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Abstract

This manuscript makes researches on the sensitivity of the photodetector. According to the
definition and calculation formula of the sensitivity, there are three main methods to improve the
sensitivity: the response of the light, amplified photocurrent and lower dark current. For three
different silicon-based optoelectronic detectors with different materials, structures and
applications, their application requirements and structural features were analyzed. According to
their present development, three components problems need to be solved to increase the
sensitivity of the device performance. High saturation Ge/Si UTC structure device in microwave
optics application needs to solve the low responivitye problem, waveguide Ge/Si SAM
avalanche device in the optical communication application needs to solve the contradiction
between the waveguide coupling efficiency and multiplication, and Si - PIN detector in visible
light detection needs to solve the too high dark current problem.

1. The structure of silicon germanium uni;traveling-carrier detector was optimized and
designed for high frequency response and high absorption performance. After the two-step
growth methord of Ge film on silicon, and micro-nano processing and preparation of double
mesa structure, the measurements and analysis of dark current, light responsivity, frequency
response and saturation were carried on. The optimized vertical incidence Ge/Si UTC device
with high response has responsivity (R) of 0.18 A/W under the 1550 nm incident light, quantum
efficiency of 14.4%. The minimum dark current density is 61.9 mA/cm? at -1V. The maximum 3
dB bandwidth is 9.73 GHz with a 15 pum-diameter. For the 40 pm-diameter devices, the
bandwidth is 2.55 GHz, and the saturated RF output is 4.6 dBmW, corresponding to the
saturation current of 16.24 mA; under a 1 GHz frequency modulation. For the 18 um-diameter
devices, the bandwidth is 7.23 GHz, and saturated RF output is 3.7 dBmW, corresponding to the
saturation current of 16.22 mA, under the modulation frequency of 3 GHz.

2. Based on the analyzing of the structure, advantages and disadvantages of present Si/Ge
APD waveguide, a new types of nanostructures was designed: multiplication layer was
horizontally placed in Si waveguide, and the new device obtain high coupling efficiency and
multiplication factor. The coupling structure between optical fiber and single mode waveguide
on a chip, single mode waveguide structure, the coupling structure between waveguide and
absorption layer and absorbing layer structure of APD device were analyzed and designed to
maximize the coupling and the absorption efficiency of the device. It turns out that the length of
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the Ge materials up to 10 pm and thickness > 0.4 pm, evanescent wave coupling efficiency is 93%
or more. And by optimizing the ohmic contact layer, charge layer, multiplication layer, the device
got a large multiplication factor (> 10%) and low excess noise. The SiO, layer as Ge selective
epitaxial mask was text for the etching speed on the preparation process and conditions. When
etching groove width is less than 0.9 pm, etching rate would decrease with the width of the
etching empty line. Our device epitaxial layer is 0.5 microns wide, and the etching rate is ~ 100
nm/min.

3. The key limitation of Si - PIN detection sensitivity is the dark current. The main
composition of dark current was analyzed. The design of the protection ring and the ion
implantation energy on the photosensitive surface has great influence on the dark current and
responsivity of the device. Based on the analysis the dark current with different device size,
different working temperature, different operation bias, the main sources of dark current were
figured out. When working temperature is < 50 K, the defect assisted tunneling is the main
source of dark current. The generation-recombination current is dominanted with a working
temperature > 150K. At the forward biased bias, the relationship between temperature and dark

current was speculated, and defect assisted current is a key source of dark current.

KEY WORDS: Si-based Ge film, photodetectors, IR optical communication, waveguide

detectors.
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HE— LB RNIBENEHNEINSEERN: ETFREFWELLE (R,
A1 Z B LB — DN E R (hve) BHTHAE#.
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KT REER TR A RCRA F T Fot G Ltk SRR, B— 3R
W TR — AR T-EI  FERR X SRR L MBI F B 0 TR B, A
TIES BB SR =L i R BT R RRIL A SUHAE— AT LB TF- 2R
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_ AT -ERNEM L _Lhv
NS T & _P/hv  eP,
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HIA R THERRX ARRIL BEFrA LB RNER TSR, METREET L
AN EEREEE T ARE R, ABHIIER Py FH—MAN R AEZIE B REN

FEEHRS TS, AN, ERRKARRKIE T SRR O UREEKE
BRI E M o (D FX. E, BINZKEKESEP XORK, WEFEE 55
n=(1-R)(1-e*") (1-4)
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— e —]
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ARRTFHEY, NTEBRBFHNAETFRER, REWMNE. X TEHLB-RENS.
BT TS ER, KRBT MAEMNBR, FEIE Bk b AR s SE R

en
R,,.=M-—=MR
APD P (1-7)
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123 HRE SIGe BITRRTFHAIRE

B R 2IRIEH 3dB 7 R RS E A RN R B A NTT 2 7 Ishibashi & AHHI#,
MBS R UTC FMBEARREHSE, 2000 FAMA1IRETHIEHRTHR Sum? §
InP/InGaAs #1EH) UTC M2 K4 50352 T 310GHz, {ER MBI A 0.07A/W!Y, 2007
Wl I-V iK% S UTC 84 1R & E 325GH"), ENHEELAIMS T ME
WHIRMR, FEik, 25 NTT AREMBI T4 UTC B[R ABIMBCFMRERS, &
T EEA. EEMRESIIEBNFEAERF —PRERGERTRE, RAgCLARTRE
THz 15 B3 14 E py 3t F UTC S5H B8 7 = B4 7 InP/InGaAs MRS A,
EERF T HIERE UTC 1 3-dB # %5 106GHz, WAREE 0.17A/WHS),

{ER, InP/InGaAs MEMARNEE ST, BUHEFTEZERTMEIINE, FiEEEN
B CMOS TZ&HE, SMETFHEBEREME, ML /NEML, BRAUEEE L
R T IV BREEE. M rME RATLASERAIE L L a8, 1 B IR H 24 a R it e nd 5
—ANEERERMMNL, T Ge #EHIHFEZ InGaAs HEHY 11 1%, SiHRMAFEKX
F InP['%], FHHEL L Ge/Si UTC BHEIMMIEEEZEM T InP/InGaAs UTC 24, BT Si
E Ge FRAMEISMEUR R B ZE T ZHIEAIRE], EF] 2012 58 Molly Piels #£ OE A #RiE
R T W4t Ge/Si EBESE UTC FMS KRR, 3844 54 20GHz, WA 0.12A/W
@1550nm, Z EE—R/EH, FAT Si BRMBEBR Si TRESFEFEMR, FENRE
S84 SR N B ROAR 3, 2014 SRR B T H & H A0 S Y Ge/Si UTC 28451, 528410
e 87 P R BE g — P 3R ' B 40GHz A1 0.5A/W .
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® Data
20 "-&'\r.\
® %% o

15

SigNyg AR conting

e o Ih- dogt '_ i '_-5'61-"%]&;' mE
daping graded 2¢19 10 5617 fom3

i-5i collector: 250nm

n-type Si substrate

3dB bandwidth (Gl17)

0 5 10 15
Photocurrent (mA)

B 1-7 S EEAS R Ge/Si UTC il 254549/ 3-dB # %t fe

w

® 40 GHz 3x90
® 30 GHz r &
+ 20 GHz ; °

e
o

® $ 413
®

1 dB compresion current (mA)
o —
o ¢, = ; N
{1

o

-2 -4 -6
Voltage (V)

B 1-8 B F3EE R Ge/Si UTC R BLEMAH R SWMEILR

FEAGHRNE, BTHRGEHENABEENERE, B4RENIZEER MT
HEREREEEEEEERS, EREEREMHFRNBHERARSREXEZR—X
B, B{EMENERSEALSYS, BREFRESFFENRBHNERN, REHSH4Lm
KRR IR Si/Ge UTC 28 RBUER AXBEEREENER.

RATFI A SOI YUK K BOX 5 Si EFHEMEITHEE, BTt MREENERE, #A
FHt7E BOX TR Si AEAREMTIER, REZANRIICEE, HLETNKTER
NSRRI RE, AT 4R 1o B8R O S el 2 .

1.3 ERVEEETHAEERF

1.3.1 iE{E Si/Ge W28

BHNEERGH, BEEKE 850nm HKXE, HKEAKS BN (MMFs)EH
BIEHEIRFETE 2~3dB/km, PRELL B EIEE] T 20THz, ZIKEBRAIEH Si HFAIFA SiICs
BB AR R BB T A BT B RN k. BEE 1310nm EKAIBOLRHTIR, £48
1310nm EREEFASIABTHABERG P, HAEFRBERES (SMF) ARXHFERET
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0.5dB/km. M 20 40 80 ERFF R, LB ZHENR 850nm M BB BAREFE F.
BH—ABEHEIBEE D9 1550nm, HE/DHHEEHFELEF] 0.22dB/km. FBLEISHI
AEEFHEF, 1310nm F1 1550nm BAE BN EERKEK. SEMERBETERABERSE
IV iR Sk B @RS FE RS RIA LK Ge 1, HEFREERN 0.67¢V, fEHEXT 1310nm
1 1550nm WAERIEFFET OEREMNWEL, HT Ge 5 Si TR BBEMEU, AEHE
¥oriE, MLLBEREAEN AR, LIMEE Ge MR KERER, XE -V KEN 2
THTERLER, TTEHREET Si EE S InGaAs/Si RUBLERESTREFHIAMEE,
firkh, TZHLAEH, TRE, BRAE, B RKAMERDF/NETE. EEERE Ge
RIS AMER AR IR BTIR R, AT CAFIRERE B B 5 SEIR A SR AR Si & Ge IR A
TAEEREE TR R AT E .

B8 Ge/Si KB FERLUTILA:

A BLE SiFEANE Ge ERARCHERRY, FALEFAELIETEIEHERTGMT
RERVFRITEREA, BRI A B

- B.#4MWMTIIZE5IAE CMOS MEBETFMLHES, PMEETH/ERE;

C. #8450 Si W R84, ETRIMERMN, FEFEMELIL;

D. B4R KA Ge Mk, AREFIRWKX BI040, TREABER, £84TT
{EFEERE T, 7 1550nm F 1310nm AL3H AW ;

E. SifEANKR, ETELRESERSH.

LIRME MBS AR E H B4, T SVGe SF B KAIBRIAE Si AR Ge #4822 1A) 4.18%
R AR R RERBNAERR S, ENSXBERaRARTE —ENEH. &
TAMERAR MR, Ge/Si FALHIMIETECERER T~10°, T L@ R4 uitik,
R ] LAGR LB T P L S5 5T 24 M RE B2 T

132 Ge/Si FHtHEBRMBEH

= B ¢ ¥R 28 (Avalance Photodetector, APD)ZF|F &M T MBS, E¥F
RS AT R IR F A A E BB SRR ARG, AT 38 K 2% 1 e 7 B2 RN SRR ) — AP R A%
KA., AHBF-RIEERRARET, LERBHREASHEENREERRN, B2
R RMR KRGS, EiL, BELEEEH AR R IERE m R

APD 75 —FhE B M R IR A58 4 B 8Y (Separated Absorption Multiplication, 4§
BH SAM) £y, W 1-9 Ao, G M BIHRII 28 S RS FE AN 6 A2 R T 10 55 i A 3
HRENHIEFN KT, BRREEEFREAALEAR, R AERFE R R0 ES,
MR TR . FE, H5RT S A B RMBLE MR ITRIERE, TLEREESE
REULHMBME R, #—PR(KRS.
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& Ge APD BHE B RABRWKMEE S BEEN, ROHKEHNBEN Ge RKX, £
HREEN 0.66eV B Ge MBHOIRAIMBREERE E RIFHRKEE, AFENITIBERS
SR, AR TRERERATESN R, EEE0RRmEY; S44E RS IR,
BEARKEZRE n+E—EEHAT pr, BHAREHER D, Wl 1-10 Fin, Ge B
A BRI T R LA LU RE B A TIE RS, M, BAEM Si FEETmX, BT
Si R RNEREFHRBEBERMEERK (k~0.01), 5 InP. Ge &M KHELL, TTH B IR
HRER, HHEBREEAEPARE. BIESRBZ R E R TSR E KT

(after-pulsing) M7, RERGHRHE, MAETER, 5454 CMOS MIITE
HRE, BREEE, RIEMFESERES Si/Ge TR ERNSAE B FRMERERB T
BB RIS .

