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ETHRERBHNETEGEFEANILA/ B TIHRINETFER, A0 L FEEH
SR, AR, BRSS9 5 (SAGCM) 45 i) InGaAs/InP %5 fif Y6 H — 4%
B (APD) HHT 7THUH 7T, BTSN T2, G4 4 InGaAs/InP APD #3
. FHORHIN BB RO AH O R AT T IR, BAREIT
1. % TCAD 8L 7 BT Z . 58S ZARIPERA0 45 14 Z 400 APD U200,
Hodr,  H far P2 B AT TR BRI N =A% 18 APD Hoh oF Bi R 2R MR 2R ik umi )y (2
{BEE 40V/1EYem™), M B F H KL B CBLE 4V/1E em™), W ERI§m
FEREIS T SAGCM APD i EANFE 2 2 [8) 11 .37 SR 2 e o5 27 B R AN
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.
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M, 25 AR AR, RIS R R R E BT AR B A R A I 2 0 2
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ABSTRACT

Based on the fast-growing demands for the near-nfrared (1550 nm) single photon
detection, this paper mainly concerned on the relevant research of the Separate
Absorption, Grading, Charge, Multiplication (SAGCM) InGaAs/InP avalanche
photodiodes (APDs). We fabricated the InGaAs/InP APDs after the device processes
optimization, and we analysis theoretically the measurement results of the APDs
through TCAD simulation. Details are as follows:

1. The effects of the structural parameters of the charge layer and multiplication layer
on the performance of the APDs are studied. The breakdown voltage(Vb) of the APDs
decreases linearly (40V/1E12 cm?) with the increasing of the charge density in the
charge layer, while the punch-through voltage(Vp) rises linearly and
slowly(4V/1E12cm™) at the same time. The charge layer influences the Vb and Vp by
adjusting the electric field distribution between the absorption layer and multiplication
layer. However, the Vb s decreases rapidly at first and then increases slowly with the
increasing of the thickness of the multiplication layer, which is caused by the
influence of the clectric field and the impact ionization in the multiplication layer.
These results are the basis for the device design.

2. The p-type InP doping with thermal Zn diffusion are studied by the means of SCM,
SIMS, ECV. The results shows that the concentration of holes is lower than the
concentration of Zn atoms, and a Zn accumulation layer is formed near the InP
surface, which will affect the p-type InP Ohmic electrode contact and increase the
contact resistance. A better Ohmic electrode contact even without annealing process is
obtained after removing the Zn accumulation layer. And for the 500 'C diffusion, 450
C, 1 min rapid thermal annealing will affect the diffusion depth.

3. We fabricated successfully the SAGCM InGaAs/InP APDs with single photon
detection capability. The breakdown voltage of the APDs is in the range of 30V and
50~60V at roon temperature, the corresponding dark current at 0.95Vb is in the range
of 0.5nA to 10nA. The Capacitive-Balanced Gate-Pulse method is used to test the
capability of single photon detection. When the gate pulse frequency is 1.5 MHz, the
dark counts rates is 3.6E-4/ns * pulse, while it is 3.5E- 4/ns * pulse when the pulse
frequency 1s 5 MHz for the detection efficiency 10% (corresponding gate pulse width:
4 ns).

4. The effects of carrier lifetime on the dark current of APDs are studied theoretically.
The results shows that the dark current of SAGCM InGaAs/InP APDs is dominated by
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the tunneling current in the multiplication layer and thermal generation-recombination
(GR) current in the absorption layer, and this thermal GR current only influences the
dark current after Vp. We extracted the minority carrier lifetime of the InGaAs
absorption layer and InP multiplication layer in our fabricated APDs to be 100ns and
20ps, respectively. This short carrier lifetime n InGaAs absorption layer causes the
thermal GR current in InGaAs layer to be the dominated one in the fabricated APDs,
which outcome is that the dark current rises greatly(almost 1 magnitude , 1e-10 to
le-9 A) at the punch-through voltage.

5. The effects of surface charge on the dark cument of the Separate, Absorption,
Grading, Charge, Multiplication (SAGCM) InGaAs/InP avalanche photodiodes
(APDs) are discussed using dnift-diffusion simulation. The surface charge is mainly
duo to the injected hot holes from the p+InP layer and the InP surface defects. The
dark current mcreases exponentially with the increasing of surface charge density, and
gets multiplied, thus influencing the performance of the APDs, especially in Geiger
mode. A surface charge leakage current mode is proposed to illustrate the effects of
surface charge, and the Flouting Guard Ring(FGR) structure can suppress effectively
the surface charge leakage current. Meanwhile, we have used this model to explain
theoretically the negative temperature characteristic in the dark current under low
voltage.

6. We proposed an APDs structure coupled with a novel metal-insulator-metal (MIM)
grating. The dark current of APDs can be reduced by decreasing the size of the APD
device under almost the same light quantum efficiency precondition since the light is
focused by the MIM grating. This method can achieve a ultimate size of
APD(diameter less than 5 microns). As a previous study, we simulated the light focus
properties of the MIM grating, the results shows that the convergence of the light can
be up to 7 times. In addition, we also have done some exploration for the MIM grating

fabrication processes.

Keywords: Single-photon detection, SAGCM InGaAs/InP APD, 7n diffusion doping,
Dark current, TCAD, Minority carmrier lifetime, Surface charge leakage current,

Metal-insulator-metal (MIM) grating, Tight focus
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H 1984 4 Bennett 5 AR HE—PE FREBE T RN, HTH
BB A A v JE BT AN S R S FE Y A 1) 22 A R
i, BEFREBER—EZIATZRNEE, #iE)Ek, &7
= ERIEHAREE THRIFNRED, RHREEEESEFHEYSR 0T LIS
TE TR RS, BT B NS AR T 100kM.

