A PLASMONI C DETECTOR AND METHOD FOR MANUFACTURI NG THE SAME 5 FI ELD OF

| NVENTI ON The present invention broadly relates to a plasnonic

det ect or wocdonmkkrd f or manufacturing a pl asnoni ¢ det ectomr/SGRO10BMBKSROUND
Both el ectronic and optical circuits are wdely used, e.g. in information
transm ssion systens. Electronic circuits are typically very small but
their operation 15 speed is limted, whereas optical circuits are extrenely
fast but their sizes are limted by' diffraction. An integration of optics
and el ectronics woul d conbi ne the huge optical bandwi dth with the
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and electric circurts. Tradrtrona ctors are used to
convert dielectric optical sigrEiE SAMEectronic signals. They generally
have | ow photoresponsivity per unit volune and hence require a relatively

| arge size. Surface plasnon polaritons (SPPs) have been applied to inprove
t he photoresponsivity of netal -sem conductor-netal photodetectors. However,
the size of the photodetector is still in the mcronmeter scale. 25 Mre

r ecent FELDaOR INGENTIOK| e- f or med cavity has been used to concentrate |ight
into a subwavel ength volune. This nmakes it possible to devel op the

phot odet ector in nanoneter scale. Typically, two nanoparticles are used as
a nanoant enii® Rrggerftonvyaniion dneasiy iciates ko betaspemic agtdcionenddditiidcoial pi eces

of mt@én@?&uHﬁ%Q osridHic §hgelrodes of 30 the detector. The el ectrodes are

per pendi cul ar t© the nanoantenna. The wavegui de, where light is injected,
is perpendicular to the plane defined by the el ectrodes and the
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BACKGROUND

Both electronic and optical circuits are widely used, e.g. in information

transmission systems. Electronic circuits are typically very small but their operation

15 speed is limited, whereas optical circuits are extremely fast but their sizes are limited by

diffraction. An integration of optics and electronics would combine the huge optical
bandwidth with the compaciness of electronics. |

Photodetectors are devices to bridge optical and electric circuits. Traditional
20  photodetectors are usually used to convert dielectric optical signals to électronic signals.
They generally have low photoresponsivity per unit volume and hence requiré a
relatively large size. Surface plasmon polaritons (SPPs) have been applied to improve
the photoresponsivity of metal-semiconductor-me:al phétodetectors. However, tﬁé size
of the photodetector is still in the micrometer scale.
25
More recently, a nanoparticle-formed cavity has been used to concentrate light
into a subwavelength volume. This makes it possible to develop the photddete;:tor in
nanometer scale. Typically, two nanopariicles are used as a nanoantenna and férm a
nanocavity in between, and two additional pieces of metal are used as the electrodes of
30 the detecior. The electrodes are perpendicular to the nanoantenna. The waveguide,
where light is injected, is perpendicular to the plane defined by the electrodes and the
nanoantenna. However, such photodetector still works with dielectric wavegtides, which



nanoant enna. However, such photodetector still works with dielectric

wavegui des, which WO 2011/028179PCT/ SG2010/000319 2 is still limted by
di ffractiwo.2olw2sddi tion, fabricating such system (waveg@uirse2endoeae ect or )
may be very chal |l engi ng. A need therefore exists to provide a

pl asnmoni ¢ detector that seeks to address at 5l east one of the above
probl ems. SUMVARY 10In accordance with a first aspect of the present
invention, there is provided a pIa%nDnic detector conprising: two nanoscal e

metal | guf Qftfed WiPlifthclioh 3PiaAgiYR! fBASitng such sydIANGRGBYGIL KLY formed
esn éd ac%n?ﬂlenﬁgam?n eatv\}ol nanoscallng ?ruect aIS% c rgﬁagaéand 15a¥

absoré@’ﬁeéﬁ@r)mym\@lry @l‘!aé}@r(‘fﬂ@ﬁj in the nanoscale cavity for converting an
el ectromagnetic field to an electric current for outputtl ng via the
nanoscal e nmetallic rod ot3| tion of

nanoscal e fietesf F}?QfefPf?o%’"%iP HQV'QB@ﬂ?WW‘%éet?%?r tgéth?e?%?ﬁ%a‘i&?% nance of

the elLet srREgReiidve bidlgingd thin the nanoscal e cavity. The pl asnonic
detector may be coupled to a subwavel ength wavegui de that directs the
el ectromagnetic field to the plasnonic detector. 25

SUMMARY

10 In accordance with a first aspect of the present invention, there is provided a
plasmonic detector comprising:
two nanoscale metallic rods coupled fo a bias voltage;
a nanoscale cavity formed between adjacent ends of the two nanoscale
metallic rods; and
15 an absorption material disposed in the nanoscale cavity for converting an
electromagnetic field to an electric current for outputting via the nanoscale metaliic

rods.

At least one of a size and position of hanoscale metallic rods may be
20 controlied for achieving a resonance of the electromagnetic field within the

nanoscale cavity.

The plasmonic detector may be coupled to a subwavelength waveguide fhat
directs the electromagnetic field to the plasmonic detector. -
25
The position of the nanoscale metaliic rods may be controlled based: on a
separation between the subwavelength waveguide and the nanoscale metallic rods.

The size of the nanoscale metallic rods may be controlied based on at least
30 one of a free-space wavelength of the electromagnetic field, a gap distance of the

nanoscale cavity, and the absorption material disposed in the nanoscale cavity.



The position of the nanoscale netallic rods may be controll ed based on a
separation between the subwavel engt h wavegui de and the nanoscale netallic
r ods. WO 2011/02817@¢ si ze of the nanoscal e netal lic rodsPomgGhelomonsiy ol | ed
based on at | east 30one of a free-space. wavel ength of the el ectromagnetic
field, a gap distance of the nanoscale cavity, and the absorption materi al
di sposed in the nanoscal e cavity. The absorption material my
convert the electromagnetic field ?o an electric current by converting

phot on energy dfRofdtien Sh&skslaRRgBEHVS fHeedidotrdthagrestici flegil icehe @lgatrie hol e

pairs. 5The excited. electron-hole alr s be dri.ve he respective
nanos CHIMEMeY aFPIVEigd & P{S’I“ PBY nE‘ ega‘émq%‘egﬁrpeé‘itm n&é?l?%(ﬁ

i nf | uenstrodthdidipaild. as vol tage. The absorptl on material nmay conprise a
sem conductor material. 10The absorption material may further extend
out side of the nanoscale cavity around the adjacent ends of the two
nasoscal e Mkabldted reisironTioke phias maEy be diiver tto thermgsiegtivéh epnesndyH i se t wo
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connection WI an external circ e conducting w res nay be
perpendi cular to a longitudinal axis of the nanoscale netallic rods. The

subvavel engify paYeGHh A6ty nbfy SPaisRNREeMicbRaddis: makpscal e metal lic

10 The absorption material may further extend outside of the nanoscale cavity

around the adjacent ends of the two nanoscale metallic rods.

