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Abstract

ABSTRACT

Quantum information is a new technology by combination of quantum mechanics
and information science, it is a great revolution to the classical information. For
example, as an important part of quantum information, quantum computer have
computing power that classical computer can’t go beyond. Also it will become a major
threat to many existing encryption system. Beside that quantum cryptography provides
an unconditional secure means of communication. After 20 years, development in
quantum cryptography has moved from the laboratory gradually toward practical
application. |

Single photon detector is a core device in many quantum information system. In
quantum key distribution system, the performance of single photon detector can affect
directly the performance of quantum key distribution system, including secret bit rate
and the length over which secure keys can be distributed.

In this thesis, we design two kinds of single photon detector: Silicon single photon
diodes and InGaAs/InP single photon avalanche diodes. Silicon single photon
avalanche photodiode has many applications in experimental test of fundamental
problem in quantum mechanics, quantum cryptography, time resolved fluorescence
spectrometer. According to length of the depletion layer, silicon single photon detector
can be divided into thick and thin type avalanche photodiode. The thick type silicon
avalanche photodiode have high detection efficiency, but it’s time resolution is poor. At
the same time thin type silicon avalanche photodiode’s detection efficiency is not high
enough, but it’s time resolution is very good. To solve this problem, we propose a novel
silicon single photon avalanche photodiodé. Different with the conventional silicon thin
type silicon avalanche photodiode, there are nanostructure on the top of surface and
bottom of diode. The depletion region is the same with thin type silicon single photon
avalanche photodiode. By this way the detection efficiency of new silicon single photon
avalanche photodiode have been improved a lot, the time resolution is still great because
of thin depletion region. By optimizing the new structure silicon single photodiode we
improve the detection efficiency further. We have designed a high detection efficiency
avalanche photo.diode that detection efficiency is even higher than the thick type silicon

avalanche photodiode. Meanwhile because of its depletion region is much smaller, it
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have much better time resolution than the thick type silicon single photon avalanche
photodiode.

‘InGaAs/InP single photon avalanche photodiode have been used a lot in fiber
quantum key distribution system. Detection efficiency, dark count, time resolution, after
pulsing affect dramatically the secure rate and the distance over which the secure key
can be distributed. In fifth chapter we investigate InGaAs/InP avalanche photodiode. In
linear mode we introduce multiplication factor, the excess noise, response speed, and
analyzes the factors that influence these parameter. In Geiger mode we analyze typical
structure of InGaAs/InP avalanche photodiode, and calculate the electric field
distribution inside the avalanche photodiode. Beside the electric field, we calculate the
relationship between breakdown probability and excess bias, the breakdown probability
distribution in the photodiode, and the temperature dependence of the breakdown
voltage. Also we calculate the dark count rate of SPAD. These will provide some

reference for the design of avalanche photodiode.

Key Words: quantum information, quantum key distribution, single photon detector,
InGaAs/InP SAPD, silicon avalanche photodiode, nano
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1.1 5|5

20 BT AL, WMANKETWEENELR, WAKEERE. 8
. BE. YEXEEREE NS UIETYELNEEE, B9 HTER
S50 LSRR T R RS B T /B8 T ER. ANETET I#7ET
EIMEOERE AR, L AEREE. S HNEAR, WARKEESETERXR
IR o

EERETF N 5EEREHEETET ETEERS, BT MIxtfe
GEBR2HEY:, TETTEEANETERENEELARIS, BRTEHE
FiIRE& M EEe /7. 1994 4F Peter Shor $RHZE &M Shor H¥k (Shor 1994),
PO BB T HEASEI, EiER Shor EH:, KBRS B HH ML
TR FE B 12 R 2 TR ], RN SN 3 7k RSA &L e Rt
EFRBIOERSE, WRBETHHENLI, BIEEMA Shor HI%L, RSA MEE
BB AEIRAE AT BB AR, RSA BB RAAELZE. A —MREANE
FHEEBER Grover &5, Grover R Lov Grover 7 1996 4E32 H K1 (Grover
1996), MfEXEEGH: FRAZMGTEN, MRBEBA-DMRIRENESREEE
B —MERHTER, BRXMERESLSE NAxg, Rllfr TR ET
WEEN/2, REEFIFENEMFER Grover BEILFRMXA A, XA H
R%’E‘ﬁv— , BHE R BIAEIR . % T B B h 38 RS R XA S5 iR L
H, WEETFHENEEEEI, Crover BILK ST REENLW.

BT ETIFENRARETER M, ETERENETREBGRMET
— R RANBETR. BEFEFBELIEWALETFEERRERSTH
HER, EEFREFEETETEHESETHEN B FENETERHERE,
BT 5% B R T, W B IR R B S 2 A SR B (R UE G SRR A U
— G TEE, B4 RBEREIZ ALREAGZENER. ZES
B RN, TSR EREREBEFNTLERERNEN. BETREBRES
SREE 30 £ R EESHNTRLKN B, ERRASHEEE L XA E
HEBRTFERFEMERE, BETEEEARCEFHEANNBERS.
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1.2 RFEEER

FBERNZEETRZIEENEMN, EEEE—BEMRRMe4B=ENRE
M. ZIRHEF KRB 78 E A Enigma ZHEHLNE FIE BB EERRE, SBENN
HEURENNS g EHEREE, XEEENEERBEZERTERNER. T
SHEENMA, BEEIHBRMNINEE. milk. PMAPRREE, XS MM
HEEER T HH R .

NTRFPERREMIBERE BETINE, XENFEGTFEZENE R
FIE BEARMNPEEHYIGEHER . MENHFEEBRE, Lk EE BT
REMFRHET SR, HEFRBEEENFREL —EHMEHTNEE RS,
XS BB EXN T ARG THRELMNE . MELSTHEEZEMNER
Bk, —HERAERRNERENRE, WO TWEEEmE, BUF,
ENFERRGANAK RSA INFEHIE. RSA I EIER 1977 4/ MIT B Ron
Rivest, Adi Shamir I Leonard Adleman (Rivest, Shamir, Adleman 1978) = A
Rl XMEENZEEETRESMBAIESHEE, BHERMKNELR, 853
XN REHFRRBRES N, ERWREHE MR, BAXMKESEHE
KRN RETFHRIBEMER . JUE RSA RS MM, BRSERIINEK X
SHFMKE. EIEMETEREIN, FEE 1994 4 Shor HENRY, WRET
AL SEPXNME T iER KRR .

EHRUE —MINEFEFIEHR TR M ZEN. £ 1917 £ ATRT AHK
Gibert Vernam {#H} T —X—HHIMEME, BIWRA—F LMK, FHK
FEFE RA B KE—FENEANE BHTINE, ERIEXFHRER —KEX
BEARERTTEZEINEBERT, B EEENTEL M EXMRENEE.
FEFERHNEXBREVFALTLEERNEERGENL, 3 EREN3E4 R ae i H
—K, AREEMH, XA RRITEEZMFZE.

o E—HERA IMNELXI RIS B RS F MKy 2 18—k — & 24
KEFZE, MREIEAEGR, £H0EEERAIRET.

1984 4E C. H.r Bennett and G. Brassard (Bennett,Brassard et al. 1984)
FEFRYX A B Y et —28, AT T BERR Y BB84 thilHIE 5
Ha R ZHRHET I#RRYE, LA EENEFEERN S &#1T
BEALEAR K, BeiBfE RIETT MWD A=A — A2 EZES, T8
F MR BRI E N X MBI E A LR GRZER.

THEERATCAIELEE N4 FifmIRgwmES BB84 ThiURFIN4H—T BB84 il
PEARE, EXMMUEFTEMGAIELTH 4 MRS, X40ME05R
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[#)=[1) . KRR
V)=0) , BER
=0+ E 0w

D =0)~)/N2 g 0 e

KX PIAASSRTTEEE, SBIR IV BRI 2R,

PS4 R B E— R R R IR . AN T HERIVBRE R
359 Alice, (773 Bob, BIUi Eve. BBSA HXETFRMA KR

Bk Alice MIIMRHRZ A BEALI MR — M ASIEI Y4 53] Bob FE,
Bob M40 2 B AL I — AL A B B SR T R A BT IR . AR9E
BFNRBAEE, METEHTNEN, BTASRNERERSNA, ik
AT T BIEE — A TR BT ) 5, RATE 1V B
FuER T ongn ) 5, marl’) . e Bob BEFNELRR
BRI 5 TR RS HE ATV R MR e H BUPIRI B, — 2 Bob MEREMIBESCAIY
THATRERER—4, TuRnre Y snss, pET %, 18
w7el M) sne e s5mT W WREREANEZE RS AR TR
WR, AR AR EERA AR, A —FG RIS Bob HBEMNER
A Alice REMETHRESTERTFA—RE, BAWELEHTFRE N
Basng, Mmkkrr TR &, WRERRE IR, WEZEE SN

BT . WESRMRLUSE, Alice A Bob FHET—MEREX KR, Bl Alice @
12 BB 4 Bob RIZHIYE T2 B T4 AR, Bob HAZXT B O A 1l
BELR, MBEECHWUEERM Alice H—3, REWELR, MR —HHE
gEE S Z5XANTIFRLLE Alice Fl Bob Bt E T —BFHT . BN THEA
X B 24, Alice A Bob BRI EIX B R AN K IRE, B AWIRTE Alice
1 Bob HE]H —NGIWT#H Eve, HAMAEXT T HEATER 1A Bob —FERENLLE
BMEER, BEEF AT HERE Eve A RETLE— M ESRERIRS —REK
B REERTH Alice KZiEH Bob FIXATFHITWE, X MIELIFBURRAIL
FH—EBRBERERZ, XPEEFR Alice f1 Bob I ERERRILEHK, &5
BELERBATRES BN, 2RI KTASENRLREEAER
AR, REXMERE, EXMERRER T~ NBERMNFA GG T,
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EFXBEEY, EFRZEEIXMERERLDTXMEARRE, XMRERZE
B AR a3/ T X AN R 2 0] DU SRR FATROR B0 7 v5 K i 38 4515 B/ BlE
B/ (Deutsch et al. 1996), XFEHLAT MRIEE BRI HHAN LR Z L.

BEXANFHUE, 6 R—ENNETERTT UMREBENRZET .

iR EADUE R R ZEFIE L FIRE K IER B TR AT MRIERE R TS
FHRe ., ABRBIREES H v IERH &R TR, s N
BAET, SRIAPREL, RSB INET A% EHERE R, £0
FHETFTEHIRRGTFELRA ¥ FEEOCREREENSIHETIEAN
BIEFIR, EXMBEFTHEFCTFRSARED T RERENK

we”
n!

p(n,p)= 1

o n b FEG 4 RS TEL p AR TEFER 0 METRIME.
ERENETFEHSREGTHEFERR0.1, BEXNFG FEIET KR
E SR EEBRIT —MET. S XFREATFRANRHE T —FoEE B
E, FEMERERXER: B EHEINNERICESETEHON 0.1 BazD
F SRRelkm e FER N 1 B, Fibsiri A R B AR E S RE
SHATFE, WRATFHERT 1K, MKHFBEGE— L FEEER, RRE
KFRIBLHBEVT, MBEEFHEST 1 WEBRREFEIAE RGBT, X
HOTERLASREBHNEERIT —E—RRNETS, BETTEELTI&E R
518, BRIREFFERFEERIEEREANNERERR, BREXNER
MEBIRKIETF, XFEMER] TH Alice, Bob —HE—FERIEEH, G T &M
R

AT EEHEBERAMIEN T ERHAFZHET AT T iT L& 4%
£HIEE (namori et al.2007), NTIXEH RIEAKFE B REE L#Z3H TR
KHEIPR#E], J53 Hwang W Y. Hoi—Kwong Lo et al, X —B Wang ZEAERE T HY
SEFEHS KW E (Hwvang et al. 2003, Hoi-Kwong Lo et al 2005, X -
B. Wang 2005) , 1RIFHIMBHRT XA M. BRATENEAEER. HESLTF
FEIA—SERES, XEFRESHK S FERRTRES TR TFE
T BT TH AR 2 5 W TR AT 2 e F B ST R SE BRI Bk B e T ROk T
AT 1 M E—METFRTRREERDTT, N TAFEDAT 1 HEEESF,
XREREFEESEMANERSTLA2GTEBITN RS BERS KT SET
¥, MESHFBRRK—BIFEER, FEELESHTNERSETFHRERRS
RAEZ, BPXADBURITATT LER A RZE T B
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AR T A1 BB84 PN ANEE — M ETEF N B OL RS
JERI R 224, HF7A Bennett 7E 1992 FRHHNETHANEEXETHETE
EAHMY (Bennett 1992), Ekert 7E 1991 £EEHMETYENETH AL KX

(Ekert et al.1991),

1.3 RFEEHR

B M 1984 4E Bennett fl Brassard 2 H 5 — M E TR FEE MU BB4 LG,
BT RFEEEFNTFFHEERAMTHIE, 1989 48 Bennett Fl Brassard 25—
HT T BT BE 1L Bennett and Brassard et al 1992), 1993 £
Gisin /NHFRALGIE R F R#T T AT RETEHS KER Muller et al.
1993), 7EIXANSZIE HE 6 TR R A 810nm Bk & i Id B B 06 T,
BN RIOIEER lkn. BT 1996 4 Gisin OBNFERATES L P HFEERN
1300nm B TFRTFBEFEH S K Muller et al. 1996) , 44 KR E] 23kn,
2002 4E Gisin AL FHAAMIRADITR, A 1550nm FYFHATEHAD R, D KIIE
BIAB T 67km (Stucki2007). {HRIXESLIGHRR T B TIRZ TR IXKEE
KAk, FEBLSZRYSZEE o A I B TR R B RO E A O T R IR 2R,
f1_E 3 FRRET XX A, AT BB T o B B i R AR B R R 7 RO
HKIFTE {5 B . T B 0ixX A 198 Hwang 3 H T HEWRAKM S (Hvang et al. 2003),
JE¥ Wang #1 Lo ZAXBERSHFTEH#TT 8E (Lo et al 2005, Wang et
al. 2005, Ma et al 2005). fESEH b, 2007 o ERBCAERE/DAN
Peng CZZ ASLHL T 102kn METHEIRANEFEH L RKEK (Peng et al. 2007,
F kA% E Los Alamos SEH ) Rosenberg A EFE SIGFERKE S
FHEM S (Transition edge sensor photodetector) 7E 107km fEEES L H5CIR
TETFERSHETFFHS KLY (Rosenberg et al. 2007). F|T 2010 FEHH
Rl R MR RS /NESCILT 200kn BEE A BERASETEA S K (Liv 2010,
BRI T BH REREILR. ‘
| BT A4REESN, BFEGSRIERBERRS, 2008 FFRFE
B Dixon & AZE 20km HIFERES LSEPLT 1.02Mbit/s MIRAZEFIERE (Dixon
2008).