BFRHAEHETEF R, KERTEOTEGH T, BT, 2lEkT
%, ESEABESF RN, WFELFEFEEBETS, BEORRELTE.
S SER B TR . B FIX B R IIRS], 3 86T BT ENAS 7T M
S b AR T AT SR T 3 ) B TR SR A IR — i 2 R,

TR R SR S, [ SATF LU SR 0 22 4o Pk 16 B E B B 15 LARR IR, BR5C
H— R TR Y % X TAASEE, B RREENEREE. RER
PEAMEAN R R SR AR AR SR AR, T AR T E KT 100km FEE
B R RN ETS. R TERNFE, AMIERE T 4ASH0TE,
Pl EETFEFBEEMER. FTEEYEENE T A EMEETFRIE, x5
HRARE S, TBEHER 1550 nm., RRMERL. TIEFM. AbE RS %%
A 15 0 4 S B0 B 6 TR MBS R 2575 L A

1.2 BT IRRAE

BEERARNRRE, HETHHRE RS SR TR EARE, 8
HEAE (PMT). JFAIEHE ZRE (APD), BT AN SEE . HSF9IRE,
HREIES . Al sk s BRI EERAE BT IRIE S, RETNERE & H
fRs S AL, T iR BT e 18 B 4.
(1) EStH{%4% (PhotoMultiplier Tube, PMT)

PMT 2 B SCEL AT OGS T T3 E R . B7E 20 theg 30 48, ET8
AT IS IS B FE R R R, e M TR EE A 1.1 Fiw.

AT IR E] PMT PR L, PMT 0P AR AR 0 oR 200 A1 RS AR, Fo Wik
HF R REI BB AT, BFRRR LR, £REHR DE
HVEH T B MR BE S (D1-D5), EEFERMNEERT, BFRE2%0
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PMT BIE T2 —MRE 10%E 40% 7 [, £ EBEEAEEs BT
ZETERH]. Ak, PMT EREHICRIMATER (WP HFEREZEFTHRIESR),
ERETEETFEMEFGERSH. PMT HFXHEEGER R, B #EE A
FEZERET PMT BT H# 2F L+ He g1k FE. Bk, BT SEEEE
FHRHER I, #AFEEENRERE (HEFEERENRERES
200-400%), EPFMETFHEFSFHESEMW, X818 PMT EIEH 6.
{E . TiEfd. BEMSTmMAEEHa, XEH T PMT BIRHA.

A&k, Tl PMT A7 LM R 300 nm-650 nm {EAETEE, E4MEI8E PMT TTLL
WA e B 185 nm, L AMEEIRET PMMT AT LLMARLE 1300 nm . {B 20 4H 0838 (7 PMT 2%
FIRE, —REEMAEEE 13100m B8 2%6F, EREaIEFIEERELE
FTIERA-

(2) FBiEE 8% (Avalanche Photodiode, APD}

APD FIEASEHMETEERERBETH PN E. £FAHI PN ER, £5
KRR FEEE, ETUNMHFTREIESS, FEAFETT R, H PN G
FId TR B EEEEA . EETFTRARE N 2N P SEES, TEEN
INETHREZHAIRE, SHEKEREMHE BREMAE TR, E—id
5 PMT Bt 340, AR FT R emERmminE FilEEgEa T
A, E—id R, MMEEREASFERENERT, 4B
Bl EmENER. TR A ERARE, SR RESHERTAE
AT THE (APD). EAE-ETERMT HAET] 427 T 67 5 17 M 17 BE 3 i i,
APD HiRERI A F &/ TFHM.

L APD EERESTESHEER (XF—TERERAHz s&EER, T
fEREIRT Sk HEE#AT B T, (20T Al ™4 F1ER i 7 % 5 Bl
EEREMASE EREEREEERE, S8R4T IRERITRMM,
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AR/ THAEEEEETEEH. SEEATH APD FHE M AT FEE L PMT
. it 5 Si-APD, EEEXTHESEDNEEEET 85% (AT A, B,
APD FIFE AR B E S B PMT &. 5 PMT #itk, APD HiEED, 46K
FiE EEHET. BRELERS, FEEREIZREEEEEEN (H
ED, EEEREE S R (T RACEER D, PMT JLF# Si-APD BTECALY.

. Photon

passivation layer Anode
and AR layer I

Y a0 2 _
4] . 3 .
e-h pair llvn . CV)
impact b *° +
. c“" e @

Cathode contact

12 APD RITTRER

TitER S HERESERER 116V, XHRAEE RREENAT TR
EeTaATFEMN, MELHEE, TEE 1550 nm FEE, ©HEMEERER
EEREETEMNA. FO/MER, EEXA G, hGabsWERE, Halk
Fm e R hGads/InP APD, EMAEETEEEST 11000m-1700 nm. A it
BT nGabs. InP HAEEHT S HAEE2 LR, FAMBTHEEFHNEE GX
FERE-FRiTiR), EENMATO R THENG APD FElE—] AT
10%-20%, B HFE % f b PMWT SR 2 031, fr B4 APD —RR & EH %3
210K 250K TE. Fid X —IRERAEL S EA S S0EE, FERE o #AEm
MR AMEEL APD BRI EERAEE.