The plasmonic detector may further comprise two conducting wires coupled
to the respective nanoscale metaliic rods for connection with an external circuit.
15
The conducting wires may be perpendicular to a longitudinal axis of the

nanoscale metallic rods.

The subwavelength waveguide may be co—blanar with the nanoscale metaliic
20 rods.

The subwavelength waveguide may comprise one of a group consisting of a
metal-insulator-metal waveguide, an |nsuiator-metal-msulator waveguude a
nanoparticle waveguides, a groove, an optical fiber, and a Si photonic waveguide.

25 A

in accordance with a second aspect of the present invention, there is
provided a method for manufacturing a pltasmonic detector, the method comprising
the steps of: |

providing two nanoscale metallic rods coupled to a bias voltage;

30 forming a nanoscale cavity between adjacent ends of the two nanocscale
metallic rods; and

disposing an absorption material in the nanoscale cavity for converting an
electromagnetic field to an electric current for outputting via the nanoscale rﬁetaliic

rods.



20r ods. The subwavel engt h wavegui de may conpri se one of a group
consisting of a netal -insul ator-netal wavegui de, an

i nsul at orwoebalo2srisul at or wavegui de, a nanoparti cl e waveguisdesi0/0a0339 oove,
an optical fiber, and a Si photoni c wavegui de. 25 I n accordance
with a second aspect of the present invention, there is provided a nethod
for manufacturing a plasnonic detector, the nethod conprising the steps of:
provi ding two nanoscale netallic rdds coupled to a bias voltage; 30formng
a nanoscal e cavi ty between adjacent ends of the two nanoscale metallic
rods; and Sposi an absorption material in the nanoscale cavit

f or converfrhﬁgmﬁﬂ‘oél E@Verﬁgﬁrné?mE”?? éﬁoatr?'ﬁn%r??e’?%%tweco @r?‘éﬁtarfcg Y
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conprise contro ast one of a size and position of the nanoscal e
met al [§%CTPERY"E ?hgﬁma%\ﬂ tﬁa NENPEAHEREY of the el ectromagnetic field within

t he nanoscale cavity. 5 The nmet hod nmay further conprise coupling a

subvvave! engﬁé‘ﬁé}} vaye uj %Ffumg %hér%%t %l%ogﬁ%gal @g@gg&twgvédu?dedt nhP t he

pl asnoni c ri'se controlling
t he p@&ﬂetisdheefectrhmagaﬁmfaﬂd@me prastnadHic dehegm based on a separation

bet ween t he subwavel engt h wavegui de and the nanoscale netallic rods. The
met hod may further conprise controlling the size of the nanoscaie

netal i c rdte bated oag futharcesprisaeapfroling rtae popiies aidve N8RgEIr'df t he

15 e%éfaméga@é bgsefd' & 8 separdfdh HipicRaRe SliohB BRI SEALEUIESRhE Yhe and t he
absorptlon Mat eri al disposed in the nanoscal e cavity.
nanoscale metallic rods.

The method may further comprise controliing the size of the nanoscale
metallic rods based one at least one of a free-space wavelength of the
15  electromagnetic field, a gap distance of the nanoscale cavity, and the absorption

material disposed in the nanoscale cavity.
The absorption material may comprise a semiconductor material.
20 The method may further comprise disposing the absorption material
extending outside of the nanoscale cavity around the adjacent ends of the two

nanoscale metallic rods.

The method may further comprise coupling two conducting wires to the

25  respective nanoscale metallic rods for connection with an external circuit.

The conducting wires may be perpendicular to a longitudinal axis of the

nanoscale metallic rods.

30 The subwavelength waveguide may be co-planar with the nancscale metaliic

rods.



The absorption material may conprise a sem conductor material. 20The met hod
may further conprise disposing the absorption material extendi ng outside of
t he nanoswel2eliceyi7’vy around the adjacent ends of the twecnscesoabeisetallic

r ods. The nethod may further conprise coupling two conducting
wires to the 25respective nanoscale nmetallic rods for connection with an
external circuit. The conductd ng wires may be perpendicular to a

| ongi tudi nal axis of the nanoscale netallic rods. 30The subwavel ength
wavegui de nabhebsuysvslengtr waieduidchmap anogciak @needfal grioap codsisting/@ a

2011/ 028422 Rel{aR52AdQy O ; ; 5 vel engt h wavegui de_may
conpri se onen 843 a g%%{gqu\%g%éﬁug i n%n ofnsy]aﬁgltsﬁﬁ%?éﬁx?&%& or‘-"’ﬁﬁ?gé’ﬁéj?ivav%gui de, an
i nsul at®NORBEgle Waktduinesr 2 egorgudrteptical filsgropad 8iS pbotaaicagaiiegeiie. a gr oove,
an optical fiber, and a Si photoni c wavegui de. 5 BRI EF DESCRI PTI ON OF THE

DRAW NGS Enbodi nents of the invention will be better understood
and % eadi | y apparent to one of ordinary skill in the art fromthe foll ow ng
Wi tt erBREERCDEBCIRIPTION owapHo brlgmessl e only, and in conjunction with the
draw ngs, in which: Figure 1 shows a schematic diagramillustrating

a plasnmoni c detector disposed adjacent to a subwavel ength pl asnonic

wavegui de acErabetimgntstofdie éx@AtdrewRMXB: @ Nindelood and reéﬁilﬁ‘ébﬁ%re%ﬁ a) - 2(d)
show extgr’g%leeofp clara m%"r;? Is&illdlgttﬁec ta?trf?ko lt}ng %l{o%&irl'lgn %vr%e];wfc?ersg%tiorr]a?%?/r\n?ay Sof apes.

