e Schottky barrier Chh 816 O]t.ﬁceﬁéf‘sfcggﬁs 0‘8{.9%9
eV. At VA =1.0V, the Ida,k of a sulfur-segregated Ni Ge Schottky
phot odet ect or was neasured to be around 0.92 A and around 0.42 A for
a device area of A=804 n2 and A=3 14 nR respectively. [00911 Fi gures
9A and 9B are plots of current versus applied voltage VA for a

phot odet ector built in accordance with an enbodi nent. The

phot odetector has an effective dianmeter 0 of around 32m Figures 9A
and 9B shou2t heTphwotwdetesporfsay ongrditeciaims 3 ta & Jurtifer gompriingschot t ky
phot odet ector with sul fur-segregation, an 17 WD 2009/ 102280

PCT/ SG2008/ 00018 passevatiord layentlispahd abmedth rdstecoptrégion, the asssivatiemtlayer
perfornmed at a photon wavel ength of 850nm and 1300 rimrespectively.
At VA = 1.0 V, poog ahaciench andsizecimd tronchao tied theesgianafi thegpagsivation dayer
ef ficiency of around 0.36 A/W and around 34%  respectively were
denonstrat ed. Asetagr tei ARl ereBélgnad -th®-seong etrenak |19 difcoatinwng fibd? theas
al so observed in these devices. [0092] Figure 10 is a plot of
response (dB) vemsiudeddf@pyamtyatiitayerf or a photodetector built in
accordance with an enbodi nent. Figure 9 shows the frequency response
of the photodet @Bdréih bEEAHEr et @ntaeN rdgidnUaiidndit ifs vated argdibg afisorfakb0
run, as obtained fromthe Fourier transform of a pul se response. An
around - 3dB bagpgvh diehiipbsediDhe dirst trehdtz andashedih berk @k eeindabniagipédiad
bias of 1.0 V, show ng conparabl e speed performnce consistent with
theoretical nodgldi Ag sb@adlVuBnce MRS adlbithe REBA dirdraRpSsedfin ki second

i nvention have been particularly showm and described with reference
to specific enbggipents, it should be understood by those skilled in
the art that various changes in formand detail nmay be made therein
wi t hout departing fromthe spirit and scope of the invention as
defined by the

13.  The photodetector of any one of the preceding claims, further comprising:
a waveguide layer, wherein the detector region is disposed above the waveguide

layer.

14, The photodetector of claim 13, further comprising:

a buffer layer disposed between the detector region and the waveguide layer.

15.  The photodetector of claim 14, further comprising:

a compliant layer disposed between the buffer layer and the waveguide layer.

16.  The photodetector of any one of the claims 13 to 15, further comprising:
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appended cl ai ns. The scope of the invention is thus indicated by the
appended clains and all changes which cone within the neaning and

range of e%%@%@g@/ of the clains are therefore inteng@ﬁséﬁogﬁmw

enbr aced. 102280 PCT/ 8G2008/ 000199 CLAIMS 1

phot odet ector conprising: a detector region; a first contact region
formng an interface wth the detector region; and a first val ence
mendi ng adsor bate regi on between the first contact region and the
detector region. 2. The photodetector of claim1l further conprising a
second cont act raegsobatioh orgiinndjsposed abpvecthé svowvegnideaxeh enddasljasentde oppogingn,
wherein the second contact region is electrically isolated fromthe
first contact redgsrfthddetttter gpiob.odetector of claim 2, further
conprising a second val ence nendi ng adsorbate regi on between the
second contact region and the detector region. 4. The photodetector
of any one of the preceding clains, wherein the first contact region
i s di sposedi7aboviae ph@odbic®e bDinyroag bbihe claimsTiao phdumice t@ngrisingof any
one of the claims 1 to 3, wherein both the first contact region and
the first val engg isoMitidhngendsiardmntie waghode Rver fsalisppskdvibb¥ the tidodation
detector region. 6. The photodetector of any one of the preceding
clainms, whereinjijee first contact region is in contact with the
detector region. 19 WO 2009/ 102280 PCT/ S&008/ 000199 7. The

phot odet ector of any one of the clains 2 to 6, wherein the second
contact region is disposed above the detector region.