M1 T HA PMT #1APD gTh A, STAS T PMT+HAPD F13ac 8409, 8
E—EREMAE APD § TR, ERHHEE, BH TEAREERAE.
£ED 5-APD FIR B R IE, T ANTEHI S T L8 APD SE#F0TRIHT 51 Be
At APDIS, R APD RAMLIANE L E ST MY, 7T RIEE¥ Si-APD i#
TN, EARE—PMERGENEE, MU ERGNEETRIR: T S
FEL A APD BERWN-VESHEEAS APD BIRIEE, BARBRIGas/ME, mr
JeAE SR T ATAL R R R S AR AT, X EEME R TR et
R AR S S FTRIE LB A, HES i BT E.
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(3) BFEHENBAEY (Quantum-dot field-effect transistor, QDFET)

IR AT AN B, QDFET ( Quantum-dot field-effect transistor )t §8 SEEN . 56 T
ZRee2l, QDFET R ERT 2T FET Rtk AfE R BEZ BB EF A S,
e I R E F 3R, REHERAD 8 EE %A FET FIM A%
I07F FET #1585 . &3 M50S8N FEEAUELL, Fit QDFET B# 6T
R EA 286 Fruse A2, 1.3 & QDFET H— MBS EmEmL AT 5T
Bl i e, 3L (QDFET SRiM3DE T, K F S B7F, BRE TAL8R R,
B4R QDFET BA ¥ 6FiI8e /1, BEtH U tHad SRR FK-F, HERLE
FWENE, HARARESRFHEESEZE, QDFET A 8K EREHRT T —IK
. FAELFEELEERANMEE (42K F. QOFET FH#1&F A AL
FAA B RARBREE RARE

conductance (1S)

200
time (sec)

1.3 QDFET #5fF7~ BB QDFET WG+ 2 /5 B 31 AE R

4) BEHPIRBHA T HAE (Superconducting mnowire single-photon
detector, SNSPD)

SNSPD ¥ H & AR FRERN . 0 TE 14 PR, YI0EIFIK
LTEERFABHEEZT (AEiBREREREE, MENESaESEEA
EEEZR), I PMREATHISMESEIDGTANIEIIRE,. 3EIZAR
RGN, IZ SRR NE RS TAIERE S, EMSHS BRI Z S IR 2
I, HREM S E BRI R R EMENES ST AIEE B
&, XM SEE YRR R 2 — B ERE, IR ST A6
FHIERMRY,, ARV AER A SE 30ps A4, B ERBEEENEE N
50ps. HTFHIREBR TR/ (~100nm), —Hf% SNSPD &I HRE B AUpSE 177
RET NN #A, TR S5 408 mEE . Rosfjord 1751 NbN £Y SNSPD 7E
1064 nm A1 1550 nm FIERM 2R G873 7)) B 1A 64% 0 57% (TARIRE 1.8K> Bl
BAR SNSPD HEE . TEMEF AR, ELESTEEERARELUT.
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[Fl#¢ SNSPD AR T8 B #4757 8.
22T
c d

E 14 SHSPD T{EEHEEE

(5) WP BEFTE ( Superconducting tunel junction-based detector, ST.J)

STIES R ¥ SEBHRMA—EHIMETE, ARTHTE TRERITIT K
FATREER B TFAAIREEH, #5532 MER S TS, i?:'%lﬁ:'rﬁ %?Eiﬂ-‘?‘f
ERHi T —-EHEEIRE (~1um) HEFE—HHRZ. EeE L il
— SR HFITHIHEE, £S5 FRED %?ﬁ&%ﬁ'ﬁﬂﬁﬁﬁuwﬁﬁa FTHEﬁ!L
SEHE, MACEHER THEMT Txx—EFER M ER, EER SRR
FHARIELS., AFE—#4TEMRATEIHFE, —BRIfEREHIETE, 4
03K BITE, Brhl STT 886 L P A AR, FEHER H#dHE LEe. 7
Ab, STI REeFEME RRREME T, BAREFELWHTRERITHERS T,
ErEL STT —HR g TR EE R 7E 200 nm-500 nm 7.

(6) BB HKTIHBE (Superconducting transition edge sensor, TES)

TESF*# gk ab (14T STT 351, HBEEFFREPINA—EHNERE,
HAEESERE AR ERMAITELATEN. YA THESEREEEL S
Bt, FEESERESHELARESE. BARET LS LIE LR ET
., AEEs L biEEak, R FHEEE4REE RS, FEX
—HRATFL SR T HEMAEL,, Bk TES fTLLRARM T SHLTHETER
FETFHEM. TES FMSEFEFE EEFTHEE . B, P, FERTES £EM
RESFaEersiiy, EeEMEREr, T 200 am B 1800 nm 2 @67
FEFEN. HEl, TES SHMENAFEIEYS, cETHREMMENERE 5%
(1556 nm? T 81%~98% (850nm). B TES #AFITAEREARET M
100mE>, B TAEMHFER (~100KH:, B ERSH ITEMEHR
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MHeF), =ERRE| T TES A1scFrRiA.
(7) ARG T8 (Visible Eght photon counter, VLPC)

o R T S EEEtEMeImE 15 R, CEERERRER. FHEE
MEERAS. P, FHEREEES (—RE SR, ABR, REGRSE
S LT 54meV A, ETAEFMREE RSB RMAFEEHRE, =4S
TR, ETTEREEE (—REBEFE e V-I5VER) FMERA T RIIZEHM
EABBE, TRAEGEEEHHEATRELHITRENE P As RARSE
R, HEE A BELMETEREHEARY. S BEHEEETEERS
BIER FSEWINE, MERBELME IS, X—TETHESMHEEGER
ST, mERENERET, BT EENEERER.