BETEHESBRERK—ANEBRENERATX KD PFNKRHMERE
iF (A. Rubenok 2013, Y. Liu 2013, T. Ferreira da Silva 2013, Z. Tang
2014, S. Pirandola 2015, Y-L.Tang 2014) f##T WERFTHRMA.
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EFHFHSRBEEWERMA, 2016.8. 16 FEEIZERRKZERES N
BELMEAEFETEEEE “BF5” BIhkE, HEEREELERUETE
& FIEFH TEERN—P.

BEEETHFHS RERANLTRNEN 5 BETREEEBHIENT EH
B, ECELFAFREHEMXNETRERS, RHHUBMEZKE id
Quantique, MagiQ Technologies, QuintessencelLabs, SeQureNet. 3%} Toshiba,
HP, IBM, NIT it 51E L FA B B IEEF BAHRKKER T, MEETIAKKRKET
REBEBERIF LRI ERE.

1.4 RFRBEEPR AL TIRNEF

BTFHRNBRETRFRS BRI, 6T RIS R Ry
BT ETEHS RN RESMRARREE, NEFHHASRRERFEL
RIS TFHRM B8R (Gisin, Ribordy et al. 2002):

1, A5 DGR TG B N BRI R H R =

2, BT ARG

3, BHESESNAD, B HER

4, KB R TR, WHLRIER A, XFEA] DUARIE & Y A 2

EHEERE PRI THRUBNARTEHE LHREKR, LG ETHE
A REARGF I RKENF K InGaAs/InP T A E BB A XA 1550nm BIJEF,
{EH R RS, FiFE S SRR 8RR TR RS R 5 Bkt
K, BEUBRKKIFON A R IRN B RN, X FEERSER A LK,
FR&| T IXF TR TERE. BN TFESHERLFIRNSE, hTE
FEHRUSEFEFHENERE, HERXFESEMREERIIK, BEsHHE
Ko FASMMRERN S MESTLUMEABEERENSHE, EREXIMEWRER
WHEXAE, SEHAGRELNRLE, BIELFRNZEFRTFHHERE,
RS AT, BP SRS, HEAREEME T TE, HOKGEHE, XLAN
KETEHS RRERIAR—NFRIEE.

B3 B FERMIZBR R X B0 &, AR RN EETRERETREFEH
) InGaAs/InP FEHEHRIT T E2EK S, UEMKREITHERELTK
InGaAs/InP ZHE, ATETHREERF. AINENTSHERTHRUSE, A
T IR PRI B TR BN R R A A 43 A B R AL Y R B, AT T —
FETRIZR SIS B, KRR 2R 68 R i B 1 A I TR 23 S ke e 0 o R
ME, ERIFHSITXNFETRARRER
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1.5 FPEXHNEEARE

AW X EENBFEREUT I

B EIENET -BOFNSANFEEE, URXEEEFENNE, £
FER—K—FHK RSA N &, BFRFERSHELRRE, BETREBERF I
BT RFEEP R TR4EABEEERNHE, HEEFRASEESEN 6T
BT, URBUXAN BN E, WERATR, EXZENMRTETRESR
SRR, BENETETREBENRUBFHERX.

B ENE T ST RN SRR, s, BANRNE R
W, FEIST SRR RGN RSN P ITRIEM, BRE
EiHE T SRS R BRI R, DA AR LT L A B e e L
B, NG H S I S A B B R BRI R R R B A E S ERT
REEETEA, XTRRBREREHENNAT AR, ke,
BETRNBT LSEEHERNE, TENFLIAT B FERNEREH,
FNEE, YRS SR RS &SRR ER, METRESHRE R
A BB, SEFRNECE, B, Bk, DEERXEERHIER.
RIEEBENBT NS B B BT O T REAT RN A A B0 SR PR E
B, FEAR, THER, EHRK, MITRR, UKATTERN S HIEA
B A5 43 0 BT P A 015 5 0 T LRI , LR P s 1 S SRV
MAMEEMAR, BENETHEMEEAETHRUBHS R, BIEZITFRNE
ENFR, EXZENATHABSELTHRUE, A SETREERTE
FHRISLHIE SRR 6 T AR 8 A SR B e R B A MERR SRR - B
BAINE T ETHE LR B THRNE, M TR ERERN N ER R,
S R B SRIIFAL, AR R AR R AT B TR B HIILS,
BENEBT 4T IR LR BT RTaeA 2R TERE.

w=E X—SNET HTENS GRS R A T E R BRI
Pk, AN T A MRES (FiniteDifference Time—Domain Method,
FDTD) DA Yee 32 Maxwell FFFETE Yee IRMIMRIERNEN HEHIINE, BEN
487 BT A e e T B R TR R S i 7 (Rigorous Coupled—wave
theory)s

B E X—SERNBTHRESHCERENRBER R, ERBELEF
B, REBRINNETRITEHOETHREWOF T HCRE, Xk
SRS B B AR LU RE S I P R E I — A IR R, BIVHR e R 8 R e e ) 5%
ARG 2, BRSNS, BRIRERN EAREWAE, BRHENS R
M AR R R R, I A S S AT AR A B SR R R

7
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H R S AR D AN B AR A E 2 LI B BT BRI 383 v, 52 R4
A7 R R R T E T |

FHE X—HXENEHCHERCE B THRUBNGW, ZMEHEK
RBE, FEMEERIREE, EXZ FEBNE T BB S it a
W& TARE SN B ARSI, BIEWRE, R, HERBsNES,
REEEIR, SREWINE R, URMMXERFNEE, EhERANA T LB EY
R R RSB RENE T TIEE R EE NSRS
BB REAN RS, SRR, RIUNE, SHMEE, DRAERE K
HXRER. BENATSHEREMEENRR, TRBENRENRR, SH
MELEZHEANINSE, RUBRRITSHERKLTSS.

BARE BENRE
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2, R TREEEES, BE b FEBE S T —NThait, (552 RRE,
W Forh— B R — M A ¢ PR, FREEXFERE SRS —ANRIL R, IR
AFE A PHREHES . TRESHRN. BEZNFLRERSRENITE S
ATLAH.

WMy IERI TR A (Namekata N et al 2006), IEFZ[THEH
SR A R B SR IESL M IR S, N TR, TR NS
BRI X MR THE, BT ERE, #E T TEESME. BRI
ERITBESHEE—, HIT5RNMS BARE ST DUETEHIBRIER, Bk
SUEERXMESHK, RAMBRISEHEST -

(a)
Time of photon's arrival

BB

/\/W . ‘Gate Input

Sine-wave voltage signal

Frequency: W,

R R f -
% " e ' Avalanche signal

B 2.12 EEEEELTHRNEE (Namekata N et al. 2006)

2.3 BRERTHRMR

HS B TR R F B S AR BOEF IS NESEHBNEESH
RESRBEAT BTN . BRERE—FHFHETHN, RERSHEFHNUN, &
B EELT EESHBE MR FEHTAESSUE, BHEERE, A1
et R REBSSUEBSAT AR ETHIE. BiiEEFREBGERETN
FARBSELTHRNSEEFHMN, 4HEESKAEERTEL TR

(trasition edge sensors) FIHBSFHKLHITHRMEE. UTFHNFXPH
BIEFIRIE »
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2.3.1 BEIEFEERK TR TIRNEE TES) (Miller et al. 1999)

XA TR SRS T E R BN E L L — 2 40 KENERE
eI, $%E 2. 13, BAMKADAE (18urklsum), BEFEKBISIERS
HEEAS R R S0mk, HEAMEEE lnk, B/F TI/ERNEEREEL T 40nk /KR,
TAER SRR I 4R B S A — i, BRI NS s FrNRET S, B
ENESSETRIEES, XN EENESETEENKBERRARES, X
ANEREEEETEST G .. RERRBEIETIRN. X2 GHTEE
FEFIRER AR S EEFAN, EFEASSE, XX UHEN T —MET T .

B 5 R R RO T IR BRI R 2

1, ERARRELIMEEAEFRERIHRURER O8h) ,

2, [N TES Bt FHRWBRESFNICTHOTE, RERE-BETFIT
B BA R RS .

3, BRMHZ AMXFPERIE RS THEHARIR, Bk EWTLUAE] 107z,

PRI A8 AR A -

1, RERE, TIENHBELT 40nk FEREAFE.

2, IFEREHEEKR, EREAMTSESE] 2013 4207 LRI ERI 2R K [5] 30
3 4ns, AHHHAR KRR EERRKHT .

3, IXFMRWISAZER ERK, BBIHAPER. TES HWERAIFER AR HEHE
ERRRE REPUER, SERKHRRE RER KRB FRK.
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fa) i)

B 2. 13 TES B FIRMEE (Cabrera et al. 1998)

2.3.2 BEMKRERNTFHRNUE

BRHRRENTHRNBRFABIHN R “HBHAT R TR,
BRAVEIEE M SN EF AR T B S ZEESNE T LB SR8
MR SAREREEHFAERS, LETESANRRETES BRNESS
HERNERS. REXMNRBAMIBET MRS, 258214, A&
AMBIEER: HhHE—DGRENESE, THEMDESIREE TR
B, THEERFEEZT, FEHETE SRR R T RFERF B
BT, SFAFEEIGKE ERBE—NN” RS ¢ BOMRELTE
B, BAEHE, XAMIRSHEGRERVE R BN, TR/
B2 55, PERGETHS XN ERBTRSFLEY, AR EELE
SHKBHEREL TRARRUT, XEERSFAM R T s B,
XA EERAS, XERGBHER, BREENMORENENEEAR T A
5%, RANERS. BRIEFAUERARE EENESIREERGERT,
33 B BEL R AR A 18 A AT DU AR LA FR AR SR, SRR AT RAHEAT Y6 TR
WT . HRAGMARSHEXMIRERR, REMBEFRBSIRREAT
BRI B a4 — AR e B LA B

B
N
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¥y lmag
"

L
¥ @3 kG i3 a8
Tixees (s}

©

E 2. 14 HBEYPREBNTHENEFEERE (Natarajan et al. 2012)

B HIHB S AR B B T IR B3 18 5 2 S 7E Me0 A iR 254 — /R B35 NN ¥
i, BEERAN 5nm, XANEIEXRE S ERER 12k, REETETREN

FMBEFRZIERE 2. 15 FRSKE, EF9REHNEHE N 100mn, EHRFET
N 50%.

B 2. 15 MEHKEE I THENESEH (Buller et al 2010)



FE BRTHRUGEA

KRB S B THMBRHMR S RRIEESRTEE, NEXSIER
AN, REFEN 29ps IXFHRTIE R OLBIER T, EAA1H TIE+ R a8k
EERE (dum*4. 2um) (Dauler et al 2009), 7 FMEEIRIHIE RIS IE TR 5% ,
BE45M 405nm-3um Y6 (Verevkin et al. 2002). M-SR E TR
iRk 5 T AERT AR £R B B BB IR DR RIAEE K, W B BT B I S B PRI 3R 3%
REE, FREEREEST RS ERE R TR .

IERIRFE, BT NoN AN AT HERE — B8 SR A T9Ke 506
T Eerh, Hdn NbTiN, FIXFar kb /R B 45K 28 HLBR LG NBN Hil/E KR/,
BRI T DA R SRR MR B i AR SRR . S — P A BB RLRIERS WSi.,
XFARLE B B NON /), W] AR KK, RN FEAZE AR,
EL NbN S8 B, EKIER WSILLAHBE . P XMHEBEAE—A B
RENBSEZEREL NN B, FEBERGFIEEEER. BRTHESAMIE
AR —BHNENEZRERENERE, LB BIREREE, FUSE
 ERE—RRERFRENEZE (Rosfjord et al. 2006), Rosfjord K M
TNY62EAE Be % 1550nm YT FIER AR A WA TR R HY 57%3 2] 87%, [F]
B AR HREESHE. AFESE L THEHREERHE, EITH
FHSPE. Marsili F et al. 2009), BI—PRESSESHNHTZHTH
KRB SERP AR EE 2.8 FNRELEW, KRG XA X KFE M H BRI
K, BRE T ERBRRITEE.

IE £ F X R B M E R R AR TR, AWRIFT T ' FF 0 K1
B, KpAgE.