LUBRGREFHEFN, F2

a W, —)=2, =l
€ (1-8)

HAPEEL k M FHAE R o BIMNEEMSR, %%FFE‘J%_E\'IXEE%J Wi B
WX, B EUREHXEERNEAM;: b ARBXER, REM B/ X 5 ER LM,
BREEENEER W, ATEERKEGEHE E,. MNHSGHETEEN:

V,=E b+(E, — ﬂ)(W; -b)
8S

b

(1-9)

SRR 4 BIER IR AT, (ERNAER R PR, ARSI
frt. ETEMNEFRE V, SHRHY Eg MIEW, EHE R 00REE AR F AN
SH TP MR RPN, IR APD S N EE T

? s7% B Ea i Bt
0 (5=

o
Y

1



EETUASM L/ HIE TERE F i BREEREXESRNBHFR
B 1-9 SACM T RN BFNB RS BPH DA URILBRE D

¢ e -
Comact ___P_ | \.\ Electrons
laver 9 =
Optical A A~ 1A A~ e o
| \ ; . Charge
signal L _' Lr ) e~ 0 -
| ~ayer
| St
——— .
2 AT DA .
-~ _//_, Hol O . | | f 1
~ " i S
< p-contact -7 70 ~ | -
CEP BRI | . b
- /,/ . ) o p .
LR ~ | \
7~ 7 ) Light el
gratl absorption \»
layer y \ o
54 -
P
// b
Collection layer
non-absorbed N+
VB

B 1-10 MRS fE 14y B R S AR 22 RO RE
1.3.3 BWRBES Ge/Si SAM-APD MR BN

RSHRMBRE T G EEN NG HRIM AR 0000 5 5 502 0 B 2 (8] 5948 B 65149 &
B, HEERAMEXKTER, RARREE. BHEMRNN S SRS KABEERSE
i, BRAREEREARENTERRLFBHOZLSM, RYUNERCRTFREFAHN
ARZ—.

f£4 Si/Ge SAM-APD FHIHEEAREME, ATHRIECSHENT BN, [FME
MHEBEE—>0.7um, TXBEERS A WGEELEAEENES, EMREEAH
~0.22pum, JEiEE 5T HRM BN EA R EEE RO KT B4R EE. B
BT Si/Ge SAM-APD ARIEMMI T fiilE, ZXRAZE SiKTE Ge TR BRHEAR
AR, ERZEESAXBFOIEREFE, RUKEMNRAKBENETRTE
KT, EIAREEEERE, BRI ER F RS E XA E: 2009 4
Joe C. Compal B T MRUKAK BEA 70um, R A-30.4dBm B840, (82 28440 57 {X
%9 R=0.6 A/W @1550nm .. T 8335 A il & B4R R BB E R TR B EE S SV/Ge BRI 14,
R ER A 10um, WAL 0.84A/W @1550nmi?”). Hit, ZHEIALH Si/Ge
SAM-APD #4BT A KEREMEM, [ELMMER, FHERTK.

Fit, ERE—EREAEONRT, REESBEEUKEBEUERKS SGe
SAM-APD B4 FAME A, HAIE LRE T SHRALHERT

B BETZHETY (MMD EENESREEN, B 1@ 240 RER. ik
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BEBREFKERNL,, =N-ngH,, +( ! 7)nG —no,) T 1 5 B HREXFHE MMI IR,

B SBEMCRTOBERMHRKEDNS, TTURSB[GFEREFBENE, LATHT
MR FE APD MBI E. (ERHTHTAZNREF OB ARKERE XA
WA B, TiE—EATREE LB B BHE RS X, FHe8E RE453% (FDTD)
HELZERE 1(0)E7R, Ge BUKE A 10um 34 8B KRABER A 72% @Ley=31m,

MR L IR AL TR E LIS B R F R A BB IE~ 92%. Mok, ZEHH4H%
FEFRS AT Si F1 Ge HARIRISNE, TZHE . 2013 5, Fin# IME & T e
B9 APD 2844, 1550nm YA, 24FRFH Sumx10um, ELTMREE-30.5dBm, 2
{4 87 B 7 M 22A/W, 3-dB T i K E| 20GHz, (B & B SH AT A5 REEIREH .

[
| (b} H =0.2 am
L, =10 um

(a) . (b) 75

]
Absorption (%)

[/ ]

o 0
\°‘-o...____%
L~

&

’n

k‘

W
Y

"

Buried Si0, (BOX) I
Si-Substrate | L

1-11 FASETHEHESAHEEM@BHEBEINE: 0)ZH Si ZEFKESREBENRER.

B FRiAHE B (fringing electric field) X NH Ge RILEH N EBRFANLLT
AREEFANMERX, RATFRENEGHSAME 2@)FR. IMTEARBREHR
STAGEAFIAKESR, ERTREERE, EEENE Ge REAMT Si #EKSZ L,
HEFLIEERRELE, FATRERFEREEBENE, ARBRTELREHIER
FRACTHIEEN Si 538 X 24T 7 M f7KF b, 0 #7746 /500 X AR K
BRKRGEE, MAMFIAT /AL RTNE. AN TAASEXAERATFEEE
R X 5SRYEFE, TISMER Ge/Si RAHLAFEXREFES, FBEMFEAE K. 2014
FERRULILE R —SRAE T L7 B, 88451 Bt 2(b), JAR I RENE] 9,
P 1.3um A4, & 16pm B98ISI E 0.9A/W, 1257 HFR(N~60GHz, B RBER
-30.5dBm.

Ge absorption region A ~
(@ ®) | oxdecossing

(C)  SiGe buffer Fringing electric field

SiGe
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A 1-12 FIRZLIEBHHEIE) SUGe RILEE BT APD #14: () RETEE (b)EIAE.

SE=Fp: FINH IME B T B ISR LW, ERERESTIEEE —RIME i-Ge
WU, SRR SRR ONERWEE, MR TS5BS 2Z 8 A5 58 A 200 8 1
BERGUHARTHESEEEMEBEAREXNLS, BaFEANENEEEERESE
b ESEARE T BB ERNEEKE. B 30) EnTHENSELEHIEER,
Ge WU E BB IE 4.4um K 80um; B 3(b) B T R4 HIRILEHHEMEH 2, B 3(c)
ERTHEEBRANEGS M, TEEAERATFEIERI AT HEZEFHX, BEEFTF
Si/Ge RALAEMIEEAT BEAMEHX, BTRAEALFERERES, KREETHE
WX AD>FHFa, BRHABREMENDFHEFRE, Bt M=1 B BE40WEERA
0.277A/W @1550nm®'). MAMKEE B M AT B EEK T HIR T ], PR T 284
W AR . RS Y B8 B 2 25 T SEAR(UR 85.5GHz@-22V, HE BB EIE~22pA .

Electric Field (Vicm)
(a) b 2 28 3

n-contact p-cantact n-contact £l = * »® =
aaaaa

2 29 9 49

Incidentlight [ .
012,220

LR N 02 A
y oo\ i-Ge | ~0.38, ~1x10'% _ S ____________
i Si: he™ i inti |l02 : a

n } 1 n — oV
1 x buried SiO, ‘2 e i
} [ substrate Si : _“ —V..;.’ 15V
' Y R Y =—==Naniih
| ~Bx101¢ ~1x10"¢ ~3x102 S
1

_
]
—

X-direction Electric Flald [Viem)

1-13 BEFEHYH RBUE ST Ge-on-Si APD £ B LU R A Rk EA EH 2.

Bt ER AT A, RIS S ERE ST SR KERERR SRR
—XFE. HETRRMERGE, B=FTEER LB R HEEUERBENERE
&1, (BRFFRE B TR A 635 RS LR FiaEx e a2,
RMEARNEE ., MEHRSHAETENAFERKORATM. Bk, WEE Ge RIE
5 Si EXESZ ALHUERERE, URMARKE Si B RLMEBEREH, B2ak
BEVR T Si/Ge SAM-APD Hff 1 B 582 1) | .
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1.4 MREEE PIN BIFH R

1.4.1 300nm~1100nm K BAY Si FERE

EEMBRMR ESMERSTHTRZ—, BMRETHEEY 27.6%, RTALE, &
RETREEFTR. NARTEZ. MAREFERWERANITE, HERXBHESEH
#l. 1962 £E7E RCA #3445 BT FU4H TAE/Y Stanley, Heiman #1 Hofstein /&3, T LAEL
FHSRENE Si BREBRIOFEY . MEDERURENMELEERGAREE, B
MOS &, BMERATHETFEAHENREZRREROLNME . BEAREHFEEN
1.12eV MR RRER4E, € T RSB HIRIERETR, HAEBRICEIENKA 11070m
KOGIEREE, JFRetormatiesm, FUaieg ZRATEN TRNAMIELSIRKEA
BRI .

EARFRARRKRNERK, TEERBRM, NETRERNZH—FHERNEMG.
BT, EABRNSEIEELINERRW. FEABRERI, BOLTHERW, MEE, 7
BER, TokBzhish], BTRRESE, MEATE, BEERNE S REBHRNE
HZOEMA, TERR TR, fIRREREERED, EROLNMEN. HBKES
BRENERGPEEXRIEM.

1.42 PIN EHWFENRER

PIN SHRBERKCR_FELEN, REEHINE 1-14, EBRFp XM n BIXZ
EHEA—ERENAFELFERX, BTHABRRSZURSMERMEEMER, FEXEE
R, BAfiRE, BEFEFHKERK ERBRREZUEERKRELERT-TRN
(electron-hole pairs, EHP), MEZEMMNBMHHNAEXREETRTHBERX, BEHXIBLK
AEBFEINRERER £, HEBREFUER T, F5HE prXMA n+XEB,
BET¥SGRRTHRBELEIATY HER, I AKNEE T RR T OB E. 1
b, REMITARB/NT HRMNLELE G BORABDARHN AL, AN, KK
REBRTEAXCENAORE, RERFRIEKENGER, FITFREJENETRE.
ik, PIN SHERMHHAFRENEIFE, TEATRAERNEHE . BRHTFA
XM, REXEEKER, SEBBEHERR, BESCREE. H 1-14 HE
HZHK) P-N 2571 PIN SR BHME, LUREEX R B x .
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p-contact
layer —
Optical [~ CB.
I ; signal \/
[ e ol Light n-gontact
o / T U6 absorption layer
ot~ | layer
b“;r; —.0 L
N+
V.B.