VLPC MITfEREE S APD #18 34, SEHASR T ERFIINEER
T, REMEAEBNERAMEHALERAT. B VLPC M APD XFEEXFK
BIAE. B, APD BRERTSREREME, mE£4HE: 1 VLPC BR]RET
SARETRAME, FARBETERAESFTEOHET. BALFREE—F
BT FHTFTEL+ meV FIRERMF, AR, EBHEEAEFFERKIH
BeE, AAMESEFIREEEE ZaIr EMERME . 5 APD 8B4HEE, TF
EEEIMFENEE, BHE 6%4nm FHETI N FRERIE 38%P); HiR, 3T APD
5, BE5iHEAERSETHTREERE T, ME VLEC P, FHSIEERET
EREEFHEELETERLE, £ TARGZ LT AMNELE M, HiE
MRAEFA RS, KM SR REREETENERETER, X
HEE VLPC RA—#RBETEE5TE, LN KHEREaTRs (FEERE
Fohipl) B VIPC IS RER SR AT ESEEL, Bibe kT
T E .

B VLPC (TEMEFEERS, B VIPC IR HH—HES, B4OFELE
EEKABET (TR, #FELTAFAERS, ZYHARH T VLPC FIZFREA.

Contnct Region
Anti-reflection Transparent Intrimsic Gain Dirif and Degenerate
Coaling Codtact Hegion e Region Siubstrate
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DL EBAIAE T 7 A IR S SR 1 TAE R B AAH SCHRAE, A T B
BT 1t et 5 B e IR A 0 PR RS AT b, BRI AR B8 R R T AR IR
TN, B TR, BEh AR SR S0 T4, IR
1.1 s
F# 11 AR RS TARNE R R B

W &5 MRt | LAR | ERIRE | WEvE | iR | Jitter( | OB T
(nm) IR @y (nm) | B(Hz) | HE ps) | 7
®) (Hz)

PMT 185-650 300 40%(@ 500 100 10M 220 | some

PMT-IR 850-1310 300 2% 1310 20K 10M 150 | some

S+APD 400-1100 250 65%(@650 25 10M 200 no

SEAPD | 400-1100 | 78 | 56%@450 | 0.0008 | 10K yes
(linear mode)

Hybrid PMT | g50.1310 | 270 |30%@1064 | 30K 5M | 200 | no
(PMT+APD)

InGaAs/InP | 1100-1700 [ 270 | 20%@1550 [ 1000 M 300 no
APD

SNSPD 400-2200 42 57% @ 1550 0.1 10G 30 no

ST 250-500 0.3 45%(@350 0.1 5K 100 yes

QDFET 1100-1700 4.2 2%(@ 805 10 40K | 10000 | vyes

QDRTD 400-800 4.2 13%@684 | 0.001 SM 150 | some

TES 200-1800 0.1 50% @ 1550 3 2.5M | 10000 | vyes

VLPC 400-1000 7 88%(@694 20K 1M 100 Yes

TEIX M O TERMEE S, PMT,APD,SNSPD & — #0115 & A RE AT 6 T 30 B
ST BT PARREAT] A Non-photon-number-resolving detectors. 1 STJ, QDFET,
VLPC, TES iX—3%°4 photon-number-resolving detectors.

HFHETHEERETEERFNEFIENET AP EEEENNA, B
#& STI, QDFET, VLPC, TES gesefibtr2H 2%, HEN]H Feh a R 1
fAITSESRV . A BT 2N B4R APD ARSI T3 B 0. g
APD #934Fr#F il DU e AR FBORSEI,  HedeE HBE LR PR 7

— P RAE APD F A Bk A VBRI AU, E S R K R .
AR K B R SRR, e R T A R B, AR — A R Re B R H B
HO6T. JETHEBEER, APD BIFE Bi{E Sk BRI, 5375k
R
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YA AN SERL A E o I T VR A G R I A R ST I LT, il
FT K HBEAT R 77 2 BR BRI BT A et AT e 7 8%, BT resd
SEHHATERIN, AR BT A E U S T T NAH , SRR RN RS SR SE P
T #, BIRERET AGEAFER BT b FERIFLEUTE R, ez
(R EE BBk, 6T B RE SRR S .

MFE 11 ATLLE H, FEETIB(E 1550nm 3 B BOE TR 254 InGaAs/InP
APD. SNSPD. QDFET #1 TES, E#& SNSPD. QDFET Hl TES A & 1R & A7
A E R L, RENTM TARR RS, R e IR AR,
ALk, 7E 1550 nm R BI04 2Rl 85 32 28 InGaAs/InP APD.

1.3 APD 4P ETFHRMER R BIR

B InGaAs APD 723K ] [F] 51 45 45 /137, 32 Fh APD AR R AIRE 27 FE ik
7. 1979 £ Nishida S AR H T MM B 5 5145 254 InGaAs APD &1, {7 KFE
FE b T REZF AR, HESD T APD WIBR 7T SE AL R B4R X — R
JREE R APD SR R X 54538 X 43I, B FK 2 SAM (Separate absorption and
multiplication) Zitde3ff, XWENTIES T APD FIETHE. 1 SAM APD H,
W Z InGaAs FEIEE InP B ERAVLEL, 79 TE/NE — SR ZE T BTig
&, —MAE InGaAs 1 InP Z [BIINA InGaAsP S pp/Z09, 5K A1 SAM-APD
Beadt b, BINEGHESE, #— B APD SN E BN a4, H— DR
APD MIMERE . IX— A3 ELFR 2 A SAGCM (Separate absorption, grading, charge and
multiplication ) Z5#4 APD #5{F11,

FERSEFERNT T, 1985 F, AT&T Bell 5256 = K3 T InGaAs/InP APD
8 56T ERMH . 1995 4E, ALacaita 5 AN InGaAs/InP APD {88 o1 it At
REFEAT THEERARIB RN, W25, X— APD 22| T AR Z kg,

AL APD 8445 T L T8 APD AR 1E & RIPERE fa b - TR 7E1R KIY
Z R WX TE M APD a4, A JSRBUSIE I E SR, B X EE R,
X F 8675l APD, Jy I IR ERNAEE, APD F% 152 )5 M iy B A4,
X T BRI APD, AT BE DS HbE vHA (IR R ) ANERINAL .