10 example only, and in conjunction with the drawings, in which:

Figure 1 shows a schematic diagram illusirating a plasmonic detector
disposed adjacent to a subwavelength plasmonic waveguide according to an
example embodiment. A

15

Figures 2(a)-2(d) show example plasmonic detectors illustrating different

nanorod shapes.

Figure 3 shows an example plasmonic detector illustrating different angles
20  between the conducting wire and the respective nanorod.

Figures 4(a)-4(d) show example plasmonic detectors illustrating different
configurations of filing the absorption material in the nanocavity.

25 Figure 5(a) shows a perspective view of a plasmonic detector and aﬁ.MlM
subwavelength waveguide according to an example embodiment. '

Figure 5(b) shows a plan view of the plasmonic detector and subwavelength
waveguide of Figure 5(a).
30

Figure 6(a) shows an enlarged view of Figure 5(a).

Figure 6(b) shows a detailed view of the plasmonic detector of Figure 6(a).



Figure 3 shows an exanpl e plasnonic detector illustrating different angles
20bet ween the conducting wire and the respective nanorod. Fi gures
4( a) - 4(d)welrow/eseapl e pl asnoni ¢ detectors illustrati ngPpdirisGeo®une3i9
configurations of filling the absorption material in the nanocavity.

25Fi gure 5(a) shows a perspective view of a plasnonic detector and an MM
subwavel engt h wavegui de accordi ng Lo an exanpl e enbodi nent . Fi gure
5(b) shows a plan view of the plasnonic detector and subwavel ength

\QI?V)eguiF_de ngugei buy gi;]&(saé ptagaltieﬁ Iguge efiloir)c ffsdmgﬁeralmy ei@{rmu@ﬁgaimi\gaWeof Fi gure
a). Figure 6 ows etailed view t he asnoni.c _detector of Figure
6(a). M‘M%a"egu'&e ﬁvéa@a"dz%nagﬂaﬁg a&“%ﬁ'&ﬂ%?‘éﬁ?@d‘ﬁp‘? ﬁg‘BBﬁ"E‘gﬂi c field °
i nt enzi ty distribution along the M M wavegui de and around the nanorods
according to an | e enmbodi nent . N Z6h). a
sectional VI%¥ Z)@(?]ﬁrgé”se? s eriv‘}e?fdthfe Stesis e | %eg%ll Ef%%&'?%ﬁﬁa%gﬁg 5the |ine
A- A ofthdHirguk-a of Eglre 7(a). Figure 7(c) shows a graph illustrating the -
calcul ated electric field intensity distribution along the |ine B-B of
Figure 7(a). 10Figure 7(d) shows a graph illustrating the calcul ated
el ectric fiFidue iHi)eshnwsy adpreph i iistiadng dherpgplouisted ielfstric: teldfinEngiyre 7(b) .
Fi gur?i&itﬁ‘ﬂg?ggéiog%m%qhg@gggf ﬁpbr%”/@i. stribution inside a nanorod cavity

Wi a

fille the absorption material according to an exanple
enbodi nent. 15

10 Figure 7(d) shows a graph illustrating the calculated electric field intensity
distribution along the line C-C of Figure 7(b).

Figure 8 shows a photogeneration distribution inside a nanorod cavity filled with

Ge as the absorption material according to an example embodiment.

15
Figure 9 shows a graph illustrating the relationship between the photocurrent of

the plasmonic detector and the applied bias voltage according to an example
embodiment.

20 Figure 10 shows a flowchart illustrating a method for manufacturing a
plasmonic detector according to an example embodiment.
DETAILED DESCRIPTION

25

The following example embodiments describe a plasmonic detector designed
to convert an electromagnetic field from a subwavelength plasmonics wavegtuide to
electronic current for electronic systems, that enables nanoscale optical
transmission and detection, e.g. for on-chip interconnects with plasmonics. The

30 plasmonic detector of the example embodiments typically comprises two nano-sized
electrodes to form a subwavelength cavity, which is used to concentrate the
electromagnetic field from the subwavelength plasmonic waveguide. Additional
nanoparticles to form the nanocavity are not required in the example embodiments.
Thus, the detector of the example embodiments may be ultra-compact. In addition, the



Figure 9 shows a graph illustrating the relationship between the

phot ocurrent of the plasnonic detector and the applied bias voltage

accor di ngvoaoarn2ewanpl e enbodi nent. 20Fi gure 10 shows aPCIT®GROANDO319
illustrating a nethod for manufacturing a plasnonic detector according to
an exanpl e enbodi nent. DETAI LED DESCRI PTI ON 25 The fol |l ow ng exanpl e
enbodi nents descri be a plasnoni c defector designed to convert an

el ectromagnetic field froma submaV%iength pl asnmoni cs wavegui de to

el ect r@ﬂ\!/s%uﬁi'érern@ he h&Ectsl BGY rb‘é%ﬁne’%MﬁttﬁéTEamé bihe SRR 85n PM%%%E@ opti cal
transm ssj on and detection, e, for on-chip I nterconnects wth plasnonics.
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Pr ef er argie ltlh@rabem (Yzesheetes the field by nore than two orders in
magni tude. In addition, with an absorption material filled only in the

subwavel ength cavity, the plasnonic detector of the exanpl e enbodi ment has
a nanoscal eFiggtej Y eéhows a schematic diagram illustrating a plasmonic detector 100

10  disposed adjacent to a subwavelength plasmonic waveguide 110 according to an
example embodiment. The plasmonic detector 100 comprises two metallic nanoscale
rods 102a, 102b (herein interchangeably referred to as “nanorods”), a nanoscale cavity
108 (herein interchangeably referred to as “nanocavity”_ or “nanorod cavity”) formed
between adjacent ends 112a, 112b of the two nanorods 102a, 102b respecﬁveiy,' and

15 two conducting wires 104a, 104b coupled to the two nanorods 102a, 102b respectively.
The nanorods 102a, 102b are co-planar with the subwavelength plasmonic waveguide
110. Typically, the nanocavity 108 couples and generates resonance of an
electromagnetic field (not shown) within a nanoscale volume. An absorption (with
respect to an electromagnetic field) material filied in the cavity converts photon energy io

20  electron-hole pairs, which are driven to the two nanorods 102a, 102b to form a
photocurrent. The transit time for the electron-hole pairs to be driven to the respective
nanorods 102a, 102b in the example embodiment depends on the cavity gap distance
and the absorption material. Typically, the transit time is in the range of about 1 to 10
picoseconds.