2.4 FHBRPICTIRMER

BAVEAFEWANBEFEE D, 452 1310nm 1 1550nm, JELFXFIXFERB
KECHRERK. RAEEAAETEHAS RRGHNAR R FRUSEFER
InGaAs/InP $FMISE, IXFHIFMIBRLE 1550nm YK IR ISCH ELRERIE . EAX
FERPSS 0 — S B, SR RS S, 1ALt keps, 5Z XN
BIREIRS TH R JLA cps, R InGaAs/InP AT BHIERETHEGE K, —RTIELE
BFRRCE 10%50H# 5, 0BT RRERRSEZE 7T Wk 650nm AT BLIA R 65%HIHR
PRk R  ERENIMEAATIRE T —F L8505 AR BRI L5k B
REYET . HERBERED ST RIRREMBL, BRIELIE TR R
S, FREITREERIER TR . RITFFRAE ATRARRASE 44 i 200 Tl T 3R 4R
P AR KDP, R EiE— SRR RS R, B IER RPN E T
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BHRA AT, ALEREBAXMERERERENRBCHIRERK,
RER 10V, AT LIXFEREBNFEFETWAFME, 2H2:

@, + @, = (0

. u u

k,+k,=k, @

L EH O OREEARTREE, P ARBRNER, P RNEHERTFHREE.
k e ek Trme, b o vmmstime, fOvesE HTHER. DEFRA
R T B e B SR RIS B PR B o ARHE DA A 2 T LA B A T AR 2

n@, +n,0, =no, (3)

AT SEPLIXRE 5 BT LB P 515 5 6 FZR IR S NS 07 R AR AL 7 11 »
I A B T 5 SE XA AL IS . A X T EAFAE — 22 Al R, BLRIE 1R
SEHUARAIICE R ), SRSt REETHLEBR, XREREBREANT . Hh—1
R AT I o 6 e AERT RAE, XESFEEATHEERRERSAS
K, HERT BAHFNEART. FRAMIBEE —MEAALILRNHES, WA
2. 16,

FIFZZFTA Signal, A,

Ef 3,,-““’? 8

B 2.16 AEAMERALAEEREE (Tanzilli S et al 1.2002)

Wi E AR SR, B ABNKE, BB EESE RELEM
45 3% 7 1, AR R RIR T 18 T i EMEALIL K &40, KRGS L TFRREE
SeH/E A BE B AT MR, IR AE BT B AT DUk EAE 3807 M ERI3RER I R &K,
XREM DB R &, S PR RBERREEIL 100%(Ma L et al. 2012 ).
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EF ERTHRWER

Fuput PC

. WDM
(1310 nm) 000 (1550/1310nm)
WDBM PC
{1830/13 1 3nm)
e OO0

Noise 8t
1318 nmy

Mirror

Tunable LD
(1550 nmp £

B 2. 17 Hi% FRERETHRMEASZ Ma L et 2012)

L ERFR FERELTHRNASHRER, BF LD BBOLTIRE, EOM 2ot
152, EDFA RBELAF BN, WM B EHR, PC RIRIRIZEIEE, PPLN
R RREE, IF BT IEH AR . IX B 1550nm FYGRERFRIEYE, 1310nm
HIYERTEE9%, 1310nm KB Y6 TR 1550nm HIZEIE 6@t WDM 3 A B PPLN =
4 710nm FIFISEE, AT 1550nm BIFEHE 775, XEH—EEE N TEHEK
2234 775nm KIEHOCHER, FTHH 1310nm Bt Sk i 710nm KyeBEHEANER
WS FATIRN . BT IX A5 RAE 1550nm K AT LLA D] 9%IHRMR R, BEitHe
13kHz (Takesue, H. et 2005), |7 2013 B ATHIZE S BT LA E] 30%
B, [FIRRT R BRS 4R 120cps (Shentu G L et 2013), B 2wl
BEH TR KRR,

2.5 ARG

EX—ERINNAT MR THRUES, St EEE, SHEE, &
FEETHRNE, SR ERLEOLTRUE. X TREEENR T ota e
RITAEIREE, Jeilmp, JRE M BT e A E IR IMNE BRI R AR, 1R
SHTEFRERRE, RRNA T e Al ErRs B G KeFrkiR. 250
AT EHCRRE, EX—HINATEHENTHERE, WHIEEN 7
PIRZERAMBERR, METEHCRENMNSH, 2HETMHEE, &
Wk, B, BEked, WM. BEENMETIMAENEHE, OfES
BT, MEmBAESEYE, BTHE, BETHE, MERTHE, ENEN
BRALEES B, 38 &S A B B0 e s R A DA B % ek i, PR AmBEFE AT LD
FMER, HEELL/ BTN RN LEIR, HEESCETSHERNE
BRSO RS T R TAERE. ZENAT THEN =R KR, 75—
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K, EFER, MIIRA, BHT =M RER, BEhEREERR, HEK
B, TTERER 2T LR/, ERMRSIERSBEEES, FE
METHATRD . MBTHEBRMD BERTTE, ZERNE T HME HETIEE
FIEBL T ERUSEARE SRR SHE ST E. EXZENE THHES
BT RIS, 25 A S e SR R SO0 TR B AE S 9k R Bt TR
7%, Fr1E H R In R R B T RIS IRUAER, % 29740 B UR,
EHRSEA F, TARERMK, BTN FERKE, HRASHERRK, B3R
LHOL TR S TEERMR S, B eERK, HR TN FEZEE, AFREX,
ABEEEAERANETREES T . XHE ERRBC RSB MR T HE
AHTARRE, Fe B IR R GG R RIMRE, D7 A LR aR IS8 vT LUK
FITE S0RFITRMBARES, BETHECN 120cps, (XM B BA—FRERE 1M
BT HRIE.
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£33 & BEHHE

EIE BEFHHN

T B R R P 0 AT %) Maxwell TR BHTRAR, BEE THENLERE
RERRE, WEHEESEEE LT CEERNPUE, TSR RE R
BT REWNRH, EERE, 638481 (Moharam, Gaylord et al.1981,1982),
WATFRBS R, RN EEGSTED, SRS, TEREBEEER
HIRTGE:, REERESE, ERESEMITE, URTHESMTTE, &
B ERITBEN BRGSO RN Rt L rh RAIFEEA
HE AR I T R R SR MR GRS HRT, B R A
AAIER, DRI ETFESANARE, Rit, BHEER, SRR
5347, BATEEB R E R T BT A RIS T RA RSB B 2 — M Rl
R, WA AMFRRE, XEET KK E BRI E. TEHRIE
x5 BB R B LR T E A

3.1 RHERRESE

WHR 45 (FDTD, Finite Different Time Domain Method) #& 1966 4
Kane S Yee $2H [(7ERTIR A M KRB B EIE (Yee 1966), XMEILEH LR
TRIB X IBRBE AN, TR, REEXNEROMNE DEEERE, &
EHE TS RS T RERRRES TRE, EREES TERANERET,
fEEAERE E, 7ER ] EEEAN BRI, BEEEFERERETHTH
FARHFHE NS RERARE, AR 3. la, 3.2a. FDTD MRBIRERIELET
2 SRS R 24 BT B R B B, BRI RO F SR T — AN 2 B2 ) S R
B ¥E, BEXAMTRER T LB R BRHTER N RARAREE RN, ZRE2
HAB I, o

FHREMEN TR RS EREN, WEEGREN, BaBgmaid
4R R 20 ) FURE A% SRARLAE AR Th SR AR T —ANBT 2 B R RS U . TR B AN
By SRS ULR MR R B BN RS - BRI R, MRS ET AR
s NFE A DTSR, R, SHEFEEREAEMME, FID
VEAT — AN B [ R [ S 23 ] A A s RS B0 R R A B LA R
IR 5 R, IXRERRE IR R FATHE SRR, IXFEW BUR KRR
EFEEE, BANRBHRE, RENBEERSEATEFER.



¥3E HESTE

TEHRITEEEHNBA—T Yee IREKAMNRESERBEZTHFHTERA
HI77E, BRRBIOERE, XA RBIIFRETE Yee HISTHR (Yee 19660 45 IFAH
K128 o

BAVHE BRI EE A R EEREE RS FHIEH, WAK 3. 1a-3.1d AT

o

oD

—-VxH=J (3.12)
ot
vxE+ B 0 10
ot
B=uH (3.1¢)
D=¢cgE (3.1d)

FRRFIRERF R HEAE—FMRAERR, 7£ Yee BiEF MG HAEEA
AL FR RPREL B & N BARE, BROENER, WAR 4. 22-4.2f Frs, K
4.%a-4. 2¢ 2 4. 1b ARIEFR, 4.2d-4.2f BHAR 4. la ERTIHK.

_%B, 9 %, (3.22)
ot oy oz -
%, % 2 (3.2b)
ot o0z Ox '
o, O, o (3.20)
ot oy ox =
oH
o, _oH, %, -J, (3.2d)
o oy o
oD
» OH, o, -J (3.2¢)
ot oz ox 7
oH
ob, _°H, o, -J (3.2

oo o -

Ea0 Yee R ER T EAN, X ERNBMEHO THEICRHSIETE

BIARFNEEING k) ERSHERBR G, /,k) =M, jAy,kAz) , JLEEI
F7(i, j, k) RARHIE N F(iAx, jAy,kAz,nAt) = F*(i, j, k)
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& 3.1 7E Yee HIFFIRZE B FIMEE (Yee 1966)

SRAIE 3.1t Yoo St MIPIHEHSR, AR 3. 22 7 Yoo I N ZH IR
LAE% 3.3a R, FIEE 3. 3b, 3. 3c 17 BURA 7683,

1, 1 o, 1,1
BI (G, = k+ ) —BI (G ok
TG k) =BG+ k)

At
ENG j+l k+1)—E7(@i j+l k)
_ y b 2’ y M 2) (3. 3a)
Az

E:<i,j+1,k+%)—E;‘(i,j,k+%)

Ay

BTk 3.2d ERESRRERSFE 3.3b, HE 3.2, 3.2f tWAJLHX
FF RE REDSHER.
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1 1
DrGi+=,7,k)-D (i+=,j,k
2 ( 52) )—D( 5] )

At

}f%6+l‘+lkydf%0+l'—lk)

z 2,.] 2: z 25] 2:

Ay (3.3b)
1 1

N 'ak__

25 3)

1 1
e 1 1 "
H, 2(z+§,],k+5)—Hy G+

Az
— 1
+Jx 2(i+53j:k)

BRI ERWEN TG, S68EANLFFHA] AT W B RIKE T .

AR RES BN BEFENE, L EERENE TR IRAESR -
MZFHHIE, FEZRELBTIRR KSR A IR RS, ERIER
W7 /5 PSR AR RS 2 B AR AT R SR ) 1) R R F A G - AEFE AL B IR A ] B B R AW
P, BMERAER B Mur BOlCh FX SRAEEZEIT AR (Thiele et
al 1975; Mur et al 1981), 3 "FiR{E M 552 UL ECHRUSUR X SR AR 1T AU
(Berenger et al 1994), XFhJ7¥ks2H Berenger J HRHEH,

3.2 R ERINEE

e BT T R LA 80 4E4X Moharam 5 Gaylord 7E4r#TFH Y6l
W S R Y B —Fh 404 /7 Moharam , Gaylord, et al 1981: Moharam |,
Grann et al. 1995), BfECEH RN A2 B, KE8EEHIBRIRZE 575
BT, BFOCHRES KN SO, BT —HEENRERE. TEEEE ST
HEA AR O X ek A f B A (B AR R T, A2 SRR () s R 3% 45
bt EHH R, B e e Ol X B0 22 e i =F B T Rl — R IV AIE R # R
7~ SR e B YA X AR oAt 8] (1) R4 A SR 45 SR - T T B ATT4% A Moharam
FE3CHR (Moharam, Pommet 1995) A1 () — 4t &5+ 3= BT 5 R KRB AFIUL
B A RR SR AT SR AR T
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3.2.1 Z—raxiiFRBasthsE
BREN R EE 3. 2 Fiai—ioiett, ASHEA TE 6,

N

B 3.2 —Ioysilt

BHRBRITERMBX R 3 M5, etz ERFROSXER I, JetiXis, A
St X 48R T T AR X SR AR O X B 1T XA A6 ] BB 3. 4 ARR
E,_ =expljk,n,(sinOx +cos6z)] (3.4)

inc,y

HoAf b ANST MR, 0 AANSDEE M EALR R A

ky =27/ 2 (3.5)

X% I FIXI 1T R ART 4.6, 4. TR R
E,, =E,, +> Rexp[-jkx—k 2)] (3.6
Ey, = T exp{—jlkx—ky(z—d)]} (3.7

Hok, =k,[n,sin0—i(4,/A)], ARIEHFIEM,

ko[ — (e / Ry 12 Ry > K
ZEl ki oy =3 =ikl /o) = 17 Ky > Koo
1=1,1I

REBIAM BN B EHAEENZEEFT, BAEHAK 3. 8 i
e(x)=_ &, exp( jz—jih) (3.8)
B W oM X SR B R o A R B R BUR T AR 3. 9, 3. 10 KB
E, =Y S, (z)exp(-jk,x) (3.9)
H,, ==Y U, (2) exp(~jk,x) (3.10)
Hy i

""L }
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B3 PR RFUUSRERE 1, X 11, XS i ss,
HiZ 8, MHABZIAASHRAT UAR - MEENMO TREE, BEX
NS T RRARNTR AT U BB AN X BHE, P RBEANTRATZFEAZ—
HRBINE, B AMTH TRENSHRETREN T RAESBRZ NS TR
YA 32 (Moharam , Grann et al. 1995; Moharam, Pommet et al. 1995), KT R
B R I B AN VA A TR T L2 SR (Moharam, Pommet et al  1995).

3.2.2 FAHEHmEBRESESNEE

fE LW HRRATER T B4 AR RE R IO, ERERS LR
R F M X ISR FT RE R R A 3. 2 ISR, TR 3. 3 FREVHEE, fE56H
XIREA MG, EMRIESLERBIOFREHNEHE, XEMALHXKZEA
BRI, SR — AR, RIRDEH K EEA U E— 1
X%, TREEMIZE /LT RN, ARXKSEKHER, SHHARR, Xt
SR SBRA BB AR A R A ORI P R, W 3. 3 B, Suke et
X2 & B e AT IR AL, RERE— BRI RS, NEEHE E—TATRK
T FE B REES, ERH RS B RRUA SRR - MR e A,
HERBIXANTEAE, RERIER.

B 3.3 AL

Hig E RS W B 2R T AR A KRS R, AR TR
TFFRIZE, PRBASENREREZ IR, SATREMHRRBGRREN, B
HRRTREURK, RERBRBEERBE.



F3E HEHTE

S 3CHk

Yee K S. Numerical solution of initial boundary value problems involving Maxwell’s equations[J].
IEEE Trans. Antennas Propag, 1966, 14(3): 302-307.
Thiele G A, Newhouse T. A hybrid technique for combining moment methods with the geometrical
theory of diffraction[J]. Antennas and Propagation, IEEE Transactions on, 1975, 23(1): 62-69.
Mur G. Absorbing boundary conditions for the finite-difference approximation of the time-domain
electromagnetic-field equations[J]. Electromagnetic Compatibility, [EEE Transactions on, 1981
(4): 377-382.

Berenger J P. A perfectly matched layer for the absorption of electromagnetic waves[J]. J ournal of
computational physics, 1994, 114(2): 185-200.