18.  The photodetector of any one of the claims 10 to 16, further comprising:
a first electrode disposed above the first contact region and in contact with the

first trench.

19.  The photodetector of any one of the claims 11 to 17, further comprising:
a first electrode disposed above the first contact region and in contact with the
first trench, and a second electrode disposed above the second contact region and

in contact with the second trench.

20.  The photodetector of claims 18 or 19, wherein the first electrode comprises at
least a first conductive material and a second conductive material, wherein the
first conductive material is in contact with the first contact region and the first

french.

21.  The photodetector of claims 19 or 21, wherein the second electrode comprises at -

least a first conductive material and a second conductive material, wherein the
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8. The phot odetector of any one of the clains 3 to 6, wherein both
the second contact region and the second val ence nendi ng adsorbate
region are_fo within the detector region. 9. The p

of any one 6?&$ﬁgu%oains 2 to 8, wherein the second coﬁggéggg&géﬁﬁg
is in contact with the detector region. 10. The photodetector of any
one of the preceding clains, further conprising: a passivation |ayer
di sposed above the detector region, the passivation |ayer having a
first trench, wherein both the first contact region and the first

val ence nendi nfiradsadutitemategalos inrcentdétspitls e sepondeenfact sagiany andcthe
11. The photodetector of claim2, further conprising: a passivation
| ayer di sposed awwoudtrédel. det ect or region, the passivation |ayer
having a first trench and a second trench so that the region of the
passivation |ayer between the first trench and the second trench is
di sconti nuous fromthe renainder of the passivation |[ayer, wherein
both the fimst qaeabRabdkL®r @N amnohe dfthé brestdingad]sime ewhereidi the fiesd sartizat e
region are disposed in the first trench, and wherein the second
contact region kdiondéch@is@danyodehe Bee it froem ebnsisAfly WOnRREHetNRB0
PCT/ S&G2008/ 000199 12. The photodetector of any one of the clains 3
to 9, further cg¥RELpHRAGH-RrmRAsR] Mdkel-Gtinludy Simakisd) asEsladivey gertdagide.
detector region, the passivation layer having a first trench and a
second trench so that the region of the passivation |ayer between
the first trench and the second trench is discontinuous fromthe

remai nder of t hgnpagsbdtakiof Bt hidy&ile oMACEIRR RN, (hgrein the becofd t@fict
region and the first val ence nendi ng adsorbate region are di sposed

inthe first trangh.c isNBH eIk RChitetdte S86GPB6hskORY BF hickEEeORani@d

t he second val ence nendi ng adsorbate region are disposed in the
second nickel-platinum-germanide, nickel-titanium-germanide, and platinum-germanide.

24.  The photodetector of any one of the preceding claims, wherein the first valence
mending adsorbate region comprises any one or more of a group consisting of

sulfur, selenium and tellurium.

25.  The photodetector of any one of the claims 3 to 24, wherein the second valence
mending adsorbate region comprises any one or more of a group consisting of

sulfur, selenium and tellurium.
26. The photodetector of any one of the preceding claims, wherein the detector region

comprises any one or more of a group consisting of germanium, silicon, silicon-

germanium-silicon and silicon-germanium-germanium.
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trench. 13. The phot odetector of any one of the preceding clains,
further conprising: a wavegui de | ayer, wherein the detector region is
di sposed above the waveguide |ayer. 14. The photodetector of claim
13, further conprising: a buffer |ayer disposed between the detector

regi on and 3he ViExeabod&ettaySany oroof th @1&%@1?@%%%inﬁe ﬁels@fv??ic;]nd']ayer
e buffer

further conprising: a conpliant |ayer disposed befween t

| ayer and the i r ctor. of .one,.of.
the ol i ms 13 to TR P ary Ree o suek? pE FasIR R B Al B Wi BiaiSice,
PCT/ SG2008/ 000199. an. i.sol ation region di sposed.above the wavegui de