25

in the example embodiment, the two nanorods 102a, 102b are typically made of
a metal, e.g. gold (Au), silver (Ag) or aluminium (Al). As can be seen from Figure 1, the
two nanorods 102a, 102b are disposed near the end of a subwavelength waveguide 110
to couple the electromagnetic field from the subwavelength waveguide 110. Preferably,

30 the iwo metallic nanorods 102a, 102b share a common longitudinal axis (i.e. the
nanorods 102a, 102b are colfinear). .

The optical nature of the metal and the nanoscale dimension of the nanorods
102a, 102b enable surface plasmon modes around the nanorods 102a, 102b in the



5 volune, resulting in picosecond transit tinme and very small capacitance.
Thus, the plasnonic detector nay have a high photoresponsivity per unit

vol ume amsocan/mpepate in terahertz (THz) speed. Fi gur epriTslcevs/oaodehenati c
diagramillustrating a plasnonic detector 100 10 di sposed adjacent to a
subwavel engt h pl asnoni ¢ wavegui de 110 according to an exanpl e enbodi nent.
The pl asnoni ¢ detector 100 conpri ses tmn nmetal li c nanoscal e rods 102a, 102b
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whi ch neans the effective wavelength is about 780nm The netallic nanorods

102a, 102b in the exanpl e enbodi nent can be of different 20 shapes. Figures
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embodlment the conductlng wires 104a, 104b of the plasmonic detector can be of
different shapes such as rectangular, cylindrical or elliptical shape, and of different sizes.
Also, the conducting wires 104a, 104b can be of different conducting materials, such as

metal, transparent conducting oxide (TCO). Furthermore, the conducting wires 104a,



25sectional sizes and of different netals. Referring to Figure 1,
the conducting wires 104a, 104b are connected to the netallic nanorods
102a, 102Awot2e1fmstmtwo el ectrodes 106a, 106b respecti velPgTisG2apphydia bi as
voltage V to the detector 100 and to conduct the photocurrent generated by
the 30 detector 100 by connecting to an external electronic circuit (not
shown). In the exanpl e enbodi nent, the conducting wires 104a, 104b of the
pl asnmoni ¢ detector can be of di f f eent shapes such as rectangul ar,
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positions and/or different angles relative to the nanorods 102a, 102b
respectively. Figure 3 shows an exanpl e plasnonic detector 300 illustrating
di f erent amel @ﬁefé}eatd/\emowhmmmdmmmgd Wh FégLE8 4l thendohbiectingspieet i ve

f d enbod , th
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104b. casductimgbeirse &ddd, rddb Fhggae bk, Smiﬁomo‘ﬂ@wet’i FgevicPBdUGing MR, 104b s
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irect

per pendi cul ar the |'ongitudi nal axis of nanorods
102a, zdpastioy- whickds iPemendipHisr dp A \}anlfHé'”ébﬂH%@E‘ NAGORREE 92204920 104b are
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fabrication. ove c 4 b are used
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mat er i @etneratsd fidyl thecﬂetemtdrh@Onihos,ahewrelsomlfaoﬂ Ainl ptgiertahy irevigor tRfge 102a,

102b. Th%g g%hgg 9}]‘1 't&e a%?? RLLQn materi al depends on e.g. the

free- s%oé‘c velen tan F‘I %

asnoni'cs wave (i.e. input frequency) and the
sulistrate used in 25 the fabrlcatlon Fi gures 4(a) 4(d) show exanpl e

plasmoni ¢ dgd egLay; &ll EHﬁ\;er abh NG thbhRigRBlic Cngdr&WnatmﬁgﬁaIOfefg' l£ing the

absorption materi a nanocavity, such as fl with the two nanorods

(Fi gureewegr)quct@xv@fﬁaalng flad l%?hetn?émﬁawb cHA fpvn%qt%thee%aw%fjs ¥ 4(c)) or

encl osidp e LURCAB @k lthé d&%Bﬂftl@ﬁSmé@rﬁWd@fJéﬁ&i*) bn Egehiey alekyspatbe
absorption material 1s filled in a volune s

|y, |l arger than the

nanocAVPYSI=HaED 6 7P BISEENIS NGB0 Hou HEqHegEN A by ) Ba AE S
utsd | fZ@a%' %n@étléﬂ”‘ﬂﬂ@@‘é@%@?#@i) e§~|tcrw exbhld praaedicc de‘l:)ectors ifsstedingal SO bg
seen rom Fi gure a -1 nsul at or- net a wayve yavegui de
110 i sdiffersqt %B“ftﬁ%%%‘ét‘g @I“&s‘i’?ﬁrﬁbé M\?Qsm?{?”%wé'%e MRARL L8N -

flush with the two nanorods (Figure 4(a)), extending out of the nanocavrty (F'lgures

4(b) and 4(c)) or enclosing the two metallic nanorods (Figure 4(d)). Preferably, the

absorption material is filied in a volume slightly larger than the nanocavity between

30 the nanorods (as in Figure 4(c)) to maximize utilization of the resonant electric field

energy.

As can also be seen from Figure 1, a metal-insulator-metal A(MIM)

subwavelength waveguide 110 is used to propegate plasmonic waves in the



10 exanpl e enbodi ment. The pl asnonics detector 100 is disposed adjacent the
end of the waveguide 110 to convert the plasnonic waves fromthe wavegui de
110 to a wbavoozsr7ent. I n the exanpl e enbodi nent, the dipsTsceelobeddaeen t he
wavegui de 110 and the detector 100 is about 50nm In the exanple

enbodi nent, plasnonic waves 5 reaching the end of the M M wavegui de 110 are
coupled to the nanorod cavity 108 and resonant in the active area of the

pl asmoni ¢ detector 110. The eguide 110 mainly serves to provide a

l'i ght é@%&@eh@o&;ﬂ%rﬁ*ﬁ@ﬂﬂ@sﬁgﬁi@g'd@@&or 1l0b 1§ BRpBERBNjakiftdn®bndlbasmoni ¢
wavegui de i ncl ud Ih@’u not limted to 10 netal -insul ator-netal wavegui de,