Moharam M G, Gaylord T K. Rigorous coupled-wave analysis of planar-grating diffraction[J].
JOSA, 1981, 71(7): 811-818. .

Moharam M G, Grann E B, Pommet D A, et al. Formulation for stable and efficient implementation
of the rigorous coupled-wave analysis of binary gratings[J]. JOSA A, 1995, 12(5): 1068-1076.

Moharam M G, Pommet D A, Grann E B, et al. Stable implementation of the rigorous coupled-wave
analysis for surface-relief gratings: enhanced transmittance matrix approach[J]. JOSA A, 1995,
12(5): 1077-1086.

Moharam M G, Gaylord T K. Diffraction analysis of dielectric surface-relief gratings[J]. JOSA,
1982, 72(10): 1385-1392. '

43



F3E BHEGHITE




848 FRBEEH R _RER

AT HAGREHE—RER

RS S B MO TR B AR SNSRI LO6E] Lun WBEIG T, EVF
L HE BB, BIET S RE A R LA, B A SRBCE TR,
EFEFESS, ERTEEERETEANE MBHLEERHS B 56 TR
BRI, BkhBE, AMIRE T —FRE s Bt Tl Je A AR R
AT LG, FRE R BT R T 5, RIOVRES BB SO0 TERIARE /T Lt
IR, IRIOR T et i B SR —FRIF RIS T R
£, EREEFRNBUERESNE, EIENERNSFRELTX Y
KETUSRET S HEMETSHE, BWHNEHERN RS, HRR
WA B, EH T HERUNER, ERENFERXK, HE;FHRL
B, NT BRI FEESERIHRY T —FENGRENEHE, ERHXH
SRR E B, LR KRR K BAEARRIERNNER, R ERR
X X RS SR A YRR, FTERITEEERAR. £ 4. 1 TR
N BEA RS FRERIIE, A H L FRERIBNMRER R . £ 4. 2 TRAITENH
—FERA TR H T R SR SS , FEEE T R SORRT B BRI AR AR RE
BT T TR .

41 EEEE R

4.1.1 WHRESHERE

RERE GBS T HIRIEA, A LLEAM BN S kB ZRE KRN EI A
BET, B7ELiH4A 60 FERFE Shockley L4 % AMIRLARER PN TFERA AT
L% (Coetzberger et al. 1963), HRF A L 3 S TAVRIRIDSE, #48,
TELEHEHERRY, MBS REEFZHRE, % PN TRIRLTREESN
B E B4 IS B TS, BT M XHART R, BERARZA
EHERNE e EHEER BN, BERRE K.
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metal
oxide

5 Iﬁum

nt 5 ;Jm

g_//g_J

guarcﬁ ring

S~
metal

E41 BEHNSHICHEE (Goetzberger et al. 1963)

B 4.1 REPI—FSE BB, M Goetzberger ZAIH, MARATATLL
ROURE BERNER, ATIGLEGEFRRE, MAIETHIHLEHET BIK
ZRH n XHBRBIRTEH, XMEMESES BB IREBE T M
o RdXFIEMPEMESLEEEEHRNEE, B—MEd TN TEMME
#l, WEMAKR, EZRXE PN T TEHNFEXREK, FAFHEXEE B,
R R X DR AR T FE R KN A A Be 4 8] PN 5 TR,
R X P G54 3 T TB) A IR 22 R T SRR BRI A ' 7 IR ML Hp 4 IX o et T 4
PR EN) AR, 1989 4F S. Cova HIRH T —HM¥FTH ST BOGHEE LM (Ghioni et
al. 1988), W 4.2 FiR,

10 - 200 pm
||

-
f'}v 4::_:)

B 4.2 HHREFHEHE_KE (Ghioni et al. 2007)
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XA HEBNE n BREEK—F PHERSINER, ERXE EEE
EK—Fp B, BEBIEFEANNT BER—NEHXEK pn 5, XMEH
FitF AR PHES n B RM B — BRI pn W, XERICIER R LR AE BT
FREFREIEASRT HHE pn ThE, RERAKERNESHARERN
B TR 3R, BT A XA G5 M I TR 0 B R SERE ST T 30ps (Cova et al.
2004). FRIXFEMRRETFHREERTHERA—, EREESESFF L
BATETEARBE—NERAWER LT, XEEAK T O pn TH R
ME TG EF . BIMXFERRFRX KRN, K4 lun, FROVETE
EHE. B 43 R—FMET LREMIETRSE FOLRE KRR,

07 ¢

Excess Bias Voitage
- 1GY
T Y

Lt 5

06 |
05 F

04 F

=

)

.
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]

E

w

o

L2

b s

€ 03

=] 3
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8 02t
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&

0.1
] WIS WO T T S S S I ST ST SN YOO T S S SR SEN T ST SN T T VT S
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Wavelength (nm}

B 4.3 #HREFLEENRNAAZE (Ghioni et al 2007

MEFEATTTUER, BHHENATEAEEEANETFHKIY 550
BB RS R R ER 5V R REEEIE D] 52%, ASEKN 820nm HINfEHA
FEERRX/DN, BRI TER, BREASHEN 820mm X TFHRIUSERE
K%y 15%.
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4.1.2 EYHREHEEE

FEA AT Bt E NS IE 4. 4 B,
100 - 200 pym

b Wt
ol }

A

B 4. 4 POERSE R SE_RE (Cova et al 2004)

XFHERIE B E R Perkinelmer AFW—FEZEHE, FFAEERERK,
FRXKERTEEAMEA 20un-100um, T ULXTRFXFE SN SE B B EER
B, M 250V-500V. JGEHE R B FENRE XK, AEENEKR, EEXY
9 200um, S4ERTFHEM RS X 2 R, SHTEFEARETY ', F
A pn F, XFER RN G TS F B TE pn WHAMEBHT KXY B,
B MNRERX, BR— MR, XS NEL%ES. BYVEL TS
B RS ETHFRNREREES, BIHEWRK 258 4.5,
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Figure 2. Photon Detection Efficiency {pd) vs. Wavelength

I SPCM;AQR-1 XPd Measuremenlsl
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>
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3%

[

B 4.5 B3 BT E B B & BRI EE (SPCM-AQRH)

& 4.5 & Perkin elmer ZEF=HET B 5. 3 B B4 /B i SR ) —Fh B2 06
TR BRI ERIM AL ZR (SPCM-AQRID « MHERATTR] LLE BIAS S FIA A 700nm B
BMARIAE] 72%, KN 1000nm FRHHRWBRRE 15% HWUXEEES.
{82 BRI Fh 45 1 O FE R X AR K3 R EL I [ o JE E B 22, IR 4 R i SRR E
“350ps.

4.1.3 CMOS TEHIER R TS B

A —FEBERORERES 58 2 RN CMOS TZHMER SRS 5 =
W, XFE SRS T RBAERAERE OM0S SRR T ZH R, FiR
T DLSEILE i AR AN B B, I SRR, U BEERE A
b A AR AT S B R BRI, RARYSAELI SHK
CMOS TELKMARIFERAREBIERERTER, XEERITTHGHEERN &K
BT BFRUE OMOS TERIMRG], b RigHE . PbiEFREE RE (MOS TZHA
JR45 CMOS 3B BT EHERNRBHR T L, FHE CMOS TZHF AN T
I CMOS T, ®iJk CMOS BT —AMES 21U n BIF, RRBHI/ERE THEUH
SRR E e, BN BEAERRERSS o B, FEERBR/NEETRIE
*ﬁ&ﬂﬁ%ﬁ@%@ﬁ%%%om%ﬁu,mmm%A%%ﬁmwiﬁﬂW
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T—AMENTFERE, SHENERZR Tun, & 5V BHEVMRE FTREBEZET
KRS THEUB R 900Hz, BMBERAE 420 gk F] 620 FkBE AR KT 20%, 7 750
YEKILE %, JERKHIEER 7. 5%, FERTEIRZ 75ns (Rochas et al. 2003).

matal ring

E:
Oz

deep n-fub

prsubsirate

B 4.6 5 CMOS TZ#ABEMELFE R eHEE Rochas et al. 2003)

4.1. 4 HREHEHNEE

WHIE TR, W HEKNEHERNERED, MO asibemisd,
SRR ERE, T RPN E B 2008 48 S. Cova AIFR T —FhILiR IR
FHE, SRR ELEHARE, XFHEHENSER TEHEEEF — Mo
Pk AT E, XA RAARAE RS RH SR R, Hh 8 aEs
437 9K, BEN 174 9K, XFhRETEEXT 850 4K AR AR BT REEKT 90%, X
FhEER T BOBRII R R AE 780 GKET RN 42%, 7E 850 Gk 34%, A4l
B A AR R 35ps, STEARN 8um, 20um, 50um HIHIRBEHE HE, £ZEN
BE T80 7024 450, 3500, 100000 50, SARVE, RGBSR 7RG
FHHRNRE, HREE WS BESHNHY . XN TR — P RERE—F
AR R RO TS B E SR . XFF MR P &
HEAAER S BRI R EEEER (SAOD, B{FHBERRIESTT, FHEERS
g, RRERNBEHERTE, BINERENEERAN 10un, S5&RTHETRE 5
ERFERER, EFERETHLEAIMIERIEMNERHETEL, HAE nBE
IR LAE—E ptE, ATRERKERESERBETERN, AR
I S BB LD E R LA IR R B RIR R IHR R, %F 800 45K 40%HIHR
WL, Xt 500 FIKHI AT 60%FIFRMALE, L& MET RIS HE 5T 800 gk
MR ERE 15%, FAFNICAEBHSRERITHBRK, E2E TR
F 1000/s, HEEFRD 5 BWEER, BIHHEREE 50/s, MEFEXETRNSEH
BRI, NXMEE AR B R EERRETAEX, BAENTRRENEE,
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BT KERMN . XFEFRETRS PR R (FVD 8 93ps, 5EEK
BERHNEHEMLER, FERRERRZHAM lun BINAKHE 10un, S
FIRUEX 4 52 BFE R Z o 51 R AR B A5 48 X A 1) — D BRBCK B3 I, &
B fa I TR 23 FR K~ T TR

4.2 BN EREXBA T

MHTFHBRAIE RGN ARERL TSR _REAE S EHN
Bos, EWANSHENEIPHE, ERRUREST, FAHREKETR, B
WHEL TS L RERNER, 7£ 800nm K 3RF 63%, T IR EIE
f7E 800nm RAE"16%, {2 EWRIWHE 5B AMEN R PRE, IFETH
255 TR LI 350ps, T v 28 (K I 1] 3 - T T RE TR 2 30ps. RS
B Z BT AR AR R R A RFER B, BRAE—MICKRES, 5K
R R LALLM BRI R BN, lun KERIFER B GEE R L6
IELLANE. AT I TAEEFRE BB CEER J LR A
1, fERIRBEH, WS, Cova HIRHMIIIREEN
2, WINERBNEE, WiEMANLEREHESH.

RS EEXFM AR ENREHER, A% 4.1.4 7,
EXEATREHENME, BIRE T —MHHENEET T, XMEWHR
% AR 45, BRRT7ER BE AL VG B A BAA R R, B
1, BTSSR TERC BT I BRI e o B T B R A e 5

4.2.1 BHEH

FRIMAPKRERTHENEHNE 4.6 FREBEFR, XFgH2EEEE
1B pin &M BB HOFIRE MAPUKRHER R, FRIEARH B A I SRBT 7L (Wang et
al. 2012, BT IXFh IR S5 M B % 1 m K R B8 v B oo R, FERX BLBAT]
KBIXAMESZAEE RSB THRUS S . EXFERETTRRNRERNT
BB IR/ NG FIER I A RS TT Bett, JRIBIAIAREERAN T BB RO TR IRET B
EARBRETRT, EX—TPRITBEHHENKEETESR. EiFEERE
N T BT R GUREH N RN, ROTERNETHE TRERREHT HEDN
PEgE, XAEE] LB LLEEIF I ARG E S E ke . BRAEAKREHNE
BEp X, n XM i KKEEMEHREHNEHE 2.
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i
A

k 4 Silicon nitride nanoccone 1

Silicon nitride ¥

licon oxide

Silicon nitride nanocone .

Silver layer

K46 HEMETEHECRE

Rtz 5 KIS

B, NEEPAEGHNEREEHAER. NTHELEESNRFER, —
EMEE, n BESR, KMEE (RS, p HESHR, BHUETRNE. EES
B2 200nm, 2um, 300nm, lum, 300nm, 100nm.

EE, BEHREHNEHENEHRAEE. NTHEEEESHRE, —%
i (ZEMWET RIPUREEHREM B R, n E SR, K (F&4), p B
BZHR, MK EANTE. EES 52 200nn, 2um, 300nm, lum, 300nm,
100nm. FHRRABFIGIKHER R~ J9: A 800nm, & 250nm, JE&H 750nm. TH
EWHEGURHER R T 5: B 400nm, & 850nm, JEHE 400nm.

4.2.2 HEEH

N PHERFF T RE RS, XETE T T 5 E R A (7 79
R (jitter). FRPWMBMEETHESEFERN B THERER, BT
XS B E T RS R SR/ BB S B 5 7 s AR AL,
(et
1, T AHEE R ESRBT= A& BTN,
2, WMRITRBAETRK p ZNE N BT BEANRFRLE X, fFY
HEIE R R
3, HAFRREH®BT, &R ITEATIRIERI R F =AM BT 2,
EFER BT RERINE T T EE B EEEE.
NTHERRE, FEAE
1, BEZLATHRIE, SeTRBRKEBRES D,

(S
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2, MKESHENHMIE, REp X, n KER 1 X, #AFEXHABRE
%,
3, FENBTFEINESIHAEHNHERELD.

THERA X =S REHATIT .
1, SFR

AT HEHFE KR T E BB RRIR L D, I HIER BT HH
ST AR PR EMIIR AR, AR EAE=8FRIN RS
BAMTHE (ROWAD SRUHES BRI TR, XM I7ERSHER T HREH
MIS3HT . X ERATRLA T HTHEAR R A — 3R E T XM 7 v 5 AT+ B 1 X F
GRS T RITRU . TEX BRATEEE—MEN, AXMEMERIENERER
lum, 2.t A3 F B BE R B VIR I T AL B A s B R R X th R AL Lum,
XRERATE LS IA MRS R — Eext te.