| ayer and adj acént t %l%(?pepgl IF%Oxygﬁﬁg%m@?u@ﬁ%e‘%g'ﬂ%%%?ssr egion. 17. The
phot odet ector of any one of the clains 13 to 16, further conprising:
an isolation |layer, wherein the wavegui de | ayer is disposed above the
isolation layer. 18. The photodetector of any one of the clains 10
to 16, furtBer dbephetadaieptorpffany ne ef the tiawarel Hicsiowbetemtby watdpmidei lagt
contact region and in contact wwth the first trench. 19. The

phot odet ect or oforaprsenney ofie bheord @i a1grotp comsistig dfuilichber potBsiicd:sision
a first electrode di sposed above the first contact region and in

contact w th theitridd andtsiicogpemitriled a second el ectrode di sposed above
the second contact region and in contact with the second trench. 20.

The photodetector of clains 18 or 19, wherein the first el ectrode
conprises at least a first conductive material and a second

conduct i veaomt efhalnoieiof B8 odel JiSthe Patﬁkﬂgqgsitx%%r@%%ghle‘b%f%eP layer

contact with the first contact region an irst

comprises any one or more of a group consisting of silicon, silicon-germanium

and silicon-germanium-carbon.

30.  The photodetector of any one of the claims 17 to 29, wherein the compliant layer
comprises any one or more of a group consisting of silicon, silicon-germanium

and silicon-germanium-carbon.

31.  The photodetector of any one of the claims 16 to 30, wherein the isolation region
comprises any one or more of insulating materials consisting of silicon dioxide,

silicon nitride and silicon oxynitride.

32.  The photodetector of any one of the claims 22 to 31, wherein the first conductive
material comprises any one or more of a group comsisting of tantalum nitride,

titanjum nifride, hafhium nitride, tantalum and titanjum; and the second
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21. The photodetector of clains 19 or 21, wherein the second

el ectrode conprises at least a first conductive material and a
second conductive material, wherein the 22 WD 2009/102280

PCT/ SG2008MIOPIYY22%0 r st conductive material is in contZcHSao8P0p1a
second contact region and the second trench. 22. The phot odet ect or
of any one of the preceding clains, wherein the first contact region
conpri ses any one or nore of a group consisting of nickel-germanide,
ni ckel - pl ati num ger mani de, ni ckel -titani um germani de, and

pl at i num ger mankoeluc®d. maftral pingiriseeing onopr wbreanfy gowg ob Mmateiels chesistipg 2
to 22, wherein the second contact region conprises any one or nore
of a group consbBlumgiwh, tmgstee badyeppani de,

ni ckel - pl ati num ger mani de, ni ckel -titani um germani de, and

pl ati num ger mani de. 24. The phot odetector of any one of the preceding
clainms, wherein the first valence nending adsorbate regi on conprises
any one or 38Dr e Aghethodysflumin@aplictddietecron the methddvompsashgni um and
tellurium 25. The photodetector of any one of the clains 3 to 24,
wherein the seceiingsd dfer rdgpadi ng adsor bate regi on conprises any
one or nore of a group consisting of sulfur, seleniumand tellurium
26. The phot odets@ming a @kt AAYCcIAEBorOds ah ifterfice 6aditgietk i Pgionydi@r ei n t he
detector region conprises any one or nore of a group consisting of
germani um sili fd?ﬁlingsd filsClencORERIRIY 4d80r5atk kép@ih WAkken the first contact region
sil i con-germani um germani um 23 27. The photodetector of any one of
the clains 12 t ghdfe dbR68ES0d. he passivation layer conprises any one
or nore of insulating materials consisting of silicon dioxide,
silicon nitride, silicon oxynitride and undoped silicate gl ass. 28.
The phot odetector of any one of the clains 15 to 27, wherein the
wavegui de hgyer thEQBMbd SEIaiANY fRHer YmpRing: of a group consisting of
silicon, poly-silicon, silicon

forming a second contact region as an interface with the detector region, wherein

the second contact region is electrically isolated from the first contact region.

35.  The method of claim 34, further comprising:
forming a second valence mending adsorbate region between the second contact

region and the detector region.