i nsul aherwaregHide] Y%F@TV%W@@W%O”'HWS&WC% e WaYegtifaedC B gr ooves.
Al t er NeddtdrRirent. iih tHeadkpepia ehitRdirhérangk opétaﬁ@wmmré@wwwdee@m1 #e opti cal
fiber or ﬁ%ﬁ hot onj ¢ %@gr g or an ogwgeca oa i f an .optical sensor
or o e S HR K. B{tf kAR Spei bRt P e Raee

pl @smbchudgtﬂn{?:ém obfHe rgmi Mewrgéﬂuﬁvméebeml@tlhom@e/egm?rd? hdaﬂzfr)yl aogording to
an exanp| e e i_gure shows view o e pl asnonic

det ect%%' §56”ao{ﬁdp g\% '\V%Fge?‘?g?fﬁéévg&é”l?n&ed%igoﬁyq:i gure 5(a). IQFi gure 6(a)
shows an enl arged view of Figure 5(a). Figure 6(b) shows a detail ed vi ew of
th I 6 I

engogl ﬁ:ﬁqi}%\g’gﬁ# %63@3@%% %ﬁqi\%mgt\?eéﬁ%lgez%k it Soulgcu(Ji PIt ? Si Fi con

oxi de ¢Bbgdinest. dttcHie any &gl PlBmaTEh vAReaide (medlﬁg loket ﬂﬂ’faﬁmﬁgédo bet ween
tWoy P RERS| r%tl! %61"—645%6(/\@92; é}'{ﬁé ajnklGtdrt W\é’calf 1h§ﬁ§to5%egélﬁébn§ﬁ&ﬂérf@é/ Ing a

t hickness o e nanorod cavit ¥ formed between two Ag
25 nawersstidesoaad wopes. fHernglyrly.dticeavety raélgov%i ﬁhqt%@\%vewa%

absor p§ipnadrebicd Efi’be?og Si GHoBHY WalESHde Obr érﬂ@bﬁéﬁl@tﬂ)wt%ﬂﬁ spfidle
(1 nGaAs). The conducting Wres 504a, 505b are al so made of Ag nanorods in

t he ex%ﬁ?ﬁpéo%ﬁ@éwm%”ﬁaﬂher the plasnonic det ector 500 and the MM
subwavei engt h wavegui de 510 are enbedded on a S102 substrate 520. Using the
above di nensi ons i

h% electrorrag{netlcfleld 30 gg ﬁ :5§WI'[ t he

stTuct ure of FeiEgeie SNBWE R PBSPECYYPHY'BY 972 Pf?sf‘]ﬁ’é"cn SPRPPArAYW Pinge. For
exarrp: HJMasubg\@eeléﬁ@mangﬂﬁmmm abeckdibh tmamr exarhisie eriiodimest. Fipde | ndt hﬁ
exanp i ment  conprisi As_as e abs tian r and the
val ues&(}i’ﬁ s&oé’rl%ﬁl on’ opaﬂ'%tﬁaW% e qed&ﬁo%og n(r%angg\gg\(%lgj’%cap g,

ant ennWaVWehSiLO andiglirs tSéanc €idye B(ea)m'ewsoama&latgauiwewr@s:«wesﬁ(e)xvn in
Figure |ver. In an
alter na'ggps) n@ggh%érz%tdvﬁé%%é wfstﬁ%)g[% tg&gs%%?{%ﬁ%gn al, the val ue
of20 i s about 370nm The | ength Wk of the connecting wires 104a, 104b

typically vmhs%xg @Qhﬂg?ﬁ{én‘c nﬁew\/v@ubv@mkén@awaoe 63 iEpGit be nore

than one m croneter. preciated that an enbodi nent of the
pr esenwith m&'h@qmﬁx'éadsﬁ%z)fs&ﬁr‘fl@a@ e%P%ﬂrQ@ RBACEISIHg A WiFe|H§ROSBR | cat i on

techni gugscWhivehpiRESs %@%@oéﬁlﬁ@j mBtallRethd Films 514a, 5f% @assrHaeg above, the
absorption material insidet nanorod cavity 508 converts hotRn ener gy

into eligness & &MbOhBIMe T3k PRNOTeH LY ééqsoﬁs MG hFtweSn, two

25 nanorods 502a, 502b. The nanorod cavity 508 is filled with an absorption material
e.g. Germanium (Ge) or Indium Gallium Arsenide (InGaAs). The conducting: wires
504a, 505b are alsc made of Ag nanorods in the example embodiment. Fuﬂhér,' the
plasmonic detector 500 and the MIM subwavelength waveguide 510 are embedded
on a SiO; substrate 520. Using the above dimensions, the electromagnetié field

30 compatible with the structure of Figures 5 and 6 is typically in the near-infrared
range. For example, a free-space wavelength A=1.55 micrometers (um) is used in
the example embodiment comprising InGaAs as the absorption material, and the
values of the separation d, width w of the nanorod, nanocavity gap g, antenna length
L and distance Wy between connecting wires as ‘shown in Figure 6(b) are about



10 driven to the two nanorods 502a, 502b separately to form a photocurrent
that is outputted via conducting wires 504a, 504b in the exanple

enbodi nenwo 20he2peEpf or mance of the nanorod cavity 508 t ypirsakby/odepends
strongly on the dinmension and | ocation of the nanorods 502a, 502b, which
are associated with free-space wavel ength and the plasnoni c wavegui de used.
15 Figure 7(a) shows a plan yjew of the calculated electric field
intensity distribution along the hﬂkhweveQU|de 710 and around the nanorods
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ca @ci tor in the exanple enbodi ment. The smaller the gap, the larger the
cagacitance is, and therefore, the stronger the electric field is. However,
a smal | er gEipu® M@sows asplah Vew oidhd satcwaibd sectindieldeniessityl disgbutbsor pt i on by

the de%l O% | nMﬁﬂ M%gudeW@péHd”érg i g\teh,‘i‘an%?é?isdﬁéaa‘}?%% g@éo‘?ﬁn%@o Lhe maxi mum

absorp maxi num o ener from wavegui de is
concengxainmel ethdlﬁemg aiouee 7@@&3@\@@/& tS?Cinﬁalt\h%N ek memaécueﬁ@bde@fe@ﬂeld This may