XERMEETETRENSHECHERENESHESENRI, RAITK
KA EEE R M 400 49K 1100 0K, HHEERWE 4.7 Fir, HPLER
AR RETRBRRERNREMR, BEHNKFSETE p BXIBHREESR,
EERERRAE n BXBIREESR, WE 5.7 AT UE HEERKTH, —IF
T i BRRIHRRIR/NLTPBRAE, KEa6H p BRI, FEF3RAD
WA DE R RER THRNE, EEERME, MREHIE 5068 a8, BE
WEEEM, M 400 GKF] 600 ik, ST 1 BEHRIKEIRERZE Y
K, B 600nm MEHMRTE i ZHIRBEZEEEZ] 60% 7E 600 K25, J6THE
HZEEBEHRRE AT, TEERLE, BERKREM, SsFERP Rk
REZRH TR IBRLNTFESEH R KR TE. £ RRMEERKE,
0 850 49K, TFAERREFHRKMMRAT] 20% TH T 1100 F9K, 367
JLFRAERUCT -
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1.0 (7 —T 7 —
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— i-layer

038
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Absorption
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1 1 | n 1 L " 1 n 1

n 1 L
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Wavlength (nm)

B4.7 ¥ESHEH_REEZENRES A (G EFE lun)

1'0 T T T T T T T M T T T
0s | — p-layer| ]

08+t

0.7 i
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0.5 I
04 [
0.3 I
02

Absorption in each layer

0.1

0.0

n 1 1 1
400 500 600 700 800 900 1000 1100

1 " ] 1 I 1 L 1

Wavelength (nm)

B 4.8 FENFHLEREEZENRES A (1 BRE lun)

Bl 4.8 &7E p X B3I T HAREMNE HE RO TFESENRKS A, Bk
MEHRRATIT LB RGN T YIREM UGS HETE 400 99KE] 600 gkiEE A
MPRHRE T, 76 400 PR 2 MR R R 85%, 52 Xt N KIBA gik g4
HIE B BFFE 400 K ARSI 50%, LT B 9k S RIS REE T
35%, M 600 gk JE—E F 900 4K, T B EX XIS RIE A 4R A 4T,
FEFEREFRIRBCH 50%, 78 p XA n BIXEETRECH 15%, SHEgK5
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HHS BB R RAXNMEENE TRANES (%8 4.7 BEHK
ZERIRIE B TE 600 95K E] 900 GUK FIHMRLZR J50%, FEZ] 6% 7%) M 900 44
KE] 1100 GIRGIKEN T B ETRER T Bm KRR, 7£ 1000 40K 4F A
EXTICFHRIRUAYIRTE 30%, TEE KRG E BB X MEKKERA 5%
WU, FERI—DEMBRIEK 1064 Gk, BEYREHNEHEEXNEK
FIERREFRREEZR A 20% , TREBIREHNERETZAERRIEE
Z9ROE 2%-3% T, ML RBATR A HiEE g KE e R E R
PIEEE NS HENREAERERE, FHENKETH ERKK.

2, BRI

ELE—FTESH THRENSHENSENNNBEFHREGHNEHE
IR, SRR, SEFTMKRmERTS A EERN ARG XM,
AT BEXMER, BAIXENA T —AME RN R R BT ES B a7
RAWEFEREFREELRE, RETERE:

BT B A 1 X CL S 72 s I IE T 5 A i Al 38 77 AR B PR T 28X
X5 B 7R TR A A AR T X R T O R A S B P R AR D T R
FERHPK, XTI REKPGERE T KR 246 (Tan et al. 2007).

T PR ORS00 A7 R N B TRom

B (x) = O.x=d, 4.1
e\ aexp[-a(x—d,)],x>d, )

FIEZ RS KORRE R MRERTN

(4.2)

{ O,deh}
h,(x) =

Bexp[-f(x—d,)), x> d,

ERATIRE R RIRE p, n RNESZ, ERRNAG ISR, FHEEA
REF, FERFHY, SRENAANE TS NERAEGEESES
M2 o BB RS, AR . SATAT B FENR TS
Hi,
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E.
d, =—*% 4.3
= (4.3)
E
d =—"% (4. 4)
F

e B 0 P 4 51 7R R TR 2 AR RERE H B T 23 R B R/ R, LRI ML
BRE. FONHRZREE. BiplEitXsh.

ERE FHMSFLUE, B 4.1 W00 4. 2 XEHHE LT EETZ KKE
BAEFEAET - HBE TSN, XMEKAFE 4. 1 /4.2 K, RFESHTER
HL 25 7O BEALI AR B BT IE AR T — X T2 BT REEL KB K, XH7™
R FTE BT SO RTINS, BRAEE AR BE. KRR T X E
SRR, A 4. 2. 2. 1 FEROEEEM, BEE o DMETAH, EXTHZ
D FIRNEHRSERRE, SitdRERETHn, X TEASHE
AR A ti, WURTCAS BRI M 23R, HTHAREARR,

n (4.5)
o =)= {t) (4.6)

REE R BT RS T A YORE MR HURGEH S E R A
615355

ME 4.9 HIRATATLUE BIFEM 350 K E] 500 GIATRN BRI ZHHE A,
TiZEE 4.7, BATHBURIE BB XX UMK S BRI R Z 5] R A= 1B IR
M ZEIX A KIIZRA, G R R R, IR B, St
FERTEBBAL, LEIXT T 350 PUKHIET7E p XIRHBUAE] 50%, {HRRARHRN
MEH RE KL 5% XFEBE VAR BT HRIE T RE, SHERRTA
BEENEIERE T X, XM RMBEREA TR EKET A, BERKK
WIEER R R BN, SBEERBOT IRIUE T %,



4T FRHEETRGERERT

Y
o

o
o
T

o
o
—

Absorption
o
NS

o ¢
)
—

—flat
| | —— nanocone
0-0 1 M 1 n [ M 1
400 600 800 1000
Wavelength(nm)
b 10
I - - & - nanocone
> 08F =, --o-- flat
[&] ] 2]
S I .
S 06 @ ..
% - @ ) } R R
5 041 . =
8 L Ve ®
5 0.2 [~ EX_ ." -]
] “re..
] . 1 , 1 R o )
400 600 800 1000

Wavelength(nm)

B 4.9 BREKER lun b, FPREHX T B ERE R MR R N

ME 4. 9b HIRATHAT LUE B Mgk E8, S HENRUAERS T,
e anétxt 500 Sk NG LEE AR RIE T 8B PRSI BRNRE A 40%, &
PR RRII R R E R 52%, FEHKN 600 GUKE, HYPKREHFIRE K
SR ET L, EEKN 700 UK BH KGRI ZES 25%,
HHCREHTRTR 37%, KN 800 K KIRHER SRS MBI KR
IEFE 3THIT X MHEBA Pk & BRI R R R 15%, 2T 900 49K, H
SRR RIERI LR 30%, TIEA FLKEH X R BRI 3 O A R E] 7%, £
1000 GKA Gk 5 M R IBCRIAE] 21%, WA KRS HERE] 5%
MET, ANRIEZREXNMEK Perkin elmer BIEFRNIEEXT 1000 49K FIEE M
MEHN 15%, EXMEEKEHREHHFENNRCEEFTETHENEHE T .

W
w1
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M ETE RIS BRATEZMER THKREM UGS BB RS LBE T
RRHIRE, AT EEEN SRS HEERRNEN, RO BITE
T YUK S BB IR ] 5 3R, R4 RNRE YK E S B E RN T8 29
7T X, HHE R 600nm, 700nm, 800nm, 900nm F1 1000nm, Z5HR I T E
v

600nm
1E-10 -
i’-\‘\
@ AN
= B,
= 35\\
\§f}.’< .
"B,
1E-11 o
i ] i i 1
34 35 35 37 38 39 40
Voltage(V)

B 4.10 FE S0 600 PRI H PORGEHMBE IR EHH T HERNNE RS GER
B9 lum, p, n XEHE 300nm, REAFHAKEH, RONEEHREHNTHE)

: 700nm
1E-10 2
] \
— ey
» BN
£ =N
= z\&
N
L
1E-11 o ‘1\.\%
E Ty
T T " T T T T T T T T
34 35 36 37 38 39 40
Voltage{V)

4.11 TENFEAR 700 AN EHAREHNRBEAREMNEREXNN AR (BRE
79 lum, p, n RERHR 300nm, RENEHREN, BONEEHAREGHTHRE)
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800nm
1E-10 %
]
N
Y
&
= -3
2 N
= LN
B
5.
a
1E-11 TEL
- - \‘%
L) ¥ i 1 1
34 35 36 37 38 39 40
Voltage(V)

B 4. 12 FENSTHA 800 QUK GIKEMMBERREHWNE HE NN HRS FR
% lun, p, n KIBHE 300nm, RENEHKEH, BEREHIKEMEHE)

Pl

900nm
1E-10 - 2
.\“\
N
X N
g .,
\ﬁ\\
%,
- WY
1E-11 - B
T %
d T 4 J 4 T ¥ T Y ¥ v
34 35 36 37 38 39 40
Voltage(V}

B 4. 13 ZEAST6 900 SRR UK S HMABE SR EMNE BN R GBRE
3 lum, p, n KIRHE 300mm, SEFEHKEN, BENREIREMTHE
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: 1000nm
1E-10 o 2

jitter(s)

1E-11 4

34 35 36 37 38 39 40
Voltage(V)

B 4. 14 FEASFEN 1000 FUKRIHPREMMBEE PAREHNTHENN R RS GBRE
A lum, p, n XEHIE 300nm, REANFHREH, REARENREHTRE)

M 4. 10 2] 4. 14 FATR AT X EFEAK, FPREMWNEAPIAKEH T
TRl R R R AEARAL . XA BRATRAE T TN M E St E R ENEE
R TR T AL AR E — R R R 3h ke, RN BAINETE K 2 &A1E
BT, FENTHECRIME L EEENETESHEMEERAPNS, X
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BHFRRRR, FEAXF S RS S FRINBER T o BB od & %
B SRR RIBRR TR E = A RS R, HAME B b B TR S, B
/R B BB RREN, TRIRERLER, FEFE, EETE
HARARGHER T RKERNAE . REXFENREAE— S0, inkHEi
B % TR B8 AR B S TH B R L B » TR I E ARk 2 B AR 4 5| A2 H) S kv
WK, XEERERH THEAIHRUSHNETEHIKREREHIRER,
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ER, TEREMMEEER InGaAsP AR, XFFEHHEEEMEE InP
SR B R InGaAs HBRZ 8] (InP MIFFREA 1. 34ev, In0. 37Ga0. 53As HIHER
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Bk, FTCABMCERARRRLER T B W R SR NEL

5.2 EHERMEANEERANET

FERAL R S B E D, AERTAKMEEREREERA, )t
FIRRIAES S THEERE: TR ERE R LR TR, HAH
2R R A T RIA SRR, INEIGENEEENE, AEERTHRSE
Bt Pl T A B AR R A A B T A O, X T ORI MR F R 5 R AR AL
B AEF R TR, KRR RN TR BRI AR, F AR
R T USRI H XA R IR 3R AG

HEHMAEMBCHE BTN RREERANTHE LA 80 S£RITHAL
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KISEMERfE S, AT HRIXFMICE JUMRNE, —FREmes, KRR
St 1. 3um FIYEH TR BRI, A B N I T RS s PR 21 T 8 32 B K P8
HEREAHD 77K (Jiang 2007), HEEHRMBANBXMEEUE, Rilprgik
KRS 1. 45um, XFEFAGERI 1550 41KKIE T, FIEET B EENLT
BEPRBBIKAELH . SRR IS B B RO B B H BRAE TR /N RE
BRI 1550 Gkt FEEARAE T 48 RodE R A8 R,
KX TS B BRI K R IR/ T, X B S B B R W ROk ET
WP RERRRNE.

LB T, TR TIERE, BE, SHEFIBRMUTERERSE
HFEEEENEA, RRRUBOIEZETURBRANLEE, BORS,
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FERS, MAXBIE S XA FTE TR EEPRNA T, REXNEH
B ERED R EREAXA R

THERIMEEREENLEZERN, HATEERLTHRIEX, HHEEEN
Y 5 R T RS, B B, RETEES RS, AR THELHT XA,
R 7E % AR THA R TREAE BT, RRESEX T AT R REH
s, JEE sl AR RIS RNFSIRER T, MAEERAS ST
KL RHERE, (ERTEFEMANIRSEHFHEREFROH . TAAERSRANE
MR LRNRE, B8, HNBRB R, ST IR i n iR
R TR HCRE B RA RN, FIImELMEERE, NSFRZRENREERS
SR RS TR, MWEREL, EREREMER, NEZREEREN
BEZIHKRK, NETHREETRN . EERRTIEERERAN, THE
S B R MIEE K, BT RN E, BHALKN TEER.
BTS2 TRESMERM R EHAN S BT ERER—FK . THRITH
BRI AXFAENT SR E R,

5.3 HER

TAETEA MM AN T B S s IR S SRR E IR ERE K%
REEH/INSERHR, BRSNS, FOMRBIIRERT, B=1
RN T HERATEXZ NS EFAT T

5.3.1 EhiiMas

EREEEATNE, YRRRRBOEFERTFERNE, BTERIE
HEREPREZNNE FRELEBHEER, YXMEERT M ENREZE,
BFHaE BRAEER, PAE—WBEFERS, BT R g
DLF HL S RECR TR . BT B R BBRAT LY F AR BT Be s iR E
FEERARNT AN, XESHMNE LT HERETERCRREANG A
BT s 2 . TEHEANARTFRRRNZHBETIRENE R H
22X B I E B3 7 (McIntyre 1972).
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' 1- :r a exp(—T (a— B)dx)dx

5.1

]
[N]



%5 8 BERERMLEILT BRI R

exp(~[ (@ —B)dx)

M, = (52)

1- T o exp(—T (a - B)dx )dx

KM, M, AFRETIENSEHESERENENGENE HEnRE
a, BAPIRRTHERKBAERE, wEEARENERE. RS /NEH

BRERRLSKRTHRTHEE RN, BE LARRERRITBER - MFHRIEN -0,
BIERBEREETE, THREH, XNRANSHE®E

M, =exp(aw) (5.3)