B 1-14 P-I-N SN SRV E UL R RS Ee#r S TELTE.
1.43 BERESi-PINERBEE

Si-PIN & 7= A=k ik, EPr_E, Hamamatsu, Infineon, Vishay, Source Photonics
Inc., OSI Optoelectrionics, Everlight, EMCORE, menlosystems, SensL %% R ¥ S4 A
WRAAF AT T Si tEMB 4 EL), BR, PEARI TS AtE
- BIRBMATYISEME, BEBEAMALRS T EE—LRFHERFE=A8EKR
FER &7, BRBERRMHEFTBRZONXBERNEEERIATNFE, Ak, R
B RIS MAKEHED, REEEAT, E—LRNAMRYNRRBRZE B/,
PEFIHEREECERZE. BR%Z, ERENSTEMEE.

PR Si-PIN HERAZEERNEN, XMERA LEMKE (WE 1-15), HEE
AIRERHNETFRE. MERMETRULAEEAZENTRETRE, —KE
200um~400um. 23447 350nm~1100nm ¥ B34 B ma i3, {8 2005 FIFER Xt oig &
TR P A AR IR B T (], Bt PIN e RSB PIEm R, A B EAIEEamn, H
MAMEEHRA, mEERER, BESKENSETHANARE—EHRFIER, EBEEH
RS RS L8 R BUEREAIRBER, FURE Si-PIN 88419 R ST EN B/
FE BT T, KEBAEIT/ERXRHT, BERNEES~ENE, FMRHBLTE.

Silicon
P Active Area Nitride Passivation

5102 Al Goating

Diftusion Mask /| Anode
| ' -

.—‘ﬁ

< tpn

= == Junclion
| Bulk N Type Silicon | "
~ N

Contact

Depletion Back Melalization — Ditfusion
Region Cathode

A 1-15 ()@ A Si-PIN HRAMFH S H LA,
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FoE SmMNERNEERERETHRT (UTC) HFUHF

MEATHERIASTHARN— KA, FAMKBEREREGBRARBLES, #HITEHEEKX
hWERESHAE, REBERKLESRERRE, REAMNZIBEERT, E/MARROFH
ESMPEMEEREBRE, HURUBLSESRRRANEN, EXBRBMAMETIX
£ (optically-steered phased array antennas ) 3 X i B % s A 7 T R RIRIEICAC 38 23,
RS, THEFUMLERFIES PIN SHRNSFHEMNMEBREEERE, Eit
1997 4F Ishibashi T AR T UTC HWMEBM, FIA P BHREE, HMERATFENNE
F, M T ASIA) B ARS A R B R A SR T E R, FHEEMEmERN UTC
BB T HRAUBT AN —A ST M.

2.1 ENRNERELE UTC HMBFET

Wi

@ [mmmmm [e-Si0, o

Ti/Al Nge 0.6 um
g 1-si R E
SOLTopN:tSi _— j ] x
ooosoisoxT . | | e .

Silicon - adtiom
kg

B 2-1 Ge/Si UTC IR EHE

B 2-1 A #L AR SOI AR K Ge/Si UTC @IS HFE, BBEEZE p B Ge RiL
B, MK Si B FRER, HETE Si BB IBEARY 8 m N+RBEME: AN
P g 5 2 o3 A fe] B .
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EERIT A RF LG HWETERE B8 BRMNEMNEEESTBRT (UTC) Hilsk

2.1.1 IR

1. R RS ER R

UTC 18RI ERN p HBAE, REBRMTEZLRUT BB TNETHRIZN, 7
HEIAEWER, BERZNERTEBIRBEMERNSE, FERATRERENER
BEXTREXME, ENFERALZ, BEZRERTAT . S00EEAERN:

£, =1/Qnr,)=1/Q2a(W? /3D, +W, /v,)) =1/ x(W? /3D, +W, | [2kT/zm,)) @-1)

SFH) RC WNRR A A T AKX H:
1 1

= (2-2)
22R+R)C 5 g ipy.

Jac =

gg,nD’
4w

(3

Hep, WoRAAMRESRKERE, D, BT p MRWENT 8RS W, 8 p BRIE
MERE, EEANNESGORIEEEE—BETRICKE, BT RIEFRFRIREEETE
0.1A/W LA £, BAMRUUZEHEERE R 0.6pm, #1FH 3-dB HRITHAR.

1
frg = F——= ,
e &

BIFEARER-1) 2-2F2-3)BEARRTHE & B4FE7 3dB H RHEAEURENE
FERUBRR ML, A TREREN 3dB H XK, EIR W=03um.

-
o

o

L

W, = 0.6 um

m— Diameter = 15 um
= Djameter = 20 um
m— Diameter = 25 ym
m— Diameter = 30 pm
m— Diameter = 40 um
w— Diameter = 50 um

.

3dB bandwidth (GHz)

0 . " " . " N " .
00 02 04 06 08 1.0 12 14 16 18 20
We thinkness of intrinsic zone (um)

B 2-2 RER~TH Ge/Si UTC 43t & 28440 3dB H REE R RRENEEZ LR RBE.

2. B R AR H Bt
UTC £MIRIER p HB%, RAFERXNEHEBEBLY Sa07#T, Eik
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EETRER T EHETERS ZF . BmREEEEEERUENTA

ARG T 24 HOBRReT 18], BB T — MRS ARNEE, ERIRX AR E
#, U ARATELKBRPOERER. 2501710 T RENBRIRED A TAZRRER
B, b RATHE B A R R X 4 5l T 2391 AR 2, 4, 6, 8, 10, 12 M [X 3,  ARLDA AN XA
FHEARBRREHRZSE, B silvaco - FEBMBRAF R HBR], XILHEH
BUMEEEIAURLRRR ERE, RGERNE 2-3 Fix, BIXUARBREHET,
X R AR 2, FIRE A T ARSI X R 378 B RIBIRE, BhREMKBIA TR
BEREEBK, FEeERE, FETUED, SREEDR 4 SHENFRNBRKRE
HE, ERSKRFADLRESRKRE, REBRATEBRBHNIIERK.

(@) 1 . ®3F F
s - TS5
" p—— — Eas-W E [
I one piece .o peces - = 20V
%"1 [ ——sixsteps ——telve stes [ 6 4
----2 . 'ﬁ .
g’ ! 3 A5V
m“v, b
R4l g T / TV
55: L sV
- — ov
0 " 1 " 1 i [ L (] [l
Qo 12 0 2 4 6 8 10 12 14

2-3 (a) MRXHIWEB R FoH 2 HMTHE, FoR6 7, 12 M REBRTIMETEH

B: (b) EERNBREED T RERBEN M PHRILX 3 FFE2 5K 2, 4,6,8,10, 12 MRIFAREX B

BE, TEHBREX SR 4 SHHRBBEERIRABRHBER, BRTARERKIBEEERI
X.

212 IR

SR RE TR i S R B R BRAG, WA R R BB E BDCEN R, IR MR
R, AR SR TR R RE .«

(1) EEMEEOEEH F A LB BB IRE: UREREB G, =R, Si0;
MR, Ge WURBEMITHEDIFA n1s nos nyy EBng FRAN D, BEEIENRERZIE
BRI 1o AR RS Ge MILBHERIRHFE r. |ASHILBER N 1, AHE—

WREDEE 1 RN r10, 2EFREH —RRSTHRE 3 wBERn,(-1,)", 253
BB AR HNE S WBE N G0 (1—1o) . L L, RERLE S EHN10% T

LZBEARTT. BREIZSPHINEEER 13, BRRENRE 1 M3 HLMEUMAR, KRB
AR, ARERESRIATIRE-.
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AR T RFELEHSTIERE BB RMEENBEERTERT (UTC) RE

0 1 ,
N l’ T A 5
(5] .. w
n v 6
4 4
B 24 e B BB P R SRR

A 1A 3 BN E n R R, REMETE BB EET — SHEITER.
HHMARN R BA, AEEEEEONNBAENREFHEX, HEBEED)
i, REDEAEFEEEL. BTEAIRRMBETHEXRR: n<n<ny, FTLEM n; 3
no 0 no Bl np MRS S c4R%, EIIEHE 1 A 3 A T Rk, HAREN. KA

A
%Uﬁ}?:i%iﬁﬁﬁ’ﬂﬁ%ﬁdﬂﬁﬂ)a, KF kAE—BRE, L ARERTTHEK, X

XHEEN 0.6um.

@ REBRFHREREFEEZIBMRG S HAMHABNESFLNEER
EH, BTHRTHERN B —RDMTRATFHEESHES, EHSRTFIORERE KA
HE1 [4.5] ,

(3) RUTEMEHEIERITRE: RXHIRIEM RN Ge 8, EREBRERKMNEER
FEHIRIT, 2 Ge MPENEAR 2 2R 16 AR, RILRECH 840 /om @1550nm, 243523 0.25%
HUTKRL B, ARRARIC R SR FHE] 4570 /om @1550nm ). BT ASS 4K A SOIXFF
MR, ATUAERREAMEEHRATLY), XM Ge HOEZE 1550nm BB HIRIK
FEH8 1000/em!’0,1112,

&) YUK : AXHA SOI #ER BOX 5 Si Bz A KIrst &, #i5st
R EAR BRI R B EREE, REEOREKE. NTRERLE, B 2-5 =ZF
F FDTD solution 224l #)H BOX F17C BOX M #H) UTC 8RR KIERE N H, TUE
2| BOX EiEA AT LU &S E Si BRBERICAIE RS E Ge RINEHH—SRIL, HITE
ENGHRRERTER, EEEPHRBEBRENATERY, MBI RFFRI. X
MRHORE BB ) Pay=Po (I—e™P), #— B RHKE| Pay=Py (I1—€™P) + Pye PRy -(I—e%)
BGERSRABRE.

23



ERIKRFETFHSETERE ZF N BREEEEAERNRNTER

Anti-reflection film (Si0:2)

'10 A g

e ez = e

o i — e S AVETS— —

S g =

o 3 8

£ £

= gt =
0.4

-5 i
Si-substrate
02
0 4 8 12
x{microns) x{microns)

[ 2-5 FDTD solution #1143 | SOI #1 &K BOX BER M S ANFH SR EFTHEL, FRBREIE
Fikar, FEIREE Si KR LEE, SOI #EHT/MTF Si K.

ERMTTHETERERMERE (SMM) BN RATEZ R EEZKRER, THES
RENBHESSIiMEEEE x LU BOX BEEE y ZEMKFR, BEDERBEKE.