be adVﬁ%%ﬁF%&%xbfu%n %ﬂggmenmaeam P -HHRRET Qﬁq:BurQh?(Qf'%&X/@%p @RhVvIty

det ect or . 3 re 8 shows a %ﬁ’to enerati on strlbugl on inside a

nafor od'uetwpg Jhegemicuiate eé?cmthr?l@f%tst ﬁ'éméb%qﬂ wn@mwtee%%vf Hewsr ding to

an exanpl).e FRROGdTEShowd ta @aébhbﬂlueemﬂgfﬂhenbﬁbwee S8etthatidid ntensity
photogeneratl on ra ort| Qnal to the electric field intensity

di st ri BEFiPEIPNERG F?U%?P ‘F’Wel'—7 ures 7(a) to 7(d)) in the cavity 808. In

Figure 8, the active 15area in the X-Y plane is about 50nm x 50nm
Flguregshwsa r 0 il trati the rel ati nsh bet ween 't he
bhot ocur r onf® 51" PRES] Brgrs { B areciobr Ao TR AP BmEe S0 age
acedr dihequrcaie 7a2anplzy pedzodé rmErHsonértceOcﬁrthé)euSwpiéemm Ebiguuoes 9nt hat t he
phot oc rrent bst.anti al S f bi as
vol t age, et arBﬁ se§nt kh étr nﬁ%‘cﬁ eﬁ)é/c % ﬂ %%a'écat g‘% grag Sut 0. 008
Vol t (ngorods 702a, 702b, i.e. the nanorod cavity 708 (which is fi lled with tnGaAs m.the

example embodiment), as shown in Figures 7(b) and 7(d).

30 The electric field energy can be enhanced by more than two orders in magnitude
in the example embodiment with optimal design of nanorod cavity 708. As described
above (with respect to Figure 1), a nanoantenna is formed by the two nanorods in the y-
direction, which corresponds to the direction of the electric field in the waveguide. When

the nanoantenna operates at the resonant frequency, the maximum electromagnetic



The pl asnonic detector of the exanple enbodi nents may be a potenti al
candidate for a very large bandw dth, very high photoresponsivity and very
| ow powerWOR0HIERE1TAPt i on devi ce to bridge photonic circBCESGANG/0803d2t r oni C
circuits. Preferably, the detector of the exanple enbodi nent has a

nanoscal e active region (about 50nm x 50nm x 50nm). It will be appreciated
that, at such a snmall size, the trapsit time for the photo-excited carriers
driven to the el ectrodes may be abo one picosecond (ps). The transit time
nmay beerdepgigiereddivadtiiten taneeghicabméd gab diftaddt Ray coere Rl B8Rt Hdig cavity
gap 30 dj stance and the absorption nmaterial. Advant_ageogél y, this can
great|¥ %’%Bﬁ%%af" £3% HigneS1angrode 4p95ther WIkLBRUTHEFF! dIFIds BEUIRPFRYY n hi gh
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in the above exanple e Iments ma vant ag hance t electric
field RolgEsRRgsvitodsiesier wvavegui de to the detector (resulting in-high
phat oresponsivity per unit volune), reduce the size of the detector
(resulting in hisa%h conpactness), reduce the carrier transit tinme and

capaci t ancigyre L shawsg? PhotRERyIFratise stintribuliag insidsuz 8amprad covlvt8§diled esul ti ng

in | oVWigDBEas G SHEDRtIoR Materdd) according tdVBH ERfEdle ohBBUIRRALIQGS Hehdbn f Or m t he
nanor o Cg_.w t

so act as el ectrodes of the detector. This may nake the

ot ect B 3168 3 iR o B RIF RS e PR LOIDIR 1151 9GS IR IBEia b ¢
ci r cui distrib@tion. (a$ Nustenedini Mgwps TRAto 7(ay) e Heruaert 808. ANHigDIAS ANA&Te SENSOr S

e an elﬁcg\?nic out u?] bs %ggui red. 15 Figure 10 shows a
f1 Swchrt ™66 Ipsﬂgt'sr%é)qu gV %ePWBd for manufacturing a pl asmonic detect or
according to an exanpl e enbodi nrent. At step 1002, two nanoscale netallic
rods coupl [ . , Vi step 1004 nanescal e
Cavity 15 o BB AT R B R e n SR OB A RlTER e 20
rods. %t thet plpsmowés dgtectoh sandpthicoappiiat evias ivoitaged aspodiegl to rert krarm@aoscal e
cavity : VerLl ; I j : I rent for
ot put 71 P PR Fiogh B8 8n FofFRERETOREL IS fHoflcinlAt oS bhanily " PLl
nmetthodfagffor srealeyalvisl & hasnetiper mnd stablisrsraficosrappied bias velipgesedchesnt rol | i ng
at | eagdouPB@0OVoR (W) ze and position of the -nanoscaie netallic rods for

achi eving a resonance of the electromagnetic field wthin the nanoscal e
cavity. It will be appreciated by a person skilled in the art that

nuNer ous VarieahpizeRdnRNdéetordi fhiCatdniils dbdifieit@daal det BeppeREENt
! nventc‘:acr)\gidg?e Férr]%m\n/qer}ll ?aréeh %érslcg)vﬁgtlhf {/é:ry high photoresponsivity and very low power
25  consumption device fo bridge photonic circuits and electronic circuits. Pr'eferabiy,, the
detector of the example embodiment has a nanoscale active region (about 50nm x 50nm
x 50nm). tt will be appreciated that, at such a small sizé, the transit time for the‘pﬁoto-
excited carriers driven to the electrodes may be about one picosecond (ps). The transit
time may be longer (in the range of about 1 to 10 ps) depending on the cavityAgap
30 distance and the absorption material. Advantageously, this can greatly reduce the
chances for carrier recombination, resulting in high photoresponsivity. Moreover, as the
dark current created in the nanoscale volume is substantially small, power consumption
is typically very low. In the example embodiment, the capacitance between the two

nanorods is about 3 attofarad (aF) using simple parallel plate capacitor model.