XE-MEEEKNERE, BTREERSERE, FEER—MERR,
BRI fi 35 B R R R X MBI AR U, A EREFARLERARE
H IR,

5.3.2 BRSNERFE

ERTHERTEAR LR EINERE, S—KNEHERETIR. &
15 E B 3 B — N2 A o X P 25 76 P38 AR O G T Bk % 7T LA IS A
SR R R R . (Mclntyre 1966)

2
F=<M j
<M >

o M OREET, T B RN T R B R EIE B L
AUBE TERAT

(5.4

1
F=kM0+(2_ﬁ)(l_k) (5.5)

0

ek gz TR BB RS, HINF 3.6 RET

k=p/c (5.6)

M ETRRIFRER 3.6 RATETLUE £ El/gEF, BIERBTFREE RN
LB B B B A I AR AN P R /)N
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FELHEARNER T AN, fRMEHRNBESER, BFERETEN
BEEIIAE] T Ea i R %, A BRNEE B E FEREFEE
g — REE A R B R NERE R AN BT 2 (Okuto and
Crowell 1972, Okuto and Crowell 1974), X BRI ERATFCATER, FEX AR
NGB B REMEGRER R, FUERA
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(5.8)

Pe(x,y)={ ° y>x—de}

o expla’ (y—x+d,))] y<x—d,

0 y>x—d,
P;.(x,y)={ 7 "} (5.9

B explf (y-x+d,)] y<x—d,

b P (x, y) 7 P,(x, y) P BIHTT x AN TRIZRE y AP ST
SRR B, @ 1 f A BIRRE TR R B R ALK RRER
g5 9o =0, HIREZIERERIER L, B TR E LUE SRR AR R B A3
MEBTo, ERMEEENAT A — SRR RS, TERRR
BEHERE, BT REA]—BIEEE U A TR RE E B e F  R T E
RHHIRE S . TEMIZESCRR (0] i FTHAR 1O S 8 25 1 28 7% FB BB IX 2802 L5 7T BA
BT ARG, EEENG.(), FX), XFABIFT—AME x APE
KT (257, Bt LS B f i T2 B RS, XFAME
W R T H TR,

G,(x) = [ (5, )26, () + G, () dy +1- [ B.(x, )y (5.102)

G, () = [ B,(, 926G, () + G.0)dy +1- [ R.(x, y)dy (5.105)

¥ 5.8, 5.9 RFHH P (x,y) BN 5. 10a, 51 5. 10b, BESLHRAE 5. 10a A1 5. 10b,
T BE G,(x), G,(x)EEHX AR E MR RR, BT USEITH (Hayat

et al.1992), BFG,(x), G,(x) AFT LA 5 IS E] B2 XA X i1
WFEEA, W03 15 R

_ G,(x)+G,(x)

M(x) 5

(5.1D

AN TFHANR R B3R R R A B T DL RS v A B, B 4 T
PlE&#%£ (McIntyre 1999, Yuan 1999)
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RN EHE R RER) B s TR 2 FRIRR, BE 27 FE R VT BB IR/ 5B A B
B EEHEEERAUXBEFENSER, RESXRNTERETL, 77
ERHEIREBER . AT WHXHHERREF AT REELBEHLE, B
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BHEAEE, SBERRN—BoRRTAEEAZEEX P E, IREBSRK
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BTEHABE, XA AN R R RURREE TS HERN
HFHIBETT, BT 8B O TR E. iRy T SRR —RE
ERRITFHRUBIOERIER, EETEASRRSGT, BIHHSEHRALR
RGR, METHEASROERS, Bt iR, SnasRRteymns
FEHANRIGE, NWETEASKRGKRNE, BT HCBSRERTRUAER,
BRARRE T4, RGBSR MR 23, FIEFEERHENL.

FE LA P RATEAN HRATX 23 BRI AT {538 4544 InGaAs/InP
EXTFEHEHETHERHALE. EHETRINTENSHESHSHEIR
1 firzs

R1 ERELHSH

R E TEE B ZE fEE =
HAEE (/em?) 1015 5*1015 6*10'7 1015

EE (um) 2 0.05 0.04 1
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5.4.1 &t

NAEEF R ER K2 fEEL S| EREREN A, XSER— R,
Xt [ —Fh B AR F ST Y RS R AR, FrCERTHSMER, AT ZERERE MY
WK AR R REE TR BT SR . IRIEIERR e, KRR
URHARERA

R=(22y

(5.1
n, +m

b o, NESHITHRE, n, AREREEMERTTHE, IREHERER
HRIEAST, X B n, REBCEM RIS %, BRI TR KRR UER
T AR TN T B BRI

FFHANERENBEA TR,

T=1-R (5.13)

5.4.2 B

ST HIR BT WO BB R R e T B TR B T 9, IREREE
FlEERE, BEEXAMSEEBET, S TFHREERTHIRNEER, NS
AN E TR RS R EE, B TFREATXMRE T A sk, HitxT—
PR BRI F BN R B R T AR R, WK S, BIFAE TR
BRI A A, XANBEKFRIIRBCRABEAR PR, T BRARBAR IR 5 R
A LLA 5. 14 RFER,

Annx (um) =1.24/ E _(ev) (5.14)

Hr Bg MR EBMGE/ ST RE T, WK
(Ines:CanwAs) ABKE, WA 0. Tdev, FAMNMKEHKIREAE 1. 675um, FHK
KFXMEBERABHREAT T .
ST REEARTHERNLT, HEMBARRET A MRIRECRE
R TRk R E SCR ALK E NIRRT S RS T RG] . BEIRIE
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REUUE, RTFHANBIRKE, ERBES SBREEBRTTURET, 7
PLEL TR FHETHE |

P, (x) =(1-R)(1—exp(—ax)) (5.15)

HE P, ) RFAWRRKKER x, 2FEPME x IMEEABRE, R
NREBEE. o IRIRRE. P, () BEELETHENBPMERBER. TH
BRAOTE A EEHRTHEETFHEANE IngsCansAs TIEECUGH R K.
Ino s:Gao wAs 7E 1550nm KRR R BN 0. 68%10"/cm (Humpherys et al. 1985),
BrxMETA B LT R TF AR RATAT LB EDEFE InosGao wAs PRI A .
Wk 5. 2 fios '

1.0

| In,..Ga, .As absorption probability
A
0.8 e
e
A&
&

2 A
= &
@ 0.6 %%
8 &
< A
a P
15 P
= 044 -
a &
g &
o ‘&
< #

0.2 i

F
A
00 ! j T v T T T
0 1 2 3 A

X(um)

B 5.3 1550 49K K96 TF7E In0. 53Ga0. 47As W IR AR

M _EER DAE B SR BN 1. Sum £78 64%FI 6 I, I E N 2un
W2 7AW A 2. Sum B 8%, K E R 3um B 87%HIGEHKE
U, M EERATBAT ERIREKERK, TR rmEwpag, A
TESERRIE B B FREARTT MR K, TRIBE R K< S B4 B T8 W L
B, FENCTFHRMER TREI NN MR, 5RkEEREE,
RS, X EMIIRE SR A — AR R B
KR BN 2un, M 5. 3 BRATAT LAE HIX AN BE IIRUE 7T LA 74%H)
1550nm B HF -
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5.4.3 BEHNH

MBBBATA NN, SEHETAERERAN SRR, WEHEN
[ RER, AR T HERRSN R, MR E BT R R
&, BRI, BT REFES, MARERS TR EHE, ik
RESHERIIER. ATEZHENSFEREREMERR, RERER
BRATEXN T 8 WIS REB AT . FTEHRIIEER AR 1 FIRE
BERNRBRZIA.

= B N I B3 40 AT AT LLUEIT ## Possion HTEMRE,
Vip=L (5.16)
&

FRENE BT EREEPAS HXKERESES, RIOIXER D B
possion &, ¥ LHEKRFEREZHEI,

v.E=L£ (5.17)
&y

BOVBRRE RN EE AN, SEERNERENL, BHENEENL, ¥

Bl

MERENL , RERKN SN E,, , SEERKNEENE,  , R
AN E,, RHERANERNE,, ,, FIRHEERBUR i ke
W p,, SEEMEAKEER o, BERIREN o, HHEIRER p,, B

EMEEHEHRNRIARERNY , SHEASWAERENY,, WHSEHE
THEER, BESHTEERNTUAEE THS5. 18-5. 20 KK R,

pg'lg

Eoe  Emaxa = 5 (5.18a)
g
-l

E, -E,, =" (5.19b)
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-1
limxm-—limm#:=531—ll - (5.19¢)
gm
(E..  +E _(&°_la)).l
max.a max.a & a (Emaxg +E'ma“) .lg
a + 3 3
2 2 (5. 20)
E, +E -1 E _+E -l
+( max,g 2max,c) c+( max,c 2max,m) m:V'i‘I/bi

mﬁhﬁm%ﬁﬁﬁMWuﬁ$E$ﬁﬁET§%%W%%m%%ﬁﬁe‘
B 5 4 RR1NNEHENBGIHAER, XM REHAERRNEERES
BEEZ BV,

EfV fan) R
400000 F e et ot b
i Ly R LA R
300000 | o
200000 |
: Wi
100000 F

PI N M Kook 2d F PR | PR | p@;m(ﬁn}
000005 500010 000015 000020 0.00023 0.00030

B 5.4 SHENRRGSAER
ME 5. 4 BATAT U RILES EASERRE, SR, BEHEMEENES
H, BATATLLLEYERR— RN RS, R ERERLET — xR S
ik, BRI B BERXA G ELRBUR R TR EFERAT, R Ar DUE
S R IR 6 R TS BT I 18] SR Bh 38 KA 1) Ao

5.4.4 HERY

BB R B PR AR A I B A BE BS DA B AR I B S O I3
H, ERMEMEEBEAKSE, £4RRGEBRNARERERBMEIES
BN SR E, SHFEREFRETHR, 1972 4F Okuto ¥, Crowell C REE

81



5 BABEERCEEC TR SRE R

MBS R S IE R A % FE (Okuto and Crowell 1972, Okuto and Crowell 1974),
RIAZTE S B8 2% pB i T 2 AR AR LU BIIRIG R B Re B XM IR AR, B
R TS HEW RS X AN A, JEREEE SR AR, FEX RN
2 B AR SRR K, HE SR T T BT R LA SR, B A SR X AL HIAH
FEEESHERW B R B SR, ERERR, BEEX TR AR MK ELR S
th FERWERER. ERERIMACHBUABEEESHE S, EEEBLT
48 AN T 30X SRR & LK, F5 )R TR7E i SR B L AR AL R S o
&, BHERNMKHEITHEREPRITERFREZNRESE HER,

B LB R TR ENFE R (Donnelly 2006)

a(F,T)= F exp(— B e ) (5.21)
TR, T (FAY IGE, )+ FA +kT ‘
H & E, ,=1.60ev , A, =4.73*%107 cm* tanh(E ,, , / 2kT) ’

E, =E, jtanh(E,, ,/2kT), E, ,=46mev, F AMZKEE, THEE. KL

pr—e

AR TFHEART 5.21 F1, BREGMEFEZREMCER, WE 5.5 Fix.

ac c<m

10°F
1000 |
0k
o1}

0001 +

""" e e L L1 Fetranicfield Veom
200000 300000 400000 500000 600000 700000 800000

B 5.5 BHLEEE TR EERBEAZHZLER

N

RS R B H THRFESR (Donnelly 2006)
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F Eth_h
exp(—

AED= E, 4 (FA4,) | BE, )+ FA,+kT

) (5.22)

HAPE,  =145ev, A, =5.38*%10"cm*tanh(E , ,/2kT)
th_h pO_h

E, ,=E, ,tanh(E,, ,/2kT), E,, ,=36mev, ¥ IR TFHAZ 5. 22 FHAT LA
BE T REERBEMEG KRR, WHE 5.6 fir.

cm

104+

100 ¢

001 F

"""""""""""""""""" Hetranicfield V cm
200000 300000 400000 500000 GO0000 700000 800000

B 5.6 BRI B B R B R AR R L

JAE 5.5, & 5.6 BATHUE BERFEE/NTF 5%10° (V/ew) FERT, &
I ERABE R R THFREEZHH, BWIELF N REEIRE KBS
LS B SR FGENE, SRR AR .

5.4.5 EfE

T B EE N, BEME T RTE S R B B S A E R R . A
W_ESRE , 24 F 6 B BT K R A B SRR K, T A I RO R,
TEFRERIETR T Ao R IRk R, 2B ERE — MR RELE, X8
FAEF RS RRARFLTRT, XA RERUSHRE. TEESHE
Ez FHRESERR, TEESHEEZ TRAZEERESN. NaTmr=RT 5.6
WUEH, BEESHMRALTR, STERE, FUBHTERRR:

fﬂ eXP(—I(ﬂ—a)dx')dxﬂ (5.23)

AR FHEERREHN, BERT oM pAHIMEER, o, FEEY
FEEREE, BHR 6. 21 AIXTF 5. 22 ¥R, TEREHRE, o, SHBERX
RUBHET, XERITRATUSREHEET . Ba, SRENHEANGL.23 U
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FERAITLEEEHEESMEAMTHTHAEE, THERINA 5.23 R TR
I FHEHEERAEETHSHRE, SRWE 5 7R

58
/‘/.
'/

57 //
% ] n
£ 56 _/
g ] s
g s5 -~
37 A
e
S 54 ys
@ %

/ :
53 .//
— T T 1 T T T T T T
235 240 245 250 255 260 265 270 275 280
T(K)

B 5.7 T REMEERRR

ME 5.7 B HEERENTESE B BERSINK, XEEAEEREN
FHE RTINS B R EINREEL, EE R TFEAN T RENETRE
FLME, IEEFANBE. BI/MEBERNES HAEBEENZLRR
W Pekte, M 1k, KASTHBERLHEMO0. 14V,

5.4.6 ERHE

BRI R RGNS T B AT B R BB 7= A B R
Bt Bl R AR RE ML TR E ST BB E. X T 5 aRERE,
FMAREEUTIANBERA:

1, GBI B REWRERE, RIOVFERNSFHCBERN IR
PAR/NIS T, XA HLREETTR T EL IR,

2, R, RIERAHSHHE ZRETERRIE TR L FEA
18 RBCBEE RN K ok RIR K, AR B KRR Z HIR K, S Z R Ik,
FFHIBBEERTRIEMEIR R, RFRBEKRBERUGEA . < THFHE
RERRE, EREERRIEEEE 5. 2 W EL bR FFARIFUE, XEBMAE
BEET.