BAT, fE856FHRM AT InGaAs/InP APD b, % E IR 7058 4CT FRIHT 70 8
fir F B S.Pellegrini BT 5% [ 1) Heriot-Watt K521 M.Itzler Bt 113E H Y
PLI ( Princeton Lightwave Inc. ) 24 & ™l M.G.Liu B PAFIE E Y Virginia K2 (5
IDSU 2 al&AF) Vel A0 R AR . fI8IX 7B H SAGCM g3 2514,
aFEARM 10 um ) 40 pm A5, H APD S 2 N ES A8 IR AL B0 B AR
£ 0.1nA BN U, M RRN R ETT LISTE 40%. REWITA BAEZ R
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arffAeal B, IO BRI, FRIG AR I BLGTIRIN PR REMSST, A R T HE
AL BEIA F] 109/ns* pulse

D5k, APD #3RR S H T BTSRRI 24, R N T AY
ROGRAEY, 3D BB, ST A BOGHIEEPNSE . IR N A, R 1R
APD [FE51| 3,805 FR O 51 AATTHY P&l

14 ZRHABRL AR

AR LRFETFTERIBIHHETWETSET ANETE BB <8
FERNEBEAMGEARHAR. ETHEFEGHRERE, MEATFRINEFTE
ERIIFER, MELTFHRNBNEAREEHEERE, R E MO~ Gt
RETEIZR, BRNTEFRESAME. SRR RN A 7 Z e R
WEEAMEARE S, BITHEIMAESH BT RIS EE EER L.

R FEERNEWT: F-FFENG T 6T IHEEER s 28RN AL
R, R InGaAs/InP APD {E AN FHRNBEATE. FoEFE
M8 T InGaAs/InP APD HUE AR B AVER M E T, BB FENE TN
InGaAs/InP APD BH] & L2MMREALE R HIUE FEX InGaAs/InP APD
ITRLR 04T, SRASAFBRIRE ., D FR MR HE A SN APD B H R I
i, P T HAT T 2 TS APD HREF EEHH; FREE ARG RED M
HICER ML APD #34F, FATAX — 8843847 T A OSHERL A Al T 28 %,
EANBEANNEERE,
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E_H APD HilE [FE RS

SN APD RN BRFER R SENTH

2.1APD EE

EE—F PR3 APD SEHE 3 HTREEHIT THMRANE, ©EEEH
RSt RN T B AT 3| K B R MAT T HIAM. B 21 % APD
EHMNEEFEENTEEXHM . TEEETFREU TR SEMES

(linear mode), FHEHSRF{MTHHMERR, BX —FEREESEEL
SlREH R E TN, FEib APD 4% B iR 5 A 576 T R ek M A H
FF. MBLPD fiRARERESTEREFREHN, £EEPHRHHET
HEETEES AR TS R AN, B LA RHIT 2 THEN, ZihE
AT HEEERA (Geiger mode ), 1FEEATH APD S SR TSR
ZHRE (Single photon avalanche diedes, SPAD). #F SPAD, B LAEAE
LT, 8f4abT OFF RE (HEREAREMWATERER T BT AN,
M OFF (RGN R ONIRE. BixEkrEns, BESELMERT, &8
HFHEEREeESEERE2FEE 8RR T, SIKEFHEH, BEEERESE
M APD B TFHEMN=EEMEE.

L
passivation ke Aodade § I 1
and AR layer S B

-------------------------

APD SPAD

Cathode conlsct | INSRS—— u
ED

E21 APD 4 EETFEEEITEERH S

2.1.1 APD [)TREHE B AN R S

APD EMMEERE SRR THHESR, BITRASELEE prr S4H
FAME R, WE 22 FR. e B IAETREREERLET, ETE
BHNEEEHEPE K, EE A, /EHENEFHTREMEEEENS
Almo g (EERfESTRAETEAEBREMER, AR FERUERL
REEaEaRE0. SEREZRET K » SEAREHREE MEE—82TT
A, EGAEAT, ETHZ R REEETERE. T&d & 0ERRE
BT S B P e AT Bl R (AR 2R S oK Al 6 PR B P A TR TR R
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GRERTE —EERRSIHRERNEFEFNMEERR, Wil HE
5, EERTHZARBLTREWE. BIAERET /B ap—i2
TERANS| R E R, Bamll,

MO =1+ J'D“T b () + f,BM(f)aﬁr' 21

A EAAT R, LS

) _
ax

AE—WA AT R, FRERAR (21 AT EHEE.
expl- [ (o~ B)a]
g L”aexp[—j:(a— B)a |

F(23) REFPYHBEEENEHEREEREMAEERER. T—EXFR
B McIntyre HEF WS .

- B4 (x) (2.2)

A7) = (2.3

- e-h pair +

¥=( X=w

EH22 pindEHbpiEaErnEE
HITE & B E LRSS, Bas:

o gsz’x: (o, + B/, + glax (247
T

Hep iy, 4, SaBlRFETRMR. TRERME () BRFEEETT R
B, E A f HEHEeE (HMARAITEIER, Excessnoise), FAEIT—EF
FIHES, LS IEEFIRER:

2
il 2ad =flf'3[1+ %[?} :| for electrons

2
¢iial, = -lel_ {1- fﬂ[%} :| for holes (2.3)

Heph=F/ AR RATOMEEBERZI, L./, 5555 =1 HERT
B .

Ll5E
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B 23 AAR A EERTHEERESEGaMRER. TUEL, HT2RHE
ABERTHRE (APD), TRESTZAMMESREREHERE, FERHE
By FIATRTEAR APD, RTE5Z R AMMERRAFRHESER, &
MR By, B—RWHTHERRE APD AERAIFHEERE.