30 enbodi ments wi thout departing fromthe spirit or scope of the invention
as broadly described. The present enbodi nents are, therefore, to be

consi der esloizni1al2B17pespect s to be illustrative and not restrsGeoioneosr 14
CLAI M5 1. A piasnonic detector conprising: two nanoscale netallic
rods coupled to a bias voltage; 5a nanoscale cavity forned between adjacent

ends of the two nanoscale metallic rods; and an absorption materi al
di sposed in the nanoscai e cavity fdP converting an electromagnetic field to

an _?_Lg@blégt‘sé%%%ﬂsgﬁgﬁi%frﬁ%y @uavptétfén_ém/eyd {%réé?leeﬂékﬂ_ gs%s@nasx &hhhj&, megls. 10 f

: | etector as clai in clai : erein at |east one of a

si ze gacgggf thegxappleRIRagEgEs ﬁé{%%tPiotPe%?ﬁqé'}lzeﬂ%ﬁf‘?yoﬁaP%ﬁ for achieving a
rlesonan_ce of the electromagnetic field within the nanoscale cavity. 153.The
pl asnoni c Set ector as claine coupl ed tosadesg'pewavel engt h

In.clai 1l or 2 pl
wavegui de t'Rattngi WoESs USiE «?e&tff’?%ﬁrgﬁn”%wcaf?%qoﬁ?‘g FRAYLIES NS det ect or .
4. S'rll'heamslrﬁcsmfﬁndétedet g6t the abowd adxaetblé nerobadimeBis wheyr eidvatiagepesy ti on of
20t he nanoscai e allic r [ t ' bet ween
the SUBRATET SrpeRohay BB i bR d s AR e SR B feBop FRaLAh &
high photoresponsivity per unit volume), reduce the size of the detector (resulting in
high compactness), reduce the carrier transit time and capacitance (resulting in high

speed), and reduce bias voltage (resulting in low power consumption).

10
Moreover, the nanorods that form the nanorod cavity also act as electrodes of
the detector. This may make the detector of the example embodiment highly compatible
with electronic circuits, e.g. for on-chip optical interconnects, and plasmonics sensors
where an electronic output is required.
15

Figure 10 shows a flowchart 1000 illustrating a method for manufacturing a
plasmonic detector according to an example embodiment. At step 1002, two
nanoscale metallic rods coupled to a bias voltage are provided. At step 1004, a
nanoscale cavity is formed between adjacent ends of the two nanoscaie metallic

20 rods. At step 1008, an absorption material is disposed in the nancscale cavity for
converting an electromagnetic field to an electric current for outputting via the
nanoscale metallic rods.

Preferably, the method of the example embodiment further comprises a step
25  of controlling at least one of a size and position of the nanoscale metaliic rods for
achieving a resonance of the electromagnetic field within the nanoscale cavity.

It will be appreciated by a person skilled in the art that numerous variations
and/or modifications may be made to the present invention as shown in the épéciﬁc
30 embodiments without departing from the spirit or scope of the invention as broadly
described. The present embodiments are, therefore, to be considered in all respects to
be illustrative and not restrictive.



5. The pl asnonic detector as clainmed in any one of clains 2 to 4, wherein
the size of the nanoscale netallic rods is controlled based on at |east one
of 25a frwe-spaneimavel ength of the el ectromagnetic fi elpdl/S&2g@pPoatist ance
of the nanoscaie cavity, and the absorption material disposed in the
nanoscal e cavity. 6. The plasnonic detector as clainmed in any one
of the preceding clainms, wherein tqi absorption material converts the

el ectromagnetic field to an 30el ectric current by converting photon energy
in theAmg romagnetic field into excited electron-hole pairs. WO

2011/ 028179PCT/ SG2010/ 000319 15 7. The plasnoni c detector as
claimed in claim6, wherein the excited electron-hole pairs are driven to
thg resEect1¥F maﬂesmgﬁedﬁak&hkbamﬂhd@:for formng the electric current
under the influence. o e bias valt i . 8. The pl asnoni c detector
as clainedtWﬁr?ﬂﬁs%w%n¥#JMQﬁ?d5983@8?ﬁ%gé%ﬁﬁﬂQ%Egemherein Ehe absor pti on
matser i al canpahsemica cadlyl bomadchetwerat adjaednt ends of e Wheapbagawnic -
det ect &aﬁ%r8%§kﬁﬁd in any one of the preceding clainms, wherein the
absorptiron mateérial further extends outside of the nanoscaie cavity around
t he adj aceran ebslwpidn nateriahslisnpsed daltbe mangbeale qeyts forigenverting anop. The

pl as ”Pélé&r&?ﬁ%%@ti@rﬁgﬁﬁto?ér%l'é@ﬁ'ic‘ QirRRY NSt A D GiePhE GRMNoBEaIE Inddiame T urt her
conprising t conducting wres coupled to the respective nanoscal e

met al |o@srods for connection with an external circuit.

10
2. The plasmonic detector as claimed in claim 1, wherein at least one of
a size and position of nanoscale metallic rods are controlled for achieving a
resonance of the electromagnetic field within the nancscale cavity.
15 3. The plasmonic detector as claimed in claims 1 or 2, coupled to a

subwavelength waveguide that directs the electromagnetic field to the plasmonic

detector.

4. * The plasmonic detector as claimed in claim 3, wherein the position of
20 the nanoscale metallic rods is controlled based on a separation between the
" subwavelength waveguide and the nanoscale metallic rods.

5. The plasmonic detector as claimed in any one of claims 2 fo 4,

wherein the size of the nanoscale metaliic rods is controlled based on at least one of

25 a free-space wavelength of the electromagnetic field, a gap distance of the
nanoscale cavity, and the absorption material disposed in the nanoscale cavity.

6. The plasmonic detector as claimed in any one of the preceding
claims, wherein the absorption material converts the electromagnetic field to an
30 electric current by converting photon energy in the electromagnetic field into excited

electron-hole pairs.