TRTI11

E2-6 ZEREAMEZHHFINGR

EREREEZ N TSR AMEZBEH#SIN R (nE 2-10 FiR),  MEe)afERER.,
REREI R R fE 2 RS B X R, MR LRREEEBEFEERNRR, EAM, X

A5 | BESHIEERE, WAL,

=1

cosd, ~ sin d,
M,= n, (2-5)
in,sind, cosd,;

Ko s, MENEE, ﬁ5j-=2§N}.djc059; (2-6)

M(2)= ﬁM, = [g (1;] (2-4)
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EERIMARFE L EHETERE BoF WmNEAEEERTHAT (UTC) HEIE

M, IFRTFR— 2x2 MERRR, KFSMERTHEAEMEFEYERL ER

R—IMTHEER. UEBLEER, URZRHFABRARGFARGEI, BHERNR
EFERER, NRSE I BENMRMETFHE, AR ENROEE, 6N MH, n, AEER
4, XFEENG g=N;. THR-RERTHRRE. S5 RERERX:
T 4 217,
My + 1 o+,

WFEENSFE Ge/Si UTC 2844 (M 2-1), AFHBEKKBELISSE. Si0, B Ge
E (0.6um). Si B (x um). BOX E (y um). Si B (340 um) HEHB/NHBEH RS K5
EZ M, NHEBEKHA 1550nm, H#EEZEKABERECH 1000/cm, 7] 1523848 KR
R A 79 0.176, BLEHH) Si EEE RN 1.1um, BOX EEE N 1.85 um, B TE BOX &
1, RGHERR 1.5 5. BT SOl HEMEE — RIrHE, EEH BOX EER 2um,
Bt SMM HHBE Si EEESARIAEMARIE 2-7 (b), Si bk EBEXTHRYUK
iﬂﬁﬁ,m‘liﬂm%ﬁf&ﬁb RERIRIRE R 0.167, Si PR EEE#H 0.223u.

ul\\\\\\\\\\\t\‘\!\l\(\\\\\\“\\‘ ;
2= AR
DR
AV
2 A
\\\\\\\\ it ||

------
...........................................

b @)

l hickness of BOX Ia\'e

Thlckness of Sl layer

B 2-7(a) M £ 5 BOX BH Si MR EEFZAM%E, (b) # BOX EMEEEE N 2um, SiE
SRRz MR,

2.2 MENOREREEAE UTC HRMERE&

22.1 EEERSEEK SiE Ge W

Ge-Si fI{100}. {110} && A1 IR ERE BN O'Gg{loo}=133531'3"‘-‘—11‘12\0'&{110}=13003Tg/cm2~
osi00y=2130erg/em?. o5;110y=1510erg/em’ (lerg=100n)), Bt Ge FTLLRIE Si KA B
— 75T Ge/Si Z A EHEREH 4.18%, Eit Ge/Si RFSELL SK BRHAT.
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ERITAREFR L EHSETERS F h: BREEEEXERNELT A

Ge/Si #MER) SK HEREZ R, BERLRAMALLE, —FFRTE Ge/Si FELHHIK
FChi4E (N 2-8(a)), A—FRTE Ge MET MM FELE (InE 2-8(b)). KELEHR
F BB ZRENE: FBA R RKRAE OB, (I RAEEEERE. R
# B S RA AN A RS, MNERREREZION RN EHRE, HEFEMERF
ETBA Ge SPERBEF . —HBRM Ge/Si FEFFEEE] Ge RS K -

& 2-8 Ge/Si(001)/MERRAIFIFIAI4E . (a) Ge/Si FTAIKREAI4E (misfit dislocation) ; (b) Ge
R B FENAIE (threading dislocation)

BT Si fll Ge ZB TR KREELAN 4.18%, FH B LHEEFE T4 K,
B8 Si R LAAEEKBREN Ge M, BRAT —MERMBE. HTHREEHE
B, RPRREESEAEIERARE Ge ZriEUHSMEEKTIE. BHELE 400CLI T
BT AEKE R 3R E Ge Buffer B, REKAREFEREE 600CEL, £KEEEE
# Ge B. £KJ5, ATHREMERE, FTLUETREIFBALE. BLRBOMEIILE
HRELE 107em® BEAKT, REOFEE LB, HPiFMIEHEES, MALEK
MRDER LR, FREAERBATH, TRE Buffer EEATZ £, E
B, MERETE, RABHSiHEL Ge RAEKNEETE.

AXFEANERERRARBRAPIEEKNY Ge SMEE. AFLEKPRINT:

1) ¥k SOI(100)41 &

2) SOI(100)# RESITEFRS, ABFEEKEFHRE:

3) 270°C FERA®E 4 GeH, A1 60nm EHI Ge B E;

4) 600°C TR GeH, A+ Ge HK, FEHEN BHg AT REKIS 4.
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ERTURFE L FHETERS B AREENEEESTENT (UTC) HiH#

. I..lllmml T " y T

. 10" i dos 110000
E
g
% 10" b AR 4eox10¢
s w—Band Energy
< — Electric Field 05 _
=10 ’ <4 £.0x10
8
E
g 10" d.g.5q40x10°
S
°
O 4o o 2.0x10°

¢ 1.0
Si substrate y \ L]
( ) : 10 - ) N B X ) . e 0.0
a : 0 02 04 0.6 04 10

(b) o o e

B 2-9 (a) Ge/Si #MEEMEAT TEM E#; (b) FIFAE SIMS #1718 Ge MUYUZE+ B RFHI44, RETF
Fl silvaco B2 B 4> A F 28 I BT WA B H 70 1.

222 MEEBMHLEHMT

B BAN N TASRE f 2y iR B2 15/18/20/25/30/40/50/60/70/80/90/100/150/200um A8 [F]
RYMBAEHNEAEAFRNG. BRETZWT:

1) BEFENBFY, #lEDose) R 4x10%cm™, & (Energy)y 30keV, 7E Ge R
EiBAR M P+ R .

2) BABIEETFEN.

3) FEERTEYE. BT Ge/Si MOBHIREBRIE, TEBERS AT LAFHSRER . SRR LA R SR AL IERY
W RFFATIELE, BUSKRERMERR. Tl RBXHBREIFIFTAE Ge/Si ¥ &,
SRHRELETF K- ZE-HH-ZHE-EEFK, #ITEFERE.

4) KZIM1 R, ERENRTHES.

5) FIF Alcatel 601E & ICP ZIf#HL, shallow2 FEFFRESH, ZIMMEE 0.85-0.95um
ZiE, Bk Si EBKEME. —RICP ZRFEHOMERE, FRPOMNERLEZIHR
FEREE 100nm £4, BEEZMMEIOEARR, ZInSHRENARE, XMREES
WREE/A, BRITEER.
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JERITARFE L E R TERS

o BAREEELERNENTR

Gradient-doped P-Ge
I-Si03um |

SOI Top N+Si (1.0um) !

SOI BOX (2um)

Si substrate

B 2-10 ezl M1, Zith ERA

6) EZIM2 R, ELASHBEHKTEREME.
7) FIF Alcatel 601E & ICP ZIti#L, shallow2 B ESH, ZIMEE 1.0um £4,
ZI B ENELZE .

; gmg!eﬁtgoped P%‘ i

I-Si03m |
SOI Top N+Si (1.0um)

SOI BOX (2um)

Si substrate

E2-11 BEZIM M2, ERTEREE
8) EZIM3 R, KB THEBUETH, HtbrERR.

9) KR T ®EHKE/E Ni/AI=100/250nm.

10) AR B T s AR .

—_—

|

| Gradient-doped P

I-Si03pm |
. -
SOI Top N+ Si (1.0um)

SOI BOX (2um)

Si substrate

B 2-12 EZIM M3, R TFHEE



EERTXRERLFEHSETERS FoE BREENEEERITRIT (UTC) HRil:E

1)BXkEE.

12)EZIMS iR, B LERET=Y, KMl ERRER.
13) & F 84k 4 /& Ni/Al=50/350nm.

14) W E T stk

SOI BOX (2um)
| Si substrate

B 2-13 EZIRR M5, HERLER

15)iB k&

16) PECVD YL#E SisN, 600nm 4, SLEE{FRE.

17 EZIM6 fR, #HLE. TERUETH, KMUERARES.
18) ICP ZI# Si;N, 600nm, iTZIih, K HEBEH.

©

| . .G dent i ce
| __J_ | X =ISi03pm EL\
[ | | SOI Top N+ Si (1.0pm)
| SOI BOX (2um) ’

| Si substrate ‘

P 2-14 EZIWR M6, ZIthELE, BTl ETRE

19) %I M7, 444 pad B ARA X IR FE HIK-
20) IFRER, FE-.
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ERITIREFELEHETERE F o AREEEREXSRISNTR

| we— | I - Si 0.3pm &—

; { SOI Top N+Si (1.0um)

| | SOI BOX (2um)
Si substrate

B 2-15 EZIR M7, &K pad Bi%.

21)PECVD Si0;, 550nm.

22)M8 KRR S REH K.

23) ZIth Si0,, 550nm, XM, BLHAAKE.

YEFl: % Pad B ALEE R, L& RBERE=EMEM, HRBEKEE.

SOI Top N+Si (1.0pm)
SOI BOX (2um) '
Si substrate

B 2-16 EZIE M8, TEHHEBMR S,
223 BHUYETEER

i L BRI SMERT CMOS T2, B/EIEEANE Ge/Si UTC 844, ERA

15pum B9 TTE 4R IH AL B IR I RIR BT . . TLAE B, 384 LB BeRAFF R
7, DRE MR SRR E s AR
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IERTURFE L FHETIERE FoE BEEENEEESTRRT (UTC) HilsE

B 2-17 E#&5 15um FI24F8M0E.

X F oAt E S ERET 25um B84, LRREFGRAFBRANDEELA.
FE: ez Ms ik (EREER) &, #FRRECL2METEE, B Lem5/AKH
FE Loum EAMEEREE, EREZISKRN EEEAZRERE/ N TH&EE, &%
WRHBERNXZRWEEZPREREE=FLUL, TATRSHXE, HHEEHA
B (nEF) UREREBERMELT, ALRHNEERERER. 2E6UH: SUSS
Delta80 I 41 3000 ¥ 40s, 7ETCEFEIGHE & LR IR IERZ AZ6130, #fn L XK
MEEE 23um ER. mRRAFLEFRAHER, BEMNLETEES 1.5pum BEE, N
BRE&A EEEROLKIBRERERN 1.5um £ 4, REEE LS 6 R BN,
BR&HMPOLXERE, srxTEEmEARFRNTHERIRATERE, EER T
FRADESR LB, SRIER, SutfBERERACCRERBFIERE, EAKERT
IR SRR R

2.3 HMRNEREEE UTC HFAMRES

TRTHREBAMITZRE, BEXRGHRZURAFERETRIE, BFEIB-F
SR, RIE-—NRUBERIFANSHAE: BEA LV #L, AER -V
Mk, J|HFEE CV HLK, URBAFRMOMEIIRMEHL. FLREEAR G
T 1.V 1 C-V &R AR T A, 6/ Agilent B1S00A #4750 BOBRSLAN T
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EERT A REFE T EHETERE F . BREEELBRNENTT

(b)

bl

t

win u'_.n.a {

218 1-V HUR AT (a) et & RO B ST R R
2.3.1 FEHERRE

BT ARTE B &R T 2 A0S FEIR 1-V #i£R, WA 2-19 FiR, SSMFRILH RIFH—
RERE. BE4AESEZRN 15pum, HE-1V IRETHIB BTN 58nA, HEBEAEEN 96.3
mA/cm?; B2 30um ROES M4 BORE BB REA 61.9 mA/cm?.