36.  The method of any one of the claims 33 to 35, wherein the first contact region is

formed.above the detector region.
37. The method of any one of the claims 33 to 35, wherein both the first contact

region and the first valence mending adsorbate region are formed within the

detector region.
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nitride and silicon oxynitride. 29. The photodetector of any one of
the clains 16 to 28, wherein the buffer |layer conprises any one or
nore of a 0 consisting of silicon, silicon-gernmani

Si Iicon-ge%%#q%ﬂmzésir bon. 30. The phot odet ector of anyu&%?%ﬁoﬁ/%glgg
clainms 17 to 29, wherein the conpliant |ayer conprises any one or
nore of a group consisting of silicon, silicon-germanium and
silicon-germani um carbon. 31. The phot odetector of any one of the
claims 16 to 30, wherein the isolation region conprises any one or
nore of insulating materials consisting of silicon dioxide, silicon
nitride and silicon oxynitride. 32. The photodetector of any one of
the cl ai ns 382 t Ph8tgthwhef aiyrone hEthe clagns Hoe@licwherein thrateeendedontedirpgids es
any one or nore of a group consisting of tantalumnitride, titanium
ni tride, hafni uimfoidediabeve theadeteatouragaond titani um and the second 24
Amended Sheet | PEA/ AU WO 2009/ 102280 PCT/ SG2008/ 000199 conducti ve
mat eri al conprises any one or nore of a group of materials consisting
of alum nium tungsten and copper. 33. A nethod of formng a

phot odet ect3or, tThemssbd oflazosmerdf shendaims 36 o3 Agwlserele hetht the secend compact
formng a first contact region as an interface with the detector

regi on; and f or régig aad fiiked Sbondvallebe mendingl rdigrbactsiegibatae: foagedwithiattieen
the first contact region and the detector region. 34. The nethod of
claim 33 furt hegetecurpegicn. ng: formng a second contact region as an
interface with the detector region, wherein the second contact
region is electrically isolated fromthe first contact region.

40, The method of any one of the claims 33 to 39, wherein forming the first contact
region further comprises:
forming a passivation layer on the detector region; and
forming a first trench in the passivation layer, wherein both the first contact
region and the first valence mending adsorbate region are formed in the. first

trench.

41.  The method of claim 34, wherein forming the first contact region and forming the
second contact region further comprises:
forming a passivation layer on the detector region; and
forming a first trench and a second trench in the passivation layer, so that the
region of the passivation layer between the first trench and the second trench is

discontinuous from the remainder of the passivation layer,
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35. The nethod of claim 34, further conprising: formng a second
val ence nendi ng adsorbate regi on between the second contact region

and t he de ion. 36. The nethod of any one of th ai s 33
to 35, mhe&@?%ﬁgﬁg§ irst contact region is forned. abog@ﬂ§%@m&mmw9

detector region. 37. The nethod of any one of the clains 33 to 35,
wherein both the first contact region and the first val ence nendi ng
adsorbate region are fornmed within the detector region. 25 WO

2009/ 102280 PCT/ S&2008/ 000199 38. The nethod of any one of the
clainms 34 to 37wheieer beth thehErss ecsand regiont and theefyisomalerics nhandingdadatrbete
t he detector region. 39. The nethod of any one of the clains 35 to
37, wherei n bot kegidnears dorard it dret frst trenck.gindnwlzangin theesesaclovalenea imendiag
mendi ng adsorbate region are formed within the detector region. 40.
The met hod of asgsofhiae region Rdorfledimthe 3Boddrd@h. wherein form ng the
first contact region further conprises: formng a passivation |ayer
on the detector region; and formng a first trench in the passivation
| ayer, wherein both the first contact region and the first val ence

mendi ng adsior batrge frRho® Bf afyCork AF MRC:Idims BR o B9, rHereid Forminy. the first ThiRact
met hod of claim 34, wherein formng the first contact regi on and

formng the seepnfl 600G tha@ta chithdth@liotRRdics@prisek:0r M ng a
passivation |ayer on the detector region; and formng a first trench

and a second tr eflbhgl dpabdiRiribRRFéroaitheididcRY RigionSehdt hat the region of
the passivation |ayer between the first trench and the second trench
i's di sconti NUORSmMiHEOsTiEsh Gref MU NOREOHR trérdR P ARSPaAVAtIBR 14yRY, 80, that the
region of the passivation layer between the first trench and the second trench is
discontinuous from the remainder of the passivation layer,
wherein both the first contact region and the first valence mending adsorbate
region are formed in the first trench, and wherein both the second contact region

and the second valence mending adsorbate region are disposed in the second

trench.