Nl

HOLES ELECTRONS

L=
T

=

ROISE SPECTRAL DERSITY /Pl IHE FO& INFECTED ELECTRORS (HOLES)

i T "

B 23 T TSR S e R0
FEEEE RSB, TR TR R

NEAS
[5] } (2.6)
He, FABEHBE, B{vA VWon. F 2150 RMgs APD 28 RAAEETEH

TERAMEREFEHNTEE. B 24 A3REE 2 EERE ZHdheEE.
£21 EAAENETTERMELRLAN

(8], BlA) = Aexp

HH EdeV) ¢ (em™) B (cm-1) Ref.
=1 1.12 7.03% 107 expl( -1 23= 10/ F) 1.26 x108 exp(—1.8 x108 / £) [3,4]

e 0 &6 204100 expl—1 4100/ 8) | 6392106 exp(-127 100/ 8 [5]
s 147 | 248x107 exp(-298:x106 / £) = 6]
TnP 134 | 299x106exp(—2 64106/ 8 | 162x106 exp(-2.11x106/ 8 [7]
Goaparlngssts | 074 | 23x105exp(-114x106 7 8) | 479105 exp(—1 48 106 /.£) 2]
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F_E APD HiMNSSEIE K EMigit

1065 T 4 T T T y T T T3
10° |
s
L
@D 10" F
©
|
o)
g
e 10°F
ks)
107k
F 1 M 1 M 1 1 1 M 1 ]
%10° 3x10° 4%10° 5%10° 6x10°
E(V/cm)

A 2.4 JLAn AR R B S0 TR R AR

ME 2.4 ATUE S, K McIntyre FIE 18, 1E& HK M APD #5400 fif & B
SIX IR Si F InP . X E IS IIARR B S R AR O, HHRE
FHEEW £FRA AME IR EREHIEHEI APD SRR . H Si Al
FEF IRER R R ACR T U RE R R S R AL (A=9%4~10 at E-2*10° Viem),
EAMMETEAR APD #4F. FvH B Ok B R, ROT A
(1] p-i-n 5441 APD tHEEG BFMITERE, TN Si AR H AL T 2 A0 R AR
R BORFE, HET APD H Si-APD fRERIF. Xt T InP AR, /A REE B = R
HEKTHT, E4MErGEAE APD 8F. XEH InP #5240 4RI 3 B
(] Ings3Gag 4:As FHE (W BE 900 nm~1700 nm, =M B 1100 nm~1600
nm)F FHH TP e & VLA Can i 2.5), 3 HARX F e mr B Si, B 457 B 1 InGaAs
BHEE®MIGRECEE (nE 2.6), BT ULRIBICR AT MBS B (1550 nm)
APD #5444 InGaAs/InP APD, H: ' InGaAs 1 57 2R, T InP 1 ST 47 i 2 (IR,
SAGCM 514 APD £544 ¥1).
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Wavelength ()

B 2.6 Ep kIR i e R b 0 & T 230

2.12 BRI RHEEE (local model and non-local model}

Melntyre ik 2 APD MM EMEE, BE2REEE. sRHEERT,
WM TEREFTEFAEREEE &7 BE ady (2 S RiEEE, §—8{F
FEE AR B E AR EAESN, ZHRELEREEEIHEERT RS S,
{85 T 281 BTIE 2 AR L B AR 545 BT AR AT BR M C 9P B0 ) e AT 25 B T 1 D 04,
AT BHIEL B KIEHRISE . ST EIEHEN, 400.2 um ZHE b,
BEEMNETREHrMEEFE 2Nk BEAMMBEEF S =REER
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R (non-local model, #1755 3 History-dependent model ), FI1ZER PRFE T
TERFEFERAT BRI —2MIER (4.5 4, o 4 FRIMEETHZI FEE
IR EHMEREREMERRE, T—EENAETE (dead space). MIRWE
F=048MWET R, TEREERT, MEER RS

HEbp, ARERE TR BB RH . HEMNT REHERRELFE 20 TLLERE
el

REREET: py(x)=6ezpl-£Ex)

o LX<y
g expl- " (r-dy)] ,x2d, LR

TH27 ZREEMNEREREANT REER 2R HERETHEDN
aaEP. REEM S, T RAEHE A A LEM 0 FioiiEE R T rEsiER
Mg # R, MERESERE, ZRE <48, TRAREMERR, HEH
fifEBREJLRRER 0, RilEREIBREN 44 i FR, BTTRC
BWETINET 4B, LT HtriEER 7R ERREER P RIES
RAEK.

EREEM T, 20 = {

% — Local model

= MNon-local model

PDE P (x)

H27 REERENEREEM b ERR IFR BT IER F xR

213 SAGCM &8 APD 34

A F 5-APD g HE P EET APD, BT teriekdt KA S S KA
Bl —Fh R, HESH—EER pin S, B HF A8 MR AT InGals/InP
APD, B/HATABIES hGaks, TfEFEEASLP, B hGaks/InP APD —H
FE W ¢ X A0 {5 18 K 47 B ( Separate absorption grading charge multiplication
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SAGCMYEET . Ast, WITT pn B8, SAGCM S5HHERIRHE & R HE T
FEE, Ll RS ET RS0, EH 28 & SAGCM InGals/InP APD &5
fafgesrEE, EREESIESRE Gabs, HOETH GassP B (35 B
BA T P M InGads FERFMENFERMiEEPTTRBL. ATEHE
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<---- Undoped multiplication region ,..
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Radiative; Band to Band tunneling; Trap-assisted tunneling; Impact ionization) #1if
e #5A/) (Doping dependent; High-field saturation), Fop i #5545 8 = 22 5 4%
M EESHGEHITE L, /RS ER &K ER.