(3)1 0 |_ (b) 100
10° g . J,,(mAjcn) -
E 80
4 = V. =10V
@u E‘ ias
E”D‘ § 80
& 10° 3 "
= : b . Dark Curren Dark Curren
10* ] Intercept  Slope
e | Value 4291066 689785273
10™ 60 Standard Er 10.22662 210.80683
5 :I :1 -2 1 EI 1 0.02 0.04 0.06
Voltage (V) 1/Diameter gm™)
B 2-19 ZEEAHE Ge/SiUTC & RT R B -V FE: (0) SRIJBHERREESRASH
ZHIEIE 1/D BIX R,

HETR, #4NEEREERESRGRTRAMR/, BamiTsRe.

1, =Ty x”(%)z +J,

urf X D (2-8)

4
Jy=dy oy X—
a = punk XD @65
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ERIAFEEEHSET RS F_E SENENEERRTHAT (UTC) HEE

HEBRT, B4NEHEFAS D (DBHFELNEL 2ELMXR. #HiRRERIE
RAE. B TARRRS 84 (1/D) XNAREEREE, HEELL 1/D AZEM—IKT
BHRelE. EENYHMEBENRFNERERERE, REABHFHNERBREE K.
83 Ge/Si UTC B0k BB R 42.9 mA/em?, B4HI&BEH BN 102 pA/em. XF
T Ge/Si S84 Ms, BHENERERFERET SBKMERME S, HEEHK
FRAEFEE Nippe BEMBUNERAEEEE, RS Ge SMEERERERMFEBHHEBEAE
M-

232 #|NemRNRFE

Current on illumination

10* \

T G

o

L
-

Diameter =15 pm
10* | Optical power =1.2 mW } =1.55 um
Optical responsivity = 0.18 AIW
10*  Dark current:
023nA@0V, 016pA@-1V

O e WA 1y

107 3 § I § 2 I
5 o 3 -2 - 1
voltage (V)

2-20 E124 15um 245 RO M R AR .

LM AR R A TWD1100 EFAMIRAR M KK A 1550mm MERARES, B
AR Jum B BB RE S AR R EREMHRENAL, IPBL IR U B
ST (R SEATRN . ASTEETIRN 1.2mW, EH2N 15um HFL/EE B BE IR K
BRI 2-20. SMFE-1V RETHOERFALN 0216mA, HMHHEMN R 5
0.18A/W, EFHEN 144%. FAREEFTIEER, EFRETLERSRFEETH
M, BLEASRMFRETERRERIRAF T E® TIE.

2.3.3 BAFMRRHE

ASTHRIB KA 1550nm, HINEH 0.5mW, B AHIERRFNGEAER, K—EH
BARE AN B R RE b, SRR S A0 ThE . Wi e R AT B — AL,
BEAHMRS A — LM EThRNXRME CnERIRREISI AR ). Lk Tt I)R
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EERTAXRFB L EHETERE = F: BRBEEEEXERURENTI

BAkiAs] (BURFURED BHThRM—3 (B1-3dB) B, HEEIBHISRE ZEN R0
BEHE.

UTC &HFMEEBHH 3-dB R ATLBE AT EHFBELMLER. BUREFHR
AP R=50Q, Ge #1 ¥ T HHFIERBIE T v,=6x10° cm/s, Ge HIFEXT /T R $H 16.2,
BTN EEHN 8.85418x10" Flem, HARQ-1)s (2-2)MQ-3)ATLABREARST (B
R=0Q, BB REBE, P EEHMFE ER)ARRTH UTC EHMBHEEREEES 3-dB
WROXABL (WA 2-21), FANEFERETSENEREE. SRS GAREE
BROB#EARARRE, Z5eifH, ¥ EEESAMEE, BEMNERNREHFESE —EHNFLES
A, URNRRESERT ERB4HNERERTELRE.

(a) : M) 4
12k W, =0.6um | 7
e T ——Diameter = 15 g1t
S0k ! —— Diameter = 30 =
8 ! —— Diameter = 40 2}
g of
3
3 &
2 6 — hameter =15 pm
B 4F  e— Diameter =30 um
z ar Theoretical bandwidth: —— Diameter =40 pm
; -5k Measured bandhwidth:
) 116 GHz @ 15 um g o7 15 m
479 GHz @30 um g 4l S e
0 . r = E -.BUGH:I @ 40 um 2 70 G-@40 1m
0.0 0.2 0.4 0.6 0.8 1.0 . ““;;1 — ““‘fl
We thickness of collection layer (um) Frecquency (GHz)

B 2-21 E&% 15um, 30um LA R 40um 24F7E-5V RE T H) 3-dB R 5 BB H BRI ST E.

234 HWHERHE

WAEEZZR TR AHENEERR, BERRX A R AR PR AR R R 3
M2 R ER -

Voo = Vi — LR, =L (R, + R, )1+ (27 /RC)’

Hep, L, ARZEHR, L AR EFEEET, R G AE, RoASBEME.
2 [6] B 7eF R R R B M 1 R AP E LR T o iR X e 8, — BB A B 2 55
FRER, WRXKHMEZHLSAR. BB TR EIRKRRERE:

Qe v 7~
o = 852‘ . [Vm‘ V=B W, + it NDCJ

max 2
w. 28

(2-10)

(2-11)

He, e NEMNMEER, v, AETHRMBEBEE (~107cm/s), w. FREXKE
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ERITKFE L EHETERS FoE REEENEEZRTRAT (UTC) KRS

B, Vi AWBER, E., ARTFREFEHEZEE (35kV/em @Si), Npc FHEX HIbE
FHRE. METERBRTFEN, WEXBEFHEET 0, THAKIE.

FIAREMEHTRE D FIARREZ R 40 pm 1 18 pm AR REF ARG ThE
THI RF ZhR, MRS RE 2-22 iR, E2 40pum 284, ¥ 2.55GHz, 7£ 1GHz H)A
HIBIER T, WA A 4.6 dBBmW, XN EIEMERN 16.24mA;: EHIZE 18um 84,
% 7.23GHz, #£ 3GHz HIEHIMET, W@MmEHEA 3.7 dBmW, XfRATEMERTA
16.22mA.

5
(a) , (b)
g |- Diameter = 40 ym - . -
| Wavelength = 1550 nm | e Diameter = 18 um
6 s @3GHz
=, I~ 16.24 mA L EO0F /
r P ~456dBm X m s
m ot —_— e - . -
..‘;2 @1GHz7V 3 % Linear Fit — . I, ~16.22mA
g2 P gt P, ~3.7dBm
e <]
ol 1.~ 10.4 mA o
wo| 1~ 104 M, w
i —— 5V
e < agiemii——=r =7 — v
@1GHz, -5V (b Aol v
il =V, =6V i —— 6.5V
— =7 —— BV
¥ i e o . i
5 10 15 20 5 10 15 20
Optical Current (mA) Optical Current (mA)

B 222 E25 15um # 40um BH4EFFRE T HBEFERE.
2.4 EFIGE

AEHENMBTEENSE Ge/Si UTC FM MR BIVK, RN ERAHBEFML
2, SEEE RN TR B LR ORISR, BEELRABANRKERR
SMEH LIRS CMOS #AESBMITE, #&HARARTHEEEEENS Ge/Si
UTC 158, B0 52 AR A0 88 14317 M BETRATL , 28 ROBE B IR % (~61.9 mA/em’@-1V),
B RN RE R 0.18A/W, EE 15um B4R N 9.73GHz, RN #BHRE RIFM
WA, E42 18um 21F, 7 3GHz MRHISAET, WML HHH 3.7 dBmW, XM
B R 16.22mA -
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2% 30k

1 Ishibashi T, Shimizu N, Kodama S, et al. Uni-traveling-carrier photodiodes[J]. Tech.
Dig.Ultrafast Electronics and Optoelectronics, 1997, pp. 83-87

2 Michel, J., et al. (2010). "High-performance Ge-on-Si photodetectors." Nature Photonics
4(8): 527-534.

3 Kang Y, Liu H D, Morse M, et al. Monolithic germanium/silicon avalanche photodiodes
with 340 GHz gain-bandwidth product[J]. Nature Photonics, 2009, 3(1):59-63.

4 Kim, J. et al. Transparent conductor-embedding nanocones for selective emitters: optical
and electrical improvements of Si solar cells. Scientific Reports, 5, 9256 (2015).

5 Savuskan, V. et al. Single Photon Avalanche Diode Collection Efficiency Enhancement
via Peripheral Well-Controlled Field. IEEE Transactions on Electron Devices, 62, 1939 - 1945
(2015). '

6 Liu, J. et al. Tensile strained Ge pin photodetectors on Si platform for C and L band
telecommunications. Applied Physics Letters, 87, 1110 (2005).

7 Yang, Z. et al.In situ relaxed Sil— xGex epitaxial layers with low threading dislocation
densities grown on compliant Si-on-insulator substrates. Journal of Vacuum Science &
Technology B, 16, 1489-1491 (1998).

8 Liu, J. et al. Tensile strained Ge pin photodetectors on Si platform for C and L band
telecommunications. Applied Physics Letters, 87, 1110 (2005).

9 Jongthammanurak, S. et al. Large electro-optic effect in tensile strained Ge-on-Si films.
Applied Physics Letters, 89, 161115 (2006).

10 Dash, W. C., & Newman, R.. Intrinsic optical absorption in single-crystal germanium
and silicon at 77 K and 300 K. Physical Review, 99, 1151 (1955).

11 Ishikawa, Y. et al. Strain-induced band gap shrinkage in Ge grown on Si substrate.
Applied Physics Letters, 82, 2044-2046 (2003).

12 Zhi, L. et al. Effects of high temperature rapid thermal annealing on Ge films grown on
Si (001) substrate. Chinese Physics B, 22, 116804 (2013).

13 photodetectors and fiber optics{M] P-130

14 Jaccodine R J. Surface energy of germanium and silicon[J]. Journal of The
Electrochemical Society, 1963, 110(6): 524-527.

15 Ammar Nayfeh, Heteroepitaxial growth of relaxed Germanium on Silicon, PhD

36



FIRIWAEETEHSETERS % AMNENEEZRTRAT (UTC RS

Dissertation, 2006, STANFORD UNVIERSITY .

16 Y. Okada, Y. Tokamaru, Precise determination of lattice parameter and thermal
expansion coefficient of silicon between 300 and 1500 K [J], J. App. Phys., 1984, 56(2):
314-320.

17 JM Haramann, A. Abbadic, A. M. Papon, et al. Reduced pressure-chemical vapor
depotition of Ge thick layers on Si(001) for 1.3-1.55um photodetection[J]. Appl. Phys. Lett.,
2004, 95(10): 5905-5913. _

18 Takenaka M, Morii K, Sugiyama M, et al. Dark current reduction of Ge photodetector
by GeO2 surface passivation and gas-phase doping[J]. Optics express, 2012, 20(8): 8718-8725.