43.  The method of any one of the claims 33 to 42, wherein the detector region is

formed on a waveguide layer.

44,  The method of claim 43, wherein forming the detector region further comprises

forming a buffer layer between the detector region and the waveguide layer.

45.  The method of claim 44, wherein forming the detector region further comprises

forming a compliant layer between the buffer layer and the waveguide layer.
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26 WD 2009/ 102280 PCT/ SG2008/ 000199 wherein both the first contact
region and the first val ence nendi ng adsorbate region are forned in
the first e nd wherein the second val ence nendi r
region is W@rmm?ﬁothe second trench. 42. The net hod B%Téﬁ%%@(‘?gﬁgf
the clains 35 to 39, wherein formng the first contact region and
form ng the second contact region further conprises: formng a

passi vation | ayer on the detector region; and formng a first trench
and a second trench in the passivation |layer, so that the region of
t he passivation | ayer between the first trench and the second trench
is discontinuous fromthe remai nder of the passivation |ayer,

wher ei n bot t hehef inethbd eOnh@ohe bR dieahiand3 tthatsf mhsteiny fimping eherdetditony
adsorbate region are forned in the first trench, and wherein both
the second contmgibn T@gied Bompminds fhmirgemdsdatioalregioe onelmdwaggeids brybasce
region are disposed in the second trench. 43. The nethod of any one

of the claims 3RadiRe Walatioh1egi6n 1§ atijacentitoppdsing edges aithd detecfooregivd. on a
wavegui de | ayer. 44. The method of claim 43, wherein formng the

detector region further conprises formng a buffer |ayer between the
detector region and the wavegui de | ayer. 45. The nethod of claim 44,

wher ei n f ogfli NOTRNGefEt SCLS onfcCfithdclhibis 4D Qb 460WREBERe Waldgida Jayar is
conpliant | ayer between the buffer layer and the wavegui de |ayer. 27

WO 2009/ 102280 BLIda¥a28081008188r. 46. The nethod of any one of the
claims 43 to 45, wherein formng the detector region further
conprises formng an isolation region on the wavegui de | ayer so that
the isolation region is adjacent to opposing edges of the detector

regi on. 47, Therymet g @hn e AR imd P10@ HuiBert3mbsif, Wherein the

wavegui de layer 1s
forming a first electrode above the first contact region and in contact with the first

trench.

49.  The method of any one of the claims 41 to 47, further comprising:

forming a first electrode above the first contact region and in contact with the first

trench; and

*forming a second electrode above the second contact region and in contact with

the second trench.

50. The method of claims 48 or 49, wherein the first electrode comprises at least a
first conductive material and a second conductive material, and ~ wherein  the

first conductive material is in contact with the first contact region and the first

trench.
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formed on an isolation layer. 48. The nethod of any one of the clains
41 to 47, further conprising: formng a first el ectrode above the
first cont i and in contact with the first tr
met hod of an ogﬁgngsﬁ the clains 41 to 47, further conp?ﬁ;@%%zﬁ%fogaﬂ?ng
a first electrode above the first contact region and in contact with
the first trench; and formng a second el ectrode above the second
contact region and in contact wwith the second trench. 50. The net hod
of clainms 48 or 49, wherein the first electrode conprises at |least a
first condddtivdhpaethef af claimy 48 o5 é@ovierain haetond lesiende cpapriseg lgieast a
wherein the first conductive material is in contact wth the first
contact region &t censuctivermateriaj prche peconBconduciiyg gpaiqyink god wherein the first
PCT/ SG2008/ 000199 51. The nethod of clains 49 or 50, wherein the
second el ect r odeorsluetpei materiahis inaantectavith thetseeond ¢ortedt vegioransr thaisecand a
second conductive material, and wherein the first conductive
material is in tvemhact with the second contact region and the second
trench. 52. The method of any one of the clains 33 to 51, wherein the
detector region is formed by selective epitaxial growh. 53. The
met hod of any one of the clains 33 to 52, wherein the first contact
regi on i s 52or nfbe mettdd pdsng oon ofitid daitns 8queritl, whgeid thédetaadr region is
annealing (RTA). 54. The nethod of any one of the clains 34 to 53,
wher ei n t he secétmied bntchetive gpiseasl grovethf or mned by deposition and
subsequent rapid thermal annealing (RTA). 55. The nethod of any one
of the clains 33 to 54, wherein the first val ence nending adsorbate
region is forned by deposition or ion inplantation.