3, FeF B JE 724 B B T 2 T BEHE N R OB tARON AR,
MBI RIS RA 1, RS E—MRBKRE, FAM T RSN ER S
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Hok, XRERUGIRE, (HEESHEPAETRRIAEFAENTRBBDR
M ERBE, MEIZ—ENFKUEEKBK, HIKERE, XEFHS
B 2R N T/ NRI R R TF BRI B RE , A HE A
ERETNERE, RFESIRRBR—ISIT, BRI R IIRM AR T .

4, FBAEBRTFHEAREHELERBMAK S HOEE. BRAEH
A, T RIS X AR, MRNBETERIEERE SHtRE
MTAERE, SHENRG, TEEESHERRNNXR. EHEMMLEBHLHET
FAERKEERBETFREBREFER, BFEFLEMEEH, THE
TN BEARERITE.

E RSN AFE THKGE (0ldhan 1972)

LD _ (1- ), (IR () + B~ RO ) (5. 242)
B (1= RIa DR + B~ RO (5. 24b)

HFP(x), B(x), BE)FIARE-NE x AFEKETMERESME

RENRELERBIREHROEE. o,(x), o) FHREN, BTEZEEA

BB &S, B 5. 22 A 5. 21 RER.
EABRA1E 1 RS HEEH, FHS AR SRR EELE:

P0)=0 (5. 25a)

P(W)=0 (5. 25b)

¥ 5.21 A 5. 22 RN 5. 24 R, FEt 5. 25 RIGLFEM, RATTLUE
B E BRI T, B 5.8 &% 1 FHSHETHLE 275k, FTIMR
BV B, MFRIZRNEHEEESHENNSM, BIMEX BRI AR
EENRGETFHEOME, ©5.8 REHTHRE, BHENZNENSHER
SARED. |
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Excess voltage=7V
Temperature=275K

lllllllllllllllllll x(m]
0.00022 0.00024 000025 0.00028 0.00030

B 5.8 B BN S HBEAEZ RN AER

_E & Ph #l Pe 4 BIRR AN TS A — B~ E UG RAST KT H
MR, RIAEBED SRR R R TRETFBEBE R, FrRERS.8
*%%%kﬁ%ﬁ?%m%kﬁ,L@%ﬁmﬂﬁazuumﬁﬁ%%%%
FMZR, (RS RPRIMERNSHERNSRIE S 3 fix, RAEEES
75 B S A bR T A, A LERNERRIMIAAH T EEXOEHR
RAKEW, NERRIITUEREREORET, TIUEANTIREHOBRR
HEATHTIREROER, FRAESHERI

BB RS — X B T R A X AT R ER AR TIK
E AR OB TER TSR T

B(®=E®)+B®-E®EX (5. 26)

HRIE 5. 26 RBATHE THEEE 275k, FIMRE VR, BHENETEN
SREE LB REMKER, WA 5.9 Fin. B 5.9 WAKRIR ROVEEREIT
PERALE . WEFTTLEH, EEMEFGIIGEEITIGXBEEN, —XE
FRAXEEHES HOBRERER, MEGYXEROHTT, SHERRD,
X R B B AR B0 2= L S R L T R B R B BRI
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Avalanche Probability
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5.4.7 B

TARfE SRR R SRS 5B D AR R SRR O 2151
Kt FERTHREBESIEEEENNA, HRFA R
%, ENATERTHZHAE, AENETHELSENETEHTI ARG
FRIDE, SHEFEHASRESIRD. FWRNEHHERIEREE, £
E—T P RATE S SR B LA, EEERE, AAERNRETHE, B
TR, REMBIMRR T IE RIS, I BRATREXT L AHLRIET
e

E field

B 5. 11 RAVEW R THEN TR S A EEE

FERATBATRI S Ares, ATHT A MR R E S BRIz, I
B, ARSI SAGCM AL, THERAIHEE EXE A TR

FEDAE BT R S, & BT EEREE =1

1, B MR, B TR TSIk A &
O, FBETEFEFEHORIRSN, BERETHEL

2, HERFERNEITY, AFHEPHFERBRNES, ERMNTRTE
SHBETRHNALTHRE, TAEBTHERINME, LHFLRERK, BT
TURA S KB AH 2, ERIIKXMER, BEZER T BT AT HEE
BEHRAFSFEE, XMUNEHRGBEERBRRAR.

3, BREGEBIRF R, RGBT NEASEREM TR TR
F RS RERES L, A LA TERF AT E, KRB B TR,
AR S R RBRHIRR
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B 5. 12 BTSRRI R ER T, AN EER T MR ¥

1, bR KT

MR R RAIES), BEEASERKE, SBE, BaENE
BRI, AR ERR R AT — A BRRIE, ReB R IR
BTN, XEERTRFENE K. FEREETRETTREER
HASERRE TS, B TEHRATER

d,

o n.. .-d, -A
Nabs — J' B,(x) intric,abs abs dx (5 27)
0

abs

Hof dy, WRBUERSE, B (x) RIEE x AFERZERRBHERE BT
B, My s RRRERATFRETIRE, 7, RREERRTF®, 48
EHERNER.

2, EFTRTHRAE
da,,s+dc,mge A

niuricca.re'dca.re.
Npuge = | ()-8 —28—di (5.28)
dans

charge

T

charge

i g BEENEE, Pt charge & B ERTRATIRE,
7'-charge ?Eé %ﬁ}%ﬁ%?%fn’
3, AR R

EREFHBRNREER— R, BABHENEDERRE, HERF
G SR B B PR TR AR TF IR o SXREA 38 o SRR LA AR S T
THER T
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(1), RERBTHE

das +dc,,,,ge+dm
n.. -d A
_ int ric,mul mul
Ny= [ P dx (5.29)
dyps B parge T ol

d  REBENEE, n,..CEEERERRTRE, -, 8RR
FH A, P,(x) BRETERE x AL URREMRS B H5E.

(2), HERF
BHEBF AR R LY THEXREARRA (Donnelly 2006,
4 ) _B’Eg3/2
Jtunnel,dir,mul =4 E(x) exp( E(x) ) (5 30)

H F 4=4'Cm /(q-Eg)*/(@4r’h?) B=ﬂ(m, /2)Y*/(2¢gh)
m, =2mm, | (m,+m,), ¢ RERTHEE, E AMERHRIEE, m Mm, 55
NEHMBEETNFRIERER.

(3), BRIEHBIIFE S IR
BRpEEB R F R LU TH K FR2 (Donnelly 2006)

_ 3/2 3/2
A'E(X)ZNT CXp( (BIEBI +BZEBZ ))

E(x)
Jtunneling,trap,mul = 3/2 372 ( 5. 31 )
N, exp(" By 1y, exp ")y
E(x) E(x)

Hh B, RNWBBSRERNRTFR 2, E, REERABIFHNIRTSZ,
N FIN, S HERSEHESEE, N, ZrBERNRER I, 4 SEERT
A FIER—FRE, E(x) NR3%REME, B, B,7H

Bl =r(my,/2)"*/2gh (5.32a)

B2=n(m,/2)"*/2gh (5.32b)
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MRIER 5. 28 Fl 5. 29 RATAT DLF HiFE 5 B RAAT KL A 5 K BR SE A R
BN BB, KRB E R, 5
ST IR R E R R BN, BRI, BRGEA.

LT ERATE B T B o A BRI S BB F R RS B, B U A4S A
X B HR TR E S RN EBR T e B T AR RN

J,

tunnel ,mul ~—

J

tunnel ,dir ,mul

+ Jtunnel,trap,mul (5.33)

5 KB 5 B AT R AR TR BLR AR A

dabs +dy, age +dmul

N,

tunnel,mul —

J
P, (x)- A Lt @) g (5.34)
q

dab.r +dch arge

B, (x) RETFZFNTE x SreE VGRS MATHKSR, TBEES
BRI AT T ARG
BREEEMEIELE, RUUSRERENETET,

DCR = Nabs +Ncharge +Ngrad +Ntunnel,mul (5.35)

5.4.8 [Ehk

ERk P R B AN — AN B ERIR, RIEARTINE B IR ER TS
@Q,“%ﬁﬁ?%ﬁ%ﬁﬁ%ﬁ%@ﬁyﬁ%ﬁﬁ?ﬁﬁﬁuﬁﬁ%%ﬁ%ﬁ
SR, ET—AIRT LG, TRESSIREETTE. E—MTHAREETHERT
LA TFTHEBIRTFEMR Kang et al. 2003),

N (=3 4 exp(2)

(5.36)

Hep ARRE i MEHEFRRNBR TR, o SRR FRERT
e . M ETRRTAUES, AT HERKHERORE TSR, TERAR
GERIBERT (], ST REAE R BRI T T — MR BTRER, BT AR
I D R AR, SRR BRI TR T8, R BRATE 2R/ 4 IR/ E B
AR R £ 38 X AR TR BB T AR N Bl SR RS T, IEITESR =
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Fh 7 T PR B A AR A A B 2 T HR I 28 LA 4R 1, 7T DASEE oL P BE R IRV
INE BRI, /NS AR PR B TR E . WIS &R/ E K. X5
BRMXAN AR, BRI MNE TR RIEE LEMRR, ERRESFREN
FHIZR B, WA R, BRI HETE, ZIRTIA T ERME
XA ) B B AR R TR AR IR 18]

5.5 ATFRFEBHSERD InGaAs/InP BEEE R

RE LREFAFOESFEE, £EFBTFEPSRRAGHOE, BITFFKR
T—ERUHZHENTE, BEXMREFERATT USRI ETEAI R
GRBENRTEHE . RBNMTERN TE XX EEHEENEZ, FIX
BATR X R L EREIXE.
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InGaAs/InP single-photon avalanche diodes (SPADs) are widely used in practical applications requiring
near-infrared photon counting such as quantum key distribution (QKD). Photon detection efficiency and dark
count rate are the intrinsic parameters of InGaAs/InP SPADs, due to the fact that their performances cannor be
improved using different quenching electronics given the same operation conditions. After modeling these param-
eters and developing a simulation platform for InGaAs/InP SPADs, we investigate the semiconductor structure
design and optimization. The parameters of photon detection efficiency and dark count rate highly depend on the
variables of absorptien layer thickness, multiplication layer thickness, excess bias voltage, and temperature.
By evaluating the decoy-state QKD performance, the variables for SPAD design and operation can be globally
optimized. Such optimization from the perspective of specific applications can provide an effective approach to

design high-performance InGaAs/InP SPADs.

® 2016 Optical Suciety of America

OCIS codes: (040.1345) Avalanche photodiodes (APDs); {040.5578) Quantum detectors; (27D.5568) Quantum cryptography.

hp . dol.org/10.1384/A0.55 007497

1. INTRODUCTION

Single-photon detection [1,2} in the near-infrared range is a key
technique for many areas such as quantum key distrbudon
{QKDj and Lidar. For practical applications, using II}-V com-
pound semiconducror devices, ¢.g., InGaAs/InP single-photon
avalanche diodes (SPADs), is a currently mainstreaming solu-
tion due 1o the advantages of low cost and small size {3,4]. The
key parts of an InGaAs/InP single-photon derecror include 2
SPAD device {5 and quenching electronics {61 In the carly
stage, commercial avalanche phoradiades for fiber-optic com-
munication were often exploited to be operated in Geiger mode
[7-91. However, since such devices were initially designed
for linear mode operations, their performance for Geiger mode
operations was poor. Therefore, designing oprimized devices
dedicated to near-infrared single-photon detection is crucial,
and so far various groups have been working in chis direceion
{5,10-141

For inGaAs/InP SPADs, there are diverse parameters to
characterize its performance including photon derection effi-
ciency (PDE}. dark count rate {DCR}, afterpulse probability,

1559-128X/16/277487-08 Jousral © 2018 Opticai Soclety of America
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timing jirter, and maximum count rate {4}, Normally, InGaAs/
InP SPAD:s are designed for general purposes, and thus all the
SPAD parameters have 1o be compromised during the design
process. With the considerations from the perspective of
applicarions, one may focus on the key paramerers to further
optimize the design of SPADs, which helps o fabricate apph-
cation-specific devices and brings performance improvements
for applications.

For instance, among the above paramerers of InGaAs/inP
SPADs, using the rechnique of high-frequency gating [15-20},
afterpulse probabiliey can be significantly suppressed and thus
maximum count rate can be greatly increased, which is well
suited for QKD applications {4]. Therefore, the most concern-
ing and inuinsic parameters when designing InGaAs/InP
SPADs for QKD are PDE and DCR, which are independent
from quenching electronics [41. This means that the perfor-
mance of PDE and DCR cannort be improved using different
quenching electronics under the same operadon conditions.

In this paper, after modeling PDE and DCR for InGaAs/InP
SPADs, we develap a simulator for SPAD design and focus on
the device structure optimization o obrain bereer performance
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for QKD applicarions. This application-driven optimization
provides 2 new approach for SPAD suucture design, and the

stmulation result could be an imporrant reference for the SPAD
fabrication in practice.

2. DEVICE STRUCTURE AND MODELING

The typical heterojuncrion of InGaAs/InD SPADs are based
on separate absorprion, grading, charge, and muldplicacion
{SAGCM] strucrure 13, as shown as Fig, 1. With reverse bias,
such structure can guarantee high electric field in the muldpli-
cation layer to enhance the avalanche probability while a rel-
atively low electric field exdsts in the absorprion layer o reduce
dark current due to runneling effects {3]. Meamwhile, the grad-
ing layer is inserted berween the absorption and muldplication
lavers 1o avoid the accumulation of wapped carriers dixing the
avalanche process so that the afterpulsing effecr can be reduced,
and the charge layer berween the absorption and 'mz!uplxcatzon
layers is to tailor the internal electric feld profile [31.