37



AR REBTFHAETERSE ZF i RRABEEEERUBTHR

FE=E ERW Ge/Si FFRUEIRS BEBHCRIFNF

BEEEERIEANME ERRERE, AMIXAHERSE, ARk, KEERKS
4k 28 (repeater) M PR LI H T EmMERN, k3, WM EER K, THETF OSIH
WEE, RREMLEFENANFL, ERERARELESHRUNERSS, dTEH. #
BHBCR, UHAMEGSEREKMEKERKE. BTERERFEERRE, EXadPbem
MESELEHER, RRE—EBREMEERESAE, BEXIBERER. T4
BHERNERX—REMR TN . ESRYBLEFER, NRERIESHITHK, REE
S5REEAHE. E£NSBLERF, BOPEBHHRETUT RASGEERAR, RehmiE
B, MIRASEN, BERSETR, HHBEBINEERED >

P % o 4k 3% - 18] #¢9 1B] R BE 25 2 R K 3% R Gi(transmitter) . JLEFIRFE. ST EREBIRFEL
REWRRBELEREN. B 3-1 G TEARRRGF EHRB X ERBIRZHE.
HpEW S SIRESE (Link loss budget) & HEEINSS BT IHHE A L Th R = IR SS 1Y
RYPFITEBIN, HRGLEAREGHNRE, Fh. REHURBESEREREN.

Pl —— i B
" KL BB
R
RAERBRIE
Pre 4 Link loss budget
“1 BRBREE :
P

B 3-1 LB E PR

BEEE ERIZEMMERARRARE, AN THEESHHTERBRBE, B PINSGH
TSR, REEHMARNERS, KESBENIFEIBA, B[40 HER/
ATV AR, ATHZIASHKERBERAETRREEENR, FHHHNE (avalanche
photodetectors, APDs) I X — TR FLE /R o

EFFNBEARBrBFZEZETEEN PN #4, EXEBRNBRTRETHE
WHBL, RCERM TN, EMEARBRNABERLT, THERMEMIA
SHTHRE N, EHERER, AANSH-HRENRBERTTHE_RE 10dB £57,
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ERIWARFHLEHBTERS B=%F #RB Ge-on-Si WG-APD #Rilll 38

FEARIE R LA R M RN P 4 BB A AR K T S0km, /> T B E M F R 4RHEH,
BBERAE. EBR, THERNBMEMUNSM KBRS, BREJFREE. HEHAK
RS, BREBER APD BRAKEKASMNER RAE B AT A,

3.1 FE GeSi EERBEANHEIFNER

3.1.1 FHEGK Ge/Si WG SAM-APD &1

ETHRRAE Ge £ RBPRFHEMMERINETE, EENMA Ge RAFIBA Si F53H
SR, BRIBET —FHHOPKRET Ge AARIL. Si #FERALNERIIEST SV/Ge
SAM-APD 414, BB RBIAT HERMBEAFRERETASERMEHT A
AT SE A5 M REAR EL I L RS, AR R B TR R SR R T A 2 (R R %
HEWERNTE, BAEEHMNE 32 Fin, RERAMFSMTINT:

/. =1550nm /_ﬁ |
P e -
L e e Q/V g
Si0: ///r
l -
¥
Si-Substrate .
X

A 32 RHMAKRERS Si/Ge SAM-APD 24 2 Hm & HE.

1. RS ZEEESHGRUENEZMBARERE, HIRMEGK SR taper
B SRS EE IR EAMRRE, MANFIE, FENBHLEF T GeRIEZ LI M
T, WA E FHEEREANE, FEBERURRX EEFX BRIt REH
I A BRI TR R A B RO SRR B . KA RL TSIl S BB R MAHEKX, ]
FTERKERIENSIHEAREEZARSENRAER, MEENEEAEZER
SREMRE], WABRGAFENRITHEBRE, RABGHOEREERE. HLAREHR
2815 B 5 B S RO e ma R R R R A 4

2. BGeRIKENFERNBIPKER, REBERELBEBRNRNBERRES
BEMR (41), TIEAEFTHEEREERNNZBBAMLET BOFRR, &KRE
TR T AR HEFSNEA R, PR 45 57 AL BRBAZS 5N B AT S BRI & (Jark ¥ )
FMERERS, FEHAKB/AN T B EREEBER L= A V). BT ZBTERALES
BRI R A fE 1, EENGeRINERE, ATURBUEREMFERIL, MARBERIE.

3. KGR EM T ELE/NBIGUKEGR, HF T pnks 51 ) 8 I37 M A 18 X ) 677 [X 7
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ERIMREE L FHETERE F M BRAREEELRRUBMNRA

BREY &, BRFmXMREETEER, SR THEZETXBEMKRESHT #E3
HAAMKRETHEBZS, #RKBDBATHEORN R, ATIRE TR rmEm

AVAY

4. BUSIHEMEEX, B FIREMNEEEEREFME—, EamMEEMTE
ZMATHRARNGEEX T, SEERR TREVERS MRS MEEEER 5 RE7AE R
B FHUR, E—PERERFIER.

5. SUERIERNTE —RHOMRISNE, FABEAUFETZ, SEENCMOSTZRA, &
REA, LTZEEKR, TR,

By, FATHELH A FHKE Si/Ge SAM-APD 284, TMUAESHERE SN
FEHBITER, FNEBHE XA AR EZRTER, ELUSHRERERHHN
BRI R R A MR S, RESCILE RBUE IO AW

3.12 APD R BXBSH
1. BREREFM

APD HIfEEEHF M E LA

M= G-

Pl |g~

K L, % APD R FIMESBEE, L &P —RESHR. £ APD FHTATE
GHAEREERE, SERATFREE-TFHELIREFBIERNE, FRBEXNERA
GITFIEEEF. TRNEREEZFTE &k EENESYFLNET-2/CH8E . BT
LUBE UL FRR R T IER RS APD MfEIE RH.

dl 4PD = al ndx + ﬂ] pdx (3-2)

B LA L AN E T RRMERER, o 7B R FMERERE R LR Y APD
HEEX P, REBBRIM=1,x)+1,(x) MiZFEFAE, MARE2-12)%&

al pp
dx

—BBRT, FEEEXAKNESES, WafpE xR DRFRE P, LT
EMAERERERN W, AKX E x=0 &FFis, TURMBLREZMS LepWy=0
Lipp(Wy=I. W (Q2-13)3 7] UERIEEE FHIRRR

=(a-p)l,+ pl (3-3)
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ERIMREF T ERMTAERS F£=F & RE Ge-on-Si WG-APD F 2

M=IAPD(H/:])= 1-f/a
1,(0) exp[(a-BIW,]-B/a
A M., APD HfEAFERiEERABMWLLE pa BRAXRR, YREFBEFSMiHE
B RIS RN, p=0, XE M=exp(aW,), HEIt APD KI5 RFH W iksEEgn. mR
a=p, WEI-(@-pW)REQR-14)RF W exp/[-(a-p)Wy, 1BE:

M= !
1-aW,

(3-4)

(3-5)

FE oWl BEARKE, RATHRREYE. REE o M B MEHER T LALRE
KB X EEREREMEE T, ERE o # B REEKIERT APD HIMRH 321K K
KB, FEHBRER, FUSEREATRARERFLENT 18 (Bl a>>p 5K >>a)
L AP R Si Ak

2. HFHE (Van)

%’ﬁﬁ?%ﬁﬁ)‘(%%ﬁij{{%ﬁﬁi&%%ﬁﬁk (o) BIX MM EEE. HEERIE
N E EFA:

J, aexpl=[" (- B ldr =1 oo

FREFWEREHIREHETFII RN, HEEHIEATRGIRHURERRERN.
HHEFNMAFERXARETH4, SEVISIRE BHIBRHNERTFERTR.

i, WHIE APD B4 BTN 100pA BB REEERZBHFNETRE
Vap-

3. AEeRE

MR RIFHCRIREET S, ERERTReR KR AR AT sERA R/ AT
HMTHEEVEFRRBER 107 HARHNRDNGHIIE). T PIN HRWE, PR
MRBENTEREFRLRE TRELERBABOARE., MEREAIEME APD
B, RBRBFEZIEBRRARERRS, FTROLERRT S B ERERRA TR
BRBEN—ANEREZ. BTRMITFRRHEBERTARGE, FUBNEHERERNE
BRABREH, RAENE. XMEHEBNEIUER ARG E, DXFEEZRER
AR . SRR T LS REESRERN EAMREEN TIE. BERBRFER,
A TIRMS> KT HTYERT <M. SRR ETHREEFRRA:
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FM@EQEQ QEQ
(M) M

G3-7)

P TR S AR TR P A LR L B SO R P R AU, OB T R o
BASEHET M. % o 7§ SUEREEK, BAEEARTOHEET, REETHL
8k

ST A X R TR A BT S, TE MK (A TR, WS
?.'ﬁ]“_%'f&[ﬁ*!*ﬂﬁ%ﬁ. ]:

F = mp-0-0 L1~ o + -y
M M (3-8)

HFREETFEN, M =Po, NESHRATREEERN, k BE. THFRE
S NBIHSL, K=/B S NIRRT, EE . T0 SiRFTAIN Blo S H
Kl —, B SUGe AR E BRI AN Si, T A MA BB, MM,

32 #A%K Ge/Si WG-SAM-APD SRR F LR

BN SRR ROA R B 2@ LA MR W X EE A9RRB, TR A S B TR
BEETRMKE, FILHEARN 93 Z 52 2 im T A0S S R AR ). 238 AR R R B R
PSSR, RAFSHHFMERTZNTEEAFRZM, ARFHHBEF. BR
LSRG TZEF, MANSFOANREESZ2ZIM, UL SELRER, A
SmE A BER, RRRAR. KRS EWANNRA T U LA, FERREKE
MR FHERBREHEEER, THTRERRE AT TR, GHEERSIERNS -
TR AIE fiber-chip BEMHO, HLEBERES, RS-JHAREHRO, RMBT
#ar. HF fiber-chip #& &4t DA -2 E 0 O — B A taper & T LIRERE R,
L REARR SR E TS RT U RERFEU AL ZNTI.
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3.2.1 fiber-chip &R

(a) -
Photonic ! /:’

nanowire

(b)  optical fiver| | 1
«?ﬁg = iJ

Edge Alignment Grating
coupling critical coupling

Alignment
tolerant

B33 RF5H LESZANEETRT: @FERE: O)EEHRS.

HAER LBESEWBEHNARNEFHEN: 55 (Obutt-coupling) F1 E E & &
(Vertical-coupling), N[ 5-1 Fi7R. MMEMEER A LK FwE S0E H 4R Q=% X,
B SREERTEEMYE, BEXRIRABEREARE, RARKFRE, THREKARMR
ERRES. AR, EERSITHERAS, TEHERTH LUK, AREDSEN
Y, MAURNRE, BRWEANED.

IR A LR R —FIERFE IR, —RF AT (taper) S 18K AT PR K #H
FHE FREEST. IRFFRAERES =M, B4R (Lateral taper), WA
3-4; HEHEIE (Vertical taper); 18 [ FIZL [ 45 & BY 45 (Combined vertical & lateral taper) .

ey

B34 MAEERT: QREEEREESY: ORAERERES': SBELMEY
REAREHESSFRESHTEALE": (QBISHEEETAIHESSHRRFHEAT
Bl (o) WM EEHESERD, () FAHUREEERVESEREN, QBIHKRE

REFHEIHNT R T SE BB IR,

HENESHARMENGSEERES ST AHEE 7%, &g
spot-size FHIBANFILEHF R, BRT ZEHRIA—MHE, FELIRETZRER
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RTHESETFHEZERNNEENRE. B 3-5 AR LESSXFESHRD, HF
BiHSEAEE b, FimEE w, taper K& [, J5¥ channel BE W, UM% N7 SEM
BEAEES (channel) MI&EE A=220nm. FEHEN W,=400nm. B3t R-soft #7148 2%
F TE/TM &3 1550nm Y A\GT, 5 OB EHNEZE w, M50, 25 w~200nm=20nm X4
5K FES 0B a %R B, @:id 2D FDTD solution #HFE61+E "), 835 [>40um,
i%F I=150nm.