53.  The method of any one of the claims 33 to 52, wherein the first contact region is

formed by deposition and subsequent rapid thermal annealing {(RTA}.

54.  The method of any one of the claims 34 to 53, wherein the second contact region

is formed by deposition and subsequent rapid thermal annealing (RTA).

55. The method of any one of the claims 33 to 54, wherein the first valence mending

adsorbate region is formed by deposition or ion implantation.

56. The method of any one of the claims 35 to 55, wherein the second valence

mending adsorbate region is formed by deposition or ion implantation.

57.  The method of any one of the claims 40 to 56, wherein the passivation layer is

formed by PECVD.
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56. The nethod of any one of the clainms 35 to 55, wherein the second
val ence nending adsorbate region is formed by deposition or ion
i npl ant ati e nethod of any one of the clains 4
wherein thg%zaegélm\%{ai on layer is formed by PECVD. 29 v%‘fég%’é%i‘t?%’%o
PCT/ SG2008/ 000199 58. The nethod of any one of the clainms 40 to 57,
wherein the first trench is formed by contact hole patterning and
etchiing. 59. The nethod of any one of the clains 41 to 56, wherein
the first trench and the second trench are fornmed by contact hole
pat t er ni ng 8nd dheriethgd obany orsef thetdkaims 69 tahly whawingthe fiFws trendd ipformed t o
59, wherein the waveguide layer is fornmed by a |ithography
patterning and &y etritaghqle piftegdngand/etshingy fil m deposition. 61. The
nmet hod of any one of the clains 44 to 60, wherein the buffer layer is
formed by selective epitaxial growh. 62. The method of any one of
the clains 45 to 61, wherein the conpliant layer is formed by
sel ective é&fitafhametodwf Any 68 ofthe clamishildtooT6, ahgremntbe Giffst thigachcindi the
47 to 62, wherein the isolation regionis forned by PECVD. 64. The
met hod of any oseond trénkk arelfanmed by 8orttaxt B¢ patteering andtekvhinfgl r st el ect r ode
is formed by deposition. 65. The nethod of any one of the clains 49
to 64, wherein the first electrode and the second electrode are
formed by deposition. 30 WO 2009/ 102280 PCT/ SG2008/ 000199 66. A
phot odet ect50r CUHP iethod @f ady okt @Cthe Elain®gd301w; 5% whierehi the avilvegiider lagar 4 ;
and

formed by a lithography patteming and etching process and/or by film deposition.

61.  The method of any one of the claims 44 to 60, wherein the buffer layer is formed

by selective epitaxial growth.

62. The method of any one of the claims 45 to 61, wherein the compliant layer is

formed by selective epitaxial growth.,

63. The method of any one of the claims 47 to 62, wherein the isolation region is

formed by PECVD.

64. The method of any one of the claims 48 to 63, wherein the first electrode is

formed by deposition.

65, The method of any one of the claims 49 to 64, wherein the first electrode and the

second electrode are formed by deposition.
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a first val ence nendi ng adsorbate region formng an interface between
the detector region and the first contact region, wherein the first

val ence neggéggggaﬁgorbate regi on passivates dangling bﬂ&ﬂﬁeﬁﬁé&ﬁ%@

the first gion and the detector region. 31

66. A photodetector comprising:

a detector region;

a first contact region; and

a first valence mending adsorbate region forming an interface between the
detector region and the first contact region, wherein the first valence mending

adsorbate region passivates dangling bonds between the first contact region and

the detector region.
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