Given an InGaAs/InP SPAD operated in (xeigtr mode, the
reverse bias is ahove the breakdown voltage. In the abserpdon
layer, an incoming phoron may generate an electron-hole pair.
Due to the electric fleld, the hole passes across the InGaAsP
grading layer and the InP charge laver, and is finally drifeed
to the multiplication layer, in which a self-sustaining avalanche
may be creared. The avalanche is then sensed by a discriminaror
and quenched with a readout circuir by lowering the bias below
the brezkdown voltage.

The parameter of PDE [21] is defined as the probability of
producing a correct output signal in response to an incident
photon. Therefore, PDE of InGaAs/InP SPADs can be ex-
pressed by [4]

PDE = P:P;‘bspi:ajpa‘«v (1)

where P, is the coupling efficlency. Py, is the ahsorption
cfficiency in the absorpdon layer, P is the efficiency of
photo-generazed carriers hjected from the absorption layer
to the multiplication layer, and P, is the avalanche efficiency

in the multdplicaton layer. For normal pigrailed SPAD devices,
P, is a fixed value. Meanwhile, for SAGCM SPADs after an

£ap layer

chame layer

4 - P

Fig. 1.

Seructuse of [nGaAs/inP SPAD.

Research Article

electron-hole pair is generared, the effects of borh the recombi-
nation in the absorption layer and the accumulation in the
grading layer are negligible. In the simuladon, P, and 7,
are suppc;ed to be 1 for simpliciey. Py, can be calcu ated by

@
where & is the absorption coefficient of Ing 53Gag 47As and Ly,
is the absorption layer thickness.

P,., is defined as the probabilicy of creating a self-sustaining
avalanche due to 2 hole entering the muliplication layer, which
highly depends on the electronic fleld or excess bias and tem-
perature. In the model, the jonization coefficients of el ectron
and hole are wzken from the reference by Zappa er 2f 22},
which have been used to fir experimental results previously
112]. The elecuric field and temperature dependence of Py,
are then calculated using the model praposed by Oldham er 2/
723}, in which the dead space effect {24} has nor been consid-
ered. As discussed in Refs, [25.26}, for SPADs with thick muld-
plicarion layers the dead space effect on carrier multiplication is
negligible. Since the muldplication layer thickness of designed
SPAD is normally larger than 1 pm, using the model of
Oldham er af 23] w0 c.,lculate P is appropriate.

For the parameter DCR [27], three generation mechanisms
are considered {12}, Le., the thermal generation in the absorp-
tion layer, direct band-to-band tunneling, and trap assisted
wnneling (TAT) in the maltiplication layer. The thermal
generation induced DCR is primarily due to the Shockley—
Read~Hall process and can be calculared as

DCR,;,

Po=1- g'&'“—m,

=— @
Tahs

where #, is the inurinsic carrier concentration, and 7, is effec-

tive lifetime of free carriess in the Ing 53Gag g-aAs laver. In che

simularions, 7, is assumed ro be 30 ps.

The direct band-to-band wnreling induced dark current
densiry that can be calculared as 112}

3724

{-BE; ) @
\ Fix)
where £, is the bandgap of the mukiplicatian layer, A=
45(27”,/(455,)}“2,’(455&:), B = gim,j2)}/* “/(2gh)  and
F(x} is the elecrric field. g is the electric charge and # is the
reduced Planck constant. m, = (mm)f{m, + m13), where
wm, and #my, are the effective masses of elecrrons and lighe holes,
respectively,

During the process of TAT, a carrier Is runneled from the
valence band ro midgap berween the conduction band and the
valence band due to a defect, and the trapped carder is then
tunneled to the conduction hand. TAT depends on the elecuic
field, temperature, defect density, and the activation energy of
the trapped state. The current density contribution of TAT can
be calculated as {12}

J o i = AF(x)? exp

Jr;ua_mp tx} =

where ¥, and N, are the densisies of stares in the valence and
conductian bands, ¥ Vg is the defect density in the muldplica-
tion layer, B i—."!’mu,"Zf’ /Q2gh) By = .fr(m__./Z):*”z/(qut}z



5 2 PHMUEERC RO TF BB SR E R

" Research Article

Vol, 55, No. 27 / September 20 2016 / Applied Optics 7498

and E; and Fj, represent the energy barriers tunneling from
the valence band to trap and tunneling from trap to che con-
duction band, respectively. £ = afg and Epy = (1-4)
Eg, in which 4 is a ficing paramerer {121, In the model, #
and Ny are assumed to be fived 25 0.75 and 4 x 104 em-3,
respectively, for simplicity of simulations.

" In the above model, the electric field distribution Fix} isa
crucial parameter, which can he calculated using Gauss's law
given a reverse bias value. The SPAD parameters of breakdown
volrage, P,,, and DCR highly depend on Fix}. Our simulation
maodel is one-dimensional, and premature edge-breakdown of-
fecr ar the curved inerface of the diffusion region has not been
considered because this effect can be well avoided by the double
diffusion process or the float guard ring process 128]. Since our
model is the same as that in Ref, {12, in which simulation
results and experimental data agree with each other very well,
we compare our simulaion resules of avalanche probabilicy
discribution with those in Ref. {12] given the same paramerers.
The exact same resuls in two cases can well validate our
simulation model.

3. SIMULATION RESULTS AND DISCUSSION

In this seccion, we study the tradeoff between DCR and PDE
ander different conditions using the simulator, and then evalu-
ate the perfornance in QKD applications. DCR and PDE are
highly related to nwo strucnural variables, L., absorpton layer
thickness {£,,} and muldplication layer thickness (£, and
two operation variables as well, i.e., excess bias volrage (V)
and temperature (7).

First, the variables of £,y and 7 are fixed, while the var-
iahles of L, and ¥, vary, and the results are shown in Fig. 2.
Linearly increasing ¥, corresponds o 2 roughly linear increase
of PDE and exponential increase of normalized DCR, so that
DCR is an exponential funcrion of PDE. When V. is low, the
slope of the exponential increase is moderate bur becomes no-
tably steep in the region of high V.. asshown in Fig. 2. L, is
chosen from 0.5 w0 2.3 pm with 2 step of 0.5 jim, and the
maximum achievable PDE increases with an increase of Ly,

41

10

10"+

DCR (Hz/em?)

107 L4
0.0

08
PDE

Fig. 22 DCR versus PDE with the absorption layer thicknesses

sanging from 0.5 to 2.3 pim. The tempsratre is 240 K, and the mulsi-

plicacion layer thickness is 1.3 pm.

95

Second, we stmulare the characeeristic of temperature
dependence. Figure 3 shows DCR as a function of temperature
in the cases of different absorption layer thicknesses, given fixed
Lgof 1.5 umand V,, of 5 V. With a decrease of temperature,
DCR decreases exponentially, and from Fig. 3 one can observe
a2 DCR reduction with four to five orders of magnitude when
the temperarure is decreased down from 300 to 180 K. Such
reduction is primarily due to the contribution of thermal gen-
eration, since thermal generation depends on #; from Eq. (3}
ard further #; decreases drastically with 2 decrease of emper-
arure | Moreover, one may find an interesting phenomenon
in Fig. 3, i.e., at temperatures higher than approximarely 210 K
barger Ly, induces higher DCR, bur this wend is reversed at
temperatures below 210 K. This is probably due to the fact
that thermal generarion and TAT deminare DCR ar high
and low remperatures, respectively [3]. Under the conditiens
as shown in Fig. 3, 210 K may be the remperature rusning
point between the rwo DCR generation mechanisms.

Third, to verify the contribution difference berween the Two
DCR mechanisms, DCRs as a function of ¥, at ovo typical

L 7T ] AR IR
10% L =15 pm 4

E Vv, =5Y
= 10‘.‘. k- -.:
\\E E 3
8 4w ]
3 10°¢ 05um 3
% 109; 1.0um ]
Q 15um 3
10 - 2.0pm _
3 2.5 ym ]

t H i 1 N i . ¥ L i 2 | 1. ]
180 200 220 240 260 280 300

TK)
Fig. 8. DCRasafunction of temperature with che absospdon layer
thicknesses ranging from .3 10 2.5 um Vo is 5V, and the muldph-
cation layer thickness s 1.3 pym.

14 N H N H ¥ { N ) T T N
107 F =240 K E
E Total ;
o [ = = TRRMAl e T
S0 L,
£ 3
3
= 40
«
[3]
Q
10°
107

12
v, (V)

Fig. 4. DCR isofid line} as a function of excess bias including the
contribusions of thermal generation (dashed line} and TAT {dotead
fine} at 240 X {red) and 180 K e}, The thicknesses of the shsorp-
tion and multiplication layers are 1.8 and 1.3 ym, respectively.
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temperatuses, 1.¢,, 240 K in dhe high remperature region and
180 Kin the low remperarure region, are compared as shown in
Fig. 4. Clearly, a¢ 240 X thermal generation deminates DCR,
and the increase slope of DCR is flat pardicularly in the region
of large V... Similarly, at 180 K, TAT dominates DCR, and the
increased stope of DCR becomes much sweeper than that
at 240 K.

Finally, che variables of Ly, and 7T are fixed while the var-
iables of Iy and V', vary. Figure 5 exhibits DCR asa function
of PDE with L,; ranging from 0.8 to 2.4 pm. Given 3 PDE
value, larger L,» resules in lower DCR performance. However,
larger L also induces worse diming jitcer and higher afterpulse
probability {3}.

Therefore, to obtain good DCR and PDE performances the
four variables have to be optimized. We propose an approach
by evaluating the QKD performance to optimize SPAD param-
eters. In fber-based QKD applications, the most important
parameters are fiber distance and secure bit rate. Through
QKD performance evaluation, one may globally optimize the
strucoure and operation variables for SPADs. In the QKD sim-
ularions, decoy-stare BB84 pretocel [30-33] using polarization
encading is used. The parameters and the corresponding values
are listed in Table 1, some of which are wken from the refer-
ence {34} Since the afierpulse probabilicy €P2P~> of SPAD is

10 . . ;
g L= 1.8 um
L T=240K j
< i
£ 100k Y
% N s 42 UM ]
Q I e 1.6 um
I — Xy
. — 2.4 ym
§03 H : ] N i
0.0 0.2 0.4 0.6

PDE
Fig. 5. DCR versus PDE with the multiplication layer thicknesses
sanging from 0.8 to 2.4 pm. The temperature is 240 K, and the
zbsorption layer thickness is 1.8 ym.

Table 1. Parameters Used in the QKD Simulation

Parameter Value
Mean photon number of signal sates {1} 0.6
Mean photon number of decoy stres &} 0.2
Probahility ratio of the three intensities G:1:1
Repetition frequency {f} 1 GHz
Error correction factor {F) 1.2
Optical fiber atrenuation (ot} 0.2 dBkm
Insertion loss In receives {7} 3dB
Error rate due to oprical imperfections {¢,} 3.01

Afterpulse probability of SPAD (P}

0.01 {V,, <4V,
003 (V. > 41

Research Article

highly relared wich the quenching electronics 14}, for simplicity
it is assumed thar the values of Py, are fixed at 0.01 and 0.03
in the regions of low and high V.., respectively. For the SPADs
used in the QKD simulations, the diameter of the acrive area
is set as 25 pum, and the paramerers Ly, and £, are fixed at
1.8 ym and L6 pm, respectively.

Given a fixed V ,, the simulation results at different temper-
atures are shown in Fig. 6. In the region of shorr distances,
the secure key rares are significantly high, and the key raee
differences in three cases are small. Moreover, as temperatures
decrease the maximum distances significantly increase. In the
region of long distances, due to the low phoron flux, the DCR
may dominate the quantum bit error rate so thar DCR has o
be greadly reduced to increase the secure key rare and disrence.
This also indicares thac cooling down the SPAD temperature
can be an effective method to further boost the maximum
QKD distance, which has been experimentally demonstrated
to achieve 2 record QKD distance of 307 km using an ulualow
noise InGaAs/InP SPAD (351

e £80 K

10 ce 200K ]
- N - 260K
£ r p
B L i.?f‘] Bum n
2 F L F18um E
o 10k 5
5 E E
3 E
o [
@ E =

103 L L : . N i H A ]

50 100 150 200 250
Fiber distance {km)

Fig. 6. Secure key mte as 2 funcdon of fber distance at 180 K {zed
solid line}, 220 K {green dorred ling) and 260 K thiue dashed linel.
The thicknesses of the absorption and multipiication layers are 1.8 and
L6 m, respectively.

H T T ' 1 1

;

7 3
=3

= E

2 3

£ E

> 3
[

x -3

[ 3

3 . 3

8 . 7

@ . E

3 : E

1 00 H i 1 2 i : N i

50 100 150 200

Fiber distance {km)

Fig. 7. Securs key rate as 2 function of fiber distance with the excess
bias volages of 2V {red solid line} and 6 V {blue dotred line} 2 220 K.
The thicknesses of the absorption and multiplication lavers are 1.8 and
1.6 pm, respectively.
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Similarly, Fig. 7 shows the simulations with different Vi ar
the same temperature. Larger ¥, corresponding to higher
PDE, DCR and P, has a higher secure key rate and shorter
maximum distance. Combining the results in Figs. 6and 7, one
can conclude that V., and temperature are the variables to
be considered o achieve the aims of high key ratc and long
distance, respectively. Given 2 fixed QKD distance, through
the optimization of V., and temperature the secure key rate
can be maximized. Further, the variables L., and L, can
be optimized using berrer QKD performance as a reference,
Le., higher key rate and longer distance, under the conditions
of the same V', and temperature.

4. CONCLUSIONS

In summary, we have modeled and developed an integrated
simulation platform for InGaAs/InP SPADs. We focus on
the inrrinsic parameters PDE and DCR, whose performance
dependence on Ly, L Ve 2nd remperature has been evalu-
ared. To globally optimize the four variables for SPAD design
and operations, the parameters PDE and DCR are applied
in the decoy-stare QKD simulations, and the QKD perfor-
mance is an imporeant reference wo derermine the values of
variahles. This approach could be effective for designing
high-performance [nGaAs/IaP SPADs in practice.
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