FERETERAEXNGILARE, BAREIZHESFP, BFA aper HHEEA
SRR EE. A XFABREGERFEXBTZEEFTNEREENTEITES S
BEAAHSEKACEGEAPERMEN, OB ENE. BANBLLMOBEAN
630nm, GZFL 50% MG JEMHE & % 315nm), XHEZIREE 70nm, FEEAME: §8°

(A RBEEHAWAE), SHEREDNE 3-6 i, #EELHH< 12um, 3k 20 NEH
MFE, SEEEIERR A RER 49%@1550nm.

®) wof

£ 28 L
2ol
% 22t
ﬁ 0 :v
18
16
14 F
“2 C i i ' i ' i
. 6.2 03 04 05 06 0T 08 08 10
Si Substrate Waveguide Width (pm)

A 3-5(a) i L% 5 A 815 O B nanotaper B AIXLE; (b)H KA R .

630nm \

70n

BOX I Zum

Substrate

B 3-6 @i AL HEARANEER S LS.



IERIU AT E RS TIERE #=% ¥R Ge-on-Si WG-APD 5l

322 HBRERES

AT BH XA T PREOEAF BRMBHME L, EEAFRERERABHES
AEFEL (WE 5-6()FT77R). ATRDMESHERRE TERAFTESHRSHTR
fei, Eh, 4B M 5 % 7 % (Effective Index Method)PH B A A UL I S 19
BAELM, W 5-6(b). BEIETRAXEBNA m=0 FEEFENFMGR:

%>0.5—0.Sa (3-9)
i>(1+0_) (h+0)/(H+0) (3-10)

H 1-[(a+0)/(H+0)]
go =y [kt -m)] " +r,/[k-m)]", MF TEHR, yopmls HF TMHM

K, yr=maymy’ F yo=(ny/ny)’c AR, k=2n/. % ny=n; AEMNERITEZE 1.46, n A Si H
THIR 3.48, BRGNS BEEEY, B 5-7 iR BT ERE S %R W 8 400nm,
Z| bR N 100nm .

(a (b) }.L.|
L%
h | H n
n3
W
N N; N2
a

B 3-T()B MK S HEUTEE: O)FRFHRETHREERKSEH.

a) - (E ]
(a) Widih (b) =
29 )
146k Etch h
el § E st
3 7k E14b
2 -
= 24 = r
£} ; 1.2
é s E 1.1
- s I
2} 2 "I single Mode Region
ssf 99T One mode in two polurizations
One modriam;:nh:rinﬂnn for w < 1.0Tum 08 F
u L A - A ra— i L 1 1 0‘7 L " s AL L 1 i
04 06 0% 210! 12 14 16 18 20 4 60 80 100 120 140 160

Wavegulde Width (um) Eich Depth (am)
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38 HERINETBH

HR, XABRFAHERITE (EIM) FMERAMETEX LT SOL A 1TE K FHI5HE
SHRFEHATHHE T, WM FREFIRAER MRS, AT RSB E
Bk, THBET PRGBSI R %A DA R OO A — R IR, Eg
FLESM, BEE P OHEBEER SN, FEAOEEERBERBR, SHTRSPOERIT
SRR WX RIR B RS, HPOHEEAE - ERER, KRNE
RIS RETEEEHOITH R, RS EXTEH ARG AR, BsRiEsFR L,
RIER RS R EAEREAMR T ER RS # T IS MR ERRECA:

a =C, exp(-C,R) (3-11)
J, cos’ (%)eq”
Xe: C = (3-12)
2| 2 +—1—sin(pw) +Leos? [ga)
™27 2, g 2
C. = 2g9(B - k,N,) (3-13)

? k,N,

Ko, RAMEEEZ, H, h, wHdESHE LEE 5-6(0)1HE, k=2n/lg, f=keN A
HESHEBEHHAMETERNEE w RE: N ASRRESHERIHE,
p=RBN =, q=F-EN? . LEWAFTR, C M C, REMELE R FXH

EH, MREZERES « SHREZR EBHR, MBLZE/D, EFNREGTE. #
FRIEZE BRI « 9 INp/m ( 1Np=8.686dB)H] B 2R 412 SURIK S R B/ N R 212,
FHESEHURAAN LS CHMNEZYE, TREHEMKR/DIHEREZN 10um.

323 HIREREEHRERT

BIEFEEFEMFRARXSN: aEHHEIES (evanescent coupling )H! b.X3#E#B & (butt coupling)FiFF,
43540

] 3-9 i
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E=F ™R Ge-on-Si WG-APD Rl 3

()

— iy

Slab

Oxide

(b)

— rib e G e P
T ——

Slab

Oxide

h+
7 F 7,
i Gep |
rib
Slab Si
Oxide
e-
> R i

Oxide

Slab —————" §i /

B39 S RHNBRELE, @QREARBEE: ONERE.

AR A P2 e 3B T AR I EL, AR RS BT SO R R K R R
A—AMN TR F— AN R, RAELRFEANERAEIDHAEIER. ABZE L, It
HEEAUTEFRY . MEREOLERTAMRETATPT, TRLEL RN E
WG AR R E B B f DL BB B A R AT U BRI 100% R,  He i
HBEMER, B FDTD solution HIIBERAHERE . MEREURAFRERAINLF
Bt S R LM P EAES A, W 3-10, BEABMASANERRERBESRERE
Rl 10um KE TFELHABLHLRI, ERBTHERBEINT A RITEERE T
KAREIMT TZRE, BNARRTRD.

.
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.

: i Butt coupling

F 3-10 FDTD solution # it HE B BARE X EIRE LR PIFE &R 8844 OB BT 7E-F
T A OLERBE 4> At 1L «

3.2.4 APD R EEEW,)¥it

Ge TILZERIKAE: 3@iT FDTD solution MEUBERHEAE S . RS URBHHBE
BITFRS Ge MEIRIMRYE R HAT T 1HE, SR W0E 3-11, 2 Ge B I K EEEF] 10um,
EEX 0.5um, BMBESERIIERERRIEERESR 93%LL L.

Ge REKIEE: BT Al &EERIT 1550nm T4 S R BERATIL, EAER
& Ge MREFEER, HERERAERMBREEERE, BEITELERNE 3-12, 24 Ge
EE< 04um &, AlEBREEES: 2 Ge BEX 04um i, Al £BA0 Ge LR T #
HIRBILEH, AR TRAREIE Ge B, WERIL: X Ge EE> 04um i, Ge ZEEBE,
REBEEIE Ge MBI IR /N, LEET Al & BT FERUELAEL /N o
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FEZ=F %R Ge-on-Si WG-APD &Rl &

Butt-coupling

D.‘ - —e— evanesent -butt coupling structure
EEs
0.845
%.0940 - Ge-5i '-"'»}.“f.:'ii'.-’.!-'i" i
‘% Ge length = 10 pm; Eyanescent wave
20.935 |- caoupling
<L
0.930 |
0.925 |
ka2 1 . .I....N...l....l.
0.00 0.05 0.10 o.15\ 0.20 0.25
Ge-Sispace (km) = Almost half
B 3-11 R e S ER SRS WEILL.
0.96
0.95 _ Evanesent Coupling Structure |
0.94 | Optical limited
2
S 083 |
2
(™=
0 0.92
7]
<
0.91 | Al metal absorpti
—e— without Al metal
0.90 —a— with Al metal
0.89
1 " 1 M 1 " 1 2 1
0.2 0.3 0.4 0.5 0.6
Ge thickness (um)

B 3-12 FDTD solution it B ERHEHREE T A Ge EER Al BRI RIRZH IR,
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3.3 K Ge/Si WG-SAM-APD K 45 Hi% 3

Si _charg-_e region (& /¢y
/\‘,'

Si chine.l’_&__j

SiO:

Si-Substrate

B 3-13 Ge/Si MU FREHR K SSHENSRELTER
3.3.1 BRIBE:AZE AW

PRI HEARHIE L : RERE¥ SR MM, RN EEET NSRS
BIEEPE, (EfES{FIRIER, KM BERETHIEX (Active region) MAZERARME, 1t
A Bt e PERT DA 2BE . FEAR R AR R PEXT BRI AR AR N, EREER TR 5H/4E
95 X FEAHEL .

SE X ERIB B ) NS HL: LhEAR R E R, B SO B B S o R FR B0 (350,

d] -1
(8]

ZEREFRETHERPY, HRIFHORBERERNRY: ALBSELSARAERK
FIE# 2% (Barrier Height) B S&HABMKENRABA (Np>10" ecm™). B T E Ak
B #HRBURE 2 (Thermionic Emission) 3§MN; EHENMERMEMNERREE, £T7FH
BEZINSEEFS (Tunneling), TEAPEERK. —BXF IV EEME (Si, Ge) &
KPR ER B A S A B R E B 10%em® UL L, BTFHATEZERAY 8y
REB&REEK, AEANTHREBRESAE, EENEEANKE, —BREAEERN
0.1um. FRIVE T AXFT ARSI E FEEMM .

* 3-1 BAEM NS RREEM T ER

T4 &R FE & e’
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ERIWKEFBLEH IS TERE F=%F W RE Ge-on-Si WG-APD I

n-Ge Ag-Al-Sb, Al, Al-Au-P, Au, Bi, Sb, p-Ge  Ag, Al Au, Cu, Ga,Ga-In, In, Ai-Pb,
Sn, Pb-Sn Ni, Pt, Sn
n-Si Ag, Al Al-Au, Ni, Sn, In, Ge-Sn, p-Si Ag, Al, Al-Au, Au, Ni, Pt, Sn, In,
Sb, Au-Sb, Ti,TiN Pb, Ga, Ge, Ti, TiN

SF¥raReRAANBAEEINS, WS FRMEME R=R/M, A+ A HERE
fER.

332 HETERSWHT

EHRABHIBFERN—EPEBR N Si#ZE (EF RSN sz 4078 B F Ry X F0
EHX K EHSES NHEANEME Si AMXATRE &S, SRR FROMEY, &
BHESK Si (5 B m T RA ST B R (E 3% (Si: 3x10° Viem), & TR BE 3% (Si:
7x10° V/em); 5 P+HSEMBEMEMRKFER, FHRRKTFUAMEEERRIE,
7 Ge ME M BBHERETEHBEBT (Ge: 1x10°Viem), BribdmadEgrs, &
EBOHMREE. MEFEEIMEREXNEEEX, FETXHEAXBKN S EMEG S
HEER, BTHBHKPK Ge/Si WG-SAM-APD A X A T A KIFH BRI X &7,
HEES Ge BN REILE, AT HNRKEEESEEMNES, GeRKEE SR
BB FHEELAR, FEi, Si G8FXKNEERN 04um. TEREFXBRIREZMEHS
ﬁ:

A, BRREDK: ERXEEIERIKK, HRIKXFEHEX 2 68 8E58EE
HAR, LAMREEBEERBEHRES BN, HE AR X B e N T w
MRERF, WE 3-15()F(b), HEHFEXRANE Si BHEXREATE Ge RIKE, 1t
A 81 BOAE 18 R HUTT AR (>10°), I 3-15(c), (B R HET Ge MR AR E R LER 1,
Sr SRS R S HARE, SRFRREUERIK.