LAt ) HL TR 2 B T A T R AV AL 5 R 1] DA IR S,

-
a—p=—lv.fp+c;—}e
of g
5 (2.9)
LRy Seay:
or g
Vw- L+ T 2.10
v €0 £ € (210

ZREPETHRRERE /, M RXERE E 7, 00 B R R BN EE R
B AL

=t

S, = gni

F ¥

5
E +qgl) Vn
(2.11)

S, = qp,upﬁ_’;+ gD Np
PLEASRHF, oM p Rl ERETATIRE, T HERIERIRE,  HET
g, e ANEBEE v AFES, D,MD, 5 BT R 2,
A Z gy BN R AT S R A R R, AN ), R B A R AR
Z, RASHTHESHEE, G RN TS A,

BRTH R EEFES A RR TR EEE AR, 1L TCAD B+,
A BT R A

Gp[(z) = J(.){',_}/', ZO)'a(/’Lsz)'exp|:_

I " 2) d;” (2.12)

Hob (v, 20) AT ERSRE, a(d.2) IRl £5, G27/fiR T
TE G54 rh B B o = A e AR R TS AR .
T B WA B R T R R

G =, ra,pv, (2.13)
o, vy AR TR ROEREE, O, O, 4R TR 2R
R B0 2, PPRLE RNt B 5O — 5 o B ) MO S ML B I B

[24],

Vel
a(F)=ae ¥ (2.14)
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Yedis, HAEN:

o = 1.12x107 exp(=3.11x10°/£)  E <38x10° V/em
" 2.93x10° exp(-2.64x10°/ )

E>38x10° Vfam
N ={4.79><106e><-;p(—2.55><106/£)
7

E<38x10° Vfem (215
1.62x10° exp(-2.11x10°/ £) E>3.8x10°7/om

HMTHE T SRH B & Ha S & (Auger) fIEE 4 H & (Radiative)
1 E AR AR A

L =Aop-n})
ﬁug”: (Cont €, p)np— 77) (2.16)
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Rm: i exp[_ B]
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o] :GO/(1+rz‘m‘) (25

K To MO 4 BIFRFAFEE TAT BN EM BB G FHammsgm La.,h
TAT %57 1 bR &g A

SEERAT L sk FE O 55k B T 520, JZ ek B DA E 1 0
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T, # RS A EAE 30V A 50~60V TR, MM EF IR 0.9Vb AbRTHS §
JAE 0.5nA A1 10nA JEE 2 [B]. P B P&T IR R =000 7 APD B+
YERE, Bk iE A 1.5MHz i, B8 1FECH 3.6E-4/ns pulse, k4% SMHz
i, BEHECHN 3.5E-4/ns pulse . CHIRZ G THk 5B 4ns).
4, BT SAGCM InGaAs/InP W & #1 kL Z MU0 T4 a4t APD 05 HL B S5,
1R, SR EREERREENR AT A ERAGEEMEFERE
5, mWREERE RS SHEEN SR A E R F A G @il
BATHREN 5236 APD H InGaAs MZ AT InP 518 )2 b 19207 F 45 K20 24 100 ns
#0120 pse HF InGaAs B0 F iR, FRREEFHHR-EESEREEE
57 APD Mg B, HRIHIESRANE ERE R F RN LA, HigEX
LUR—NEER, EWAHIRS T APD HITERE .

- 908 -



FaE HE5RE

5. WHIT TR M BT APD #34 i FE ITRA0 . R ML 3 Z2 0 InP 3R [ 1 5RBA
A SiNx EH AR FILFER. X—RIMER2EHE APD B8 B, 3
HiEEMEBEMRESHIS S5/, 2 APD 8T IR, RATRE T
7 U ST AL SR AR X — IR HL I T RUR (B, JF A48 HRIP M 45 49 7] DAFE — 8
FREE B IR — 3R T HE fof I L TR /N R 2 5SS M R R R RS |
BATE KA X R T8 APD IF B e R &~ AT B B0 - LR A o<
.

6. BATRE 7 —MHAMERE-R-8F (MIM) R EILELH APD #4454,
L MIM FF B FAEH, AT DAERIE APD HEFREMAEFR T, @it
APD 3 10 R~ R Im/ KR HURL, 32— 73 Al LA APD I R 2Itks (B
NTS WK AENATEIR T, AT 7 MIM et il R 1R, AR
A, ZOEH OBIC FE AT LASA T 4. B Ah, FA TN R TR S w1 & LA
MIM J6#t T2 5 APD T Z #8437 TR KR E .

62 EHIRE

BT ARG ER, Bl T EEZEUT LTI RE:

1. RALSMER R A . APD T A I IR 222 InGaAs RILZE I 45
AT E AR IR . RTINS, mGaAs RIZM AL E &FE
WOEET, ERWAN T AR ERCE L. BHity ri#—=DES APD
FItERE, = 2N BRAMEER, 150 InGaAs WUE R T A5 .