1511. The plasnonic detector as clained in claim10, wherein the conducting
wires are perpendicular to a longitudinal axis of the nanoscale netallic

rods. WO 2011/028179 12. The pi asnoni ¢ detector as cl ai medTisc2emyoane of
clainms 3 to 11, 20 wherein the subwavel ength waveguide is co-planar with
t he nanoscale netallic rods. 13. The pl asnoni c detector as

claimed in any one of claims 3 to g wherei n the subwavei engt h wavegui de
conprises one of a group consisting of a nmet al - i nsul at or - net al

ﬁﬁgﬂ: gg;an b?ﬁgpzéémoﬁ@td?tectc{?s#& gbﬂﬁe&\@\é%d@ , wherdim a0 pRditetic | Ie
\ an o I Ca I ber an a oto
14. Aei?éfrﬁ%'ﬂoﬁe&a‘ﬁa?f@f%fé’teﬂrtPﬁﬁe respegivR RROSFALS e'@?%m'c F'LOH%?%\% %ulzgmgrl si ng

thletSTti%Oéie@cf'lc cWr@Mlﬁd@gtﬁwflmme%@&ieeblaet/alkdgec rods coupled to a bias
vol t age; n nanascal e cavity between adjacent,en fisyhe two
%et al % @8%@0”% tEctS B §la %\E'Plgarﬁlnjoa%sgrp g%cg i i

nanoscal e rial in the
naposerirts, aeeréiy the absaptiar Mamj:aammb»emisra)wgmendtmtcbn refahanalo an electric
current for out putting via the nanoscale netallic rods. WO

2011/ 028179PCT/ SG2010/ 000319 16 15. The method as clained in claim
14, furthee. conPphé splagmonint deibtton@satiairesdtin oy ohe aofs thee PEaT@dpEsi ti on of

the n%&?ﬁ%ﬂ\gﬁl %ﬁ} ﬂ'l% gﬁsérgﬁénf rerdt HLANED téncﬁéa%Q%%C@f e hifoscale

el ectromn e nanoscale cavit 16. The net hod
as cl aevitdaronne tha adiadent gndg &f the (we néﬁomrlﬁpmﬁga"wqoe%um i ng
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10. The plasmonic detector as claimed in any one of the preceding
claims, further comprising two conducting wires coupled to the respective nanoscale

metaliic rods for connection with an external circuit.

15 11. The plasmonic detector as claimed in claim 10, wherein the
conducting wires are perpendicular to a longitudinal axis of the nanoscale metaliic

rods.

12. The plasmonic detector as claimed in any one of claims 3 to 11,

20 wherein the subwavelength waveguide is co-planar with the nanoscale metallic rods.

13.  The plasmonic detecior as claimed in any one of claims 3 to 12,
wherein the subwavelength waveguide comprises one of a group consisting of a
metal-insulator-metal waveguide, an insulator-metal-insulator waveguide, a

25 nanoparticle waveguides, a groove, an optical fiber, and a Si photonic waveguide.

14. A method for manufacturing a plasmonic detector, the method
comprising the steps of:
providing two nanoscale metallic rods coupled to a bias voltage;
30 forming a nanoscale cavity between adjacent ends of the two nanoscaie
metallic rods; and
disposing an absorption material in the nanoscale cavity for converting an
electromagnetic field to an electric current for outputting via the hanoscale metaliic

rods.



a subwavel engt h wavegui de that directs the el ectromagnetic field to the

pl asnoni ¢ detector. 1017. The nethod as clained in claim16, further

conpri si /yocontmei7bi ng t he position of the nanoscai e netralrisceonmdesipased on
a separation between the subwavel ength wavegui de and the nanoscale metallic
r ods. 18. The method as clainmed in any one of clains 15 to 17,
further 15conprising controlling thg size of the nanoscale netallic rods
based one at | east one of a free-space wavel ength of the el ectronagnetic
field, a gap distance of the nanoscale cavity, and the absorption material

di sposed i naé 12 ‘Pi%q% ?f%ae?%%}/afég% mlgra r;‘-hl%f Ww%o?ﬁprﬁl m&hﬂgaﬂy one of

claims 14 t Ilon'nateri al
seni coiedae’cboe ofea eizieabnd position OthI')e ﬂaf@sﬁéi?hmétaé@ f,q0§ cﬁqhh?Vmgyaone of

cl ai msrés%ng &hé %[e%ﬂﬁ%a%%%ﬁe?di R8O Ash S aldeanpsor ption materi al

ext endi ng aut anoscal e cavity around the adjacent ends of the
t woS nanoscal e rret allic rods. 25 21. The nethod as clained in any

one of claing 14Tit|<-9n%91odféla"élQﬁecﬁﬁ'ﬂ%ﬁh§'1|3fg>rGI‘BUﬁJr!h'égc&r\‘\@nﬁ@@dé‘@ﬁhhﬁg wires to
the respective nanoscale netallic rods for connection with an external

ci r cui 8 subpyeleRgthnaveeidesthal dirertt theneleripmponstiofrly & e WasP8Rtuct i ng

W res aeRcRerpendicular to a longitudinal axis of the nanoscale netallic

rods. 23.The nethod as clainmed in claimany one of clains 16 to 22, wherein

t he subwavel engt h wavegui de is co-planar with the nanoscale netallic rods.
10 17. The method as claimed in claim 16, further comprising controlling the

position of the nanoscale metalic rods based on a separation between the

subwavelength waveguide and the nanoscale metaliic rods.

18. The method as claimed in any one of claims 15 to 17, further

15  comprising controlling the size of the nanoscale metallic rods based one at least one

of a free-space wavelength of the electromagnetic field, a gap distance of the
nanoscale cavity, and the absorption material disposed in the nancscale cavity.

19. The method as claimed in any one of claims 14 to 18, ‘wherein the

20 absorption material comprises a semiconductor material.

20. The method as claimed in any one of claims 14 to 19, further
comprising disposing the absorption material extending outside of the nanoscale
cavity around the adjacent ends of the two nanoscale metallic rods.

25
21. The method as claimed in any one of claims 14 to 20, f},lrther
comprising coupling two conducting wires to the respective nanoscale metallic rods
for connection with an external circuit.
30 22, The method as claimed in claim 21, wherein the conducting wires are

perpendicular to a longitudinal axis of the nanoscale metaliic rods.

23. The method as claimed in claim any one of claims 16 to 22, wherein

the subwavelength waveguide is co-planar with the nanoscale metallic rods.



17 24.The nmethod as clained in any one of clains 16 to 23, wherein the

subwavel engt h wavegui de conpri ses one of a group consisting of a
met al - i nswbavowaret7al wavegui de, an insul at or - net al - i nsulPaTsG20@weguy de, a

nanoparticl e 5wavegui des, a groove, an optical fiber, and a Si photonic

wavegui de.
17

24, The method as claimed in any one of claims 16 to 23, wherein the

subwavelength waveguide comprises one of a group consisting of a metal-insulator-

metal waveguide, an insulator-metal-insulator waveguide, a nanoparticle

5 waveguides, a groove, an optical fiber, and a Si photonic waveguide.