(a)4 10° ® f

K T Siaxd0~Tx10" T ~4x10°

E i:3x10°~7x10" Vicm I E

L —_— 0V : o

> ' . -

(= P ' >

g X10°F ;3;10‘ -

2 °

= i

L = £

= 2x10° S_'I :-2- 2%10° b

o 7}

o L]

S 1x10°F uc'l‘]x‘iﬂs e

= L

2

‘.$ 0 R g 0 . S i
x charge region; 0.4um, 0.[8:1!]:'-’: E ;charge region: 0.4um, 0.8x%0"/em’

0.0 04 0.2 03 0.4 0.5 06 0.7 0.8 09 1.0 00 01 02 03 04 05 06 07
X (um) y (um)
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(©) 4¢¢ . ¥
[ \\ charge region: 0.22umx0.4um, o
1wl g 0.8x10"/cm’

10*] E 4
< | c
=l 10° 2
=10 [
| g
ey I8
310f wa

=
w0l 10' =

107 | o

; . F - i .
25 -20 15 -10 -5 0

Voltage (A)
Bl 3-14 B ESB TR, Ge RIIX BFHT K UBREMHHE.

B. BHAWRELE, HREXMEEXTLER, SnmEEZRBEMYXHER, &
WX A BB KR EAR R AT E, A 3-15(b), BARTIREST REM T HIYEE
TAE, ERERTHEEERZEIRE], HRREYRNTHMAE, ANEGES
BERERENT, BHE Ge WUZ T ALZS (8] BT BRI (5 884 RAEMA, MR HIE
BABRE. BTHEAXARERMEEXTLRE, SREF RN, S4ERTERE
FEAEEX RN, B R S RELLT &, FEX PR EEAEZL, @-20V M1@-23V
BFREXBFZELER, SHAERBENEPEP HHBEMES Ge RUEREL, TA
REMFEXFLEFXYT RETWEX (FBUSMMESHT BER), XFHEHI AT
THREBRTEBFIEFTX, ﬁﬁ'ﬁﬂ)\f‘%iﬁliﬁigﬁf“iﬁlz PURE: b

() Y ~6x10°

stk Breaicdcwn Veltaga ~21V —v =ov | E — V=0V Si: 3x10'~7x10° Viem |
X [ - -5.'.‘ — =5y r
Ge <10*V/em I i Yoo | T S sx10‘p L NV (b)
- ; = v =.
E 15x10°f _v AV S a0t b Ve 1Y
$ f— =a0v| B —_—, v |
2 te—y =a2av | @ 5
z P Ve £ a0 b = Vo= 2V
2 1.ox10°f < Esm N
[ o
£ & - 2x10° h
S 5.0x10°F 8
o © 1x10°
: . g
0.0 E ¢ o $ 0 f o
Jcharge.reglon: O.4um; 4x10 amm . o charge regiop: 0.4um, 4x10"/cm?
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.2 0.4 0.6 0.8 1.0
y (um) X (um)
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10° - 10°
- charge region: 0.22umx0.4um,

L § 4x10"/em’ 10°
107 |[ ] 10t
< .I 1.5
ol s "%
g - ; 2
S10% v s
(%} i £
10" B 10" =
10" F : 10°
o b o o a0 . . 4 40 . . . 4 PR Y 10-1
-20 -15 -10 5 0

Voltage (V)

B 3-15 B ESAIE, REXHNRHFEIMEHERLEL.

St F BB 2R B 0.8%10em®, 1X107/em®, 1.5X10"/em?, 2X10"7/em?®, 3X10"7/em?®, 4%
10"7/cm® B} 8844 R ER B3R M AR HEAT R EE, M

10* ]
— 0.4um 4e17
3 —_—0.4um,3e17
3 — 0.4um,2e17
107 ,
< ) —— 0.4um,1.5e17
= E- (b) — 0.4um,1e17
e —— 0.4um,0.8e17
L3
=
O [
!E r
g 10-1:! -
[
[
16
10 I-
[
-25 -20 -15 -10 -5 0
Voltage (V)

B 3-16 fis, ATLAE R R EE X B0 BEXEE 0.4um, BRIRE
1x10'7 fem® ~3x10'7 /em®, BT AR X A S EBRIZRIGRE T M4 B FE R X F 75
BHEHRE, FEik, BB AREER 1x10"7 fom® BFTIRE EH MR AEES.
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(a) 1.4x10* — e —p—————
— V= 08017 —V, = fet7i— _- T FAOx10°p —— 08017 | ij
1.2x10° -—v =2e17 ==V, _=3e17 -—v = 4e1f S — 1e1? .
: 2 2.5x10° 5e17 &
=1.0010° Breakduwn \.I’oltaga.--21\|" L =
5" B
-S 4 an =-10V ic 2.0x10
Se.0x10 P )
s i Z 1.5¢10* :
iC 6.0x10 8 '
= w ' "
= 4.0x10° 5 1.0x10 .
@ - ]
W 2.0x10* & 5.0x10* '
? "
0.0 x 0o i :
00 01 02 03 04 05 05 0.7 0.0 0.1 0.2 03 0.4 us 06 0.7 ua na 1.0
y (um) X (m)
2.5x10° : . g - . : . <
' . 6x10 ——r——
* v - = .20V — 0.Be17 "é"
1 (]
€2.0210 ) — gsm
— °
o _— ]
S 1.5x10° i 2 4x10
2 £ ax10°
[ =
i 1.0x10° o
o °
= W a0
] &
2 5.0x10* =
w g 1x10°
0.0 : £ @ .
00 01 02 03 04 05 06 07 0.0 01 02 03 04 05 08 07 0.8 08 1.0
y (um) x (um)
[
10™
- — 0.4um, 4e17
- — 0.4um,3e17
107 - —— 0.4um,2e17
< ——0.4um,1.5e17
?:_" { —— 0.4um,1e17
E10™ _——0.4um,0.8e17
3 f
x [
s10™ r
o
;
107 [-
!

-25 -20 -15 -10 -5 0
Voltage (V)

B 3-16 BFHERIKRES 5 0.8X107/em®, 1X107/em®, 1.5X107em®, 2x10em®, 3X107em®, 4
X 10"/cm® Bt THEZE(a) -10V F(b) -20V B} 344 A BRI 2 AT FI(C)RE R LA R F s R X £
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3.3.3 APD fEHE#

EHRNENEEEHMEREALE P+B% Si HELAEN—EFFRARE. B4
ERRKIMERT, ZERREHGER, AREEKESTRMAEATERZNERT,
MEHRBEGHNGEE, BINESENRASHRT, BETHRISHR, ~4Ea
Foz2gent, PRe A B BT AR SO A AT 1R B R 4 B BTN R 07 (IS B 3 IR,
LKA RS EEERN UERHE RS, FAESHBR TSN, BERATETHRESTR
WM TE, EINFEDBPKE, BRESER. |

B AR AT A B SRR A E, FLHMaedBRERHES, AL
R &P E L MG EE, EXMEREGE. A, B EFRAFTS, REREERE
T ANBIGEEE, WEPFRNIESE, (Dead Space)’, BEM TFHZX KB T RERBE
HIBER. TR RBIR T A X i B, BRI 7E BT R B R B /N R B 548
BRI EE . HTFRATF—EEST BN ReE, FRMATSH, Bk, XTE
RN ST ST R R84, ERANT ARMMGENEIER, o LLKFER 5 HH
X S e i R EERUUR - A SCREH 7 R e R X T A X A s, (B T
R B R T — AR, RERENEE.

HZBTR Si AR SEAT M, ATEENXMRRESERREE BN, RN REER
BUERTEROAEE, SHEMENEHERR:  3x10°V/em<E<Tx10°V/em. SiFH
BEREE BT EENSFTREEME AN 1.792eV, Wi E7E Si B FER 1 EE /M T 60nm,
ATHBREHME, FHE—%EA 0.4 um.

3.34 APD &HERER

BT SEEAENRG ML SERGERTES. RATEBUAESEBRENL
b BN, BAERNSREGETRERNRESE, TERRSHERER. F
St b, TEEROBHSZIMESE, BamT IR, MAELFNRRGHRE
RERARE, EEBEMAER — SR TREMEE, EFEEE NS SRR SR
BEAT AT PASE ARG I S M BB IEFI R AL .

1. BREEA -V R

BITZ BRI BT AR, 53 T B A Ge/Si WG-SAM-APD MM B RIBIR A,
MFE 3-2. 3BT silvaco BB BIRFHFIME (H3-17(2)) ULRBHESERRBIEAES
R T RIEAR A0S AL B IR RS -V FRHE iR (B 3-17(b). B84 IV fhi&m
HEM B T LR AE-28V A, FBHIEAE-15V LUE.
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R 32 BMHBESHSE
— Thickness Width Concentration Doping Dopant Material
(pm) (pm) (/em3) profiles type
Contact layer 0.1 0.4 5el9 uniform P+ Ge
Sels (SMEARLES
Absorption layer 0.4 0.4 2 * uniform | Ge
Charge layer 0.22 0.4 lel7 uniform P Si
Multiplicati
i 0.22 0.4 lel3 uniform I Si
layer
Substrate layer 0.22 >0.4 5el19 uniform N+ Si
(Al 10"
= charge region: 0.22umx0.4pm]
1.0x10"/cm’
10° §
8
\ _E'
10 =
=
s
10*
. AR
-20 15 10 §
Voltage (A)
6x10° r
i - 1 g/l L —V,, =0V Si: 3x10°~7x10° VI
(c)1.5x1tl‘ | charge region: 0.4um, 1x10 lem® — = 5 et | —Vor v LIX x o
Breakdown Voltage:~23V —_— =10 2 —— AR
—_ u R — — =BV = i
£ Ge <10°Vicm I “ T 4x10* p = V=1V
S 1.0x10°p u V.=V
o £ 3ot b — v, =23V
T °
Z i u% 2x10°
F50010°F s
& = 1x10°
g
0.0 g 0 :
i ) o o ) | % charge regiop: 0.4um, 1x107/cm?
00 01 02 03 04 05 06 07 0.0 0.2 0.4 0.6 0.8 1.0
y (um) X (um)

B 3-17 (a) #ERMEM: O©) MASHE LV IFELURERREEL: (o) RAEHEFARNT
1R IR E TR AR X BB A 5 X BiHah
BOEEMTERR 32 PEHRERLH L/ ER, AHERMEHN, &
RSB RERERWXAEEA RS, HEF2ENEHSA (ERIRERBI5 A
oo
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3.4 Ge/Si SACM APD S{4a0%I&

3.4.1 Ge/Si EFE{ESE

B IFEET Ge/Si MM Ge #EE RBEA Si 2 Ge R SME R T HT
HEK. ERSERBRESE: BRE Si K Ll PECVD F R E#— 2 SO, HEE, #
FHH A ZIFZI R Si0, B 