2. ARSI GlE T 2. B VR A K, st fl& T 20 et —
LR FAs e e . PUALER R A T2 R 2 D> InP 3R [0 A0 BREEAT SiNx
HHARERIT T A .

3. AT B R EALE A . FATRT TR R R B AR
5 APD HIVEREZHL, Mmool H b i B EE A fR IR AN BB . BLtm, FRATTAES
W BTREE 1 APD PEREIB AL AT T A IR R A

4, FrAURNEIC IS APD. BRETXT MIM 4R 670 3R Mr 72 38 10 RO,

BEF R A B RO AR I St AR T AR £ B SCRRH BOIE SR, (B H Y
BENECHFE—SEE. N 3X— MM AL RIS AR T IR,
HOGLERGHECAFLRNIER. 8T MM BB THREZI TZ5 APDMTZ
AR 2R R T A, w] LA MIM OGHE, SRAIE06 5 B
BT BRI EHOGIC R,

-99 -



& AT RIE AR R SR e SCER R

{EE G REFHELZROFR LS HRAR

teE

19874 12 H 04 HHAE T B EMH.
2005 2 09 H——2009 £ 06 B, RN NEVWEZER (R) #5%1L%

2009 £ 09 H——2014 5 06 H, F£HERFRE (RS LERARYEUR
IR gkt s A

YRR R FARRIE R

[1]Q. Y. Zeng, W. J. Wang, W. D. Hu, N. Li W. Lu. "Numerical Analysis of
Multiplication Layer on Dark Current for InGaAs/InP Smgle Photon Avalanche
Diodes,” Opt. Quant. Electron, 2013. DOI: 10.1007/s11082-013-9809-7

[2]1Q. Y. Zeng, W. J. Wang, W. D. Hu, N. Li, “InGaAs-InP Single Photon Avalanche
Diodes with Tow Tunneling Current,” Proc. SPIE ISPDI, 2013,8908:89081Y
(DOI:10.1117/12.2034663)

[3]1Q. Y. Zeng, W. J Wang, W. D. Hu, N. Li, W. Lu.. “Numerical Analysis of
Multiplication Tayer for InGaAs/InP Single Photon Avalanche Diodes,”IEEE
NUSOD, 2013, 13:135-136 (DOL:10.1109/NUSOD .2013.6633161)

[4]1Q. Y. Zeng . W. J. Wang, J. Wen, L. Huang, X. H. Liu, N. Li, W. Lu. "Effect of
surface charge on the dark current of InGaAs/InP avalanche photodiodes.” J. Appl
Phys., 2014, 115(18):

[5]Q. Y. Zeng, W. J. Wang, J. Wen, P. X. Xu, W. D. Hu, Q. Li, N. Li, W. Tu.
"Dependence of dark current on camier lifetime for InGaAs/InP avalanche
photodiodes." Submitted toOpt. Quant. Electron

[61RMSE, o0, 40, X%, WHE, KT8, M, TIRE &8R4 CdZnTe
AR Ll I AL SME R R T )], Tt 2014 (B3RO

(71, 2. BHE. BAW. T8, 7. FHE, APD LLAMENIE R
HEWE %, EMRI, LR HIES 201110199099.9, £F|5: CN 102881761
A

- 100 -



	201118014326050_页面_001
	201118014326050_页面_002
	201118014326050_页面_003
	201118014326050_页面_004
	201118014326050_页面_005
	201118014326050_页面_006
	201118014326050_页面_007
	201118014326050_页面_008
	201118014326050_页面_009
	201118014326050_页面_010
	201118014326050_页面_011
	201118014326050_页面_012
	201118014326050_页面_013
	201118014326050_页面_014
	201118014326050_页面_015
	201118014326050_页面_016
	201118014326050_页面_017
	201118014326050_页面_018
	201118014326050_页面_019
	201118014326050_页面_020
	201118014326050_页面_021
	201118014326050_页面_022
	201118014326050_页面_023
	201118014326050_页面_024
	201118014326050_页面_025
	201118014326050_页面_026
	201118014326050_页面_027
	201118014326050_页面_028
	201118014326050_页面_029
	201118014326050_页面_030
	201118014326050_页面_031
	201118014326050_页面_032
	201118014326050_页面_033
	201118014326050_页面_034
	201118014326050_页面_035
	201118014326050_页面_036
	201118014326050_页面_037
	201118014326050_页面_038
	201118014326050_页面_039
	201118014326050_页面_040
	201118014326050_页面_041
	201118014326050_页面_042
	201118014326050_页面_043
	201118014326050_页面_044
	201118014326050_页面_045
	201118014326050_页面_046
	201118014326050_页面_047
	201118014326050_页面_048
	201118014326050_页面_049
	201118014326050_页面_050
	201118014326050_页面_051
	201118014326050_页面_052
	201118014326050_页面_053
	201118014326050_页面_054
	201118014326050_页面_055
	201118014326050_页面_056
	201118014326050_页面_057
	201118014326050_页面_058
	201118014326050_页面_059
	201118014326050_页面_060
	201118014326050_页面_061
	201118014326050_页面_062
	201118014326050_页面_063
	201118014326050_页面_064
	201118014326050_页面_065
	201118014326050_页面_066
	201118014326050_页面_067
	201118014326050_页面_068
	201118014326050_页面_069
	201118014326050_页面_070
	201118014326050_页面_071
	201118014326050_页面_072
	201118014326050_页面_073
	201118014326050_页面_074
	201118014326050_页面_075
	201118014326050_页面_076
	201118014326050_页面_077
	201118014326050_页面_078
	201118014326050_页面_079
	201118014326050_页面_080
	201118014326050_页面_081
	201118014326050_页面_082
	201118014326050_页面_083
	201118014326050_页面_084
	201118014326050_页面_085
	201118014326050_页面_086
	201118014326050_页面_087
	201118014326050_页面_088
	201118014326050_页面_089
	201118014326050_页面_090
	201118014326050_页面_091
	201118014326050_页面_092
	201118014326050_页面_093
	201118014326050_页面_094
	201118014326050_页面_095
	201118014326050_页面_096
	201118014326050_页面_097
	201118014326050_页面_098
	201118014326050_页面_099
	201118014326050_页面_100
	201118014326050_页面_101
	201118014326050_页面_102
	201118014326050_页面_103
	201118014326050_页面_104
	201118014326050_页面_105
	201118014326050_页面_106
	201118014326050_页面_107
	201118014326050_页面_108
	201118014326050_页面_109
	201118014326050_页面_110
	201118014326050_页面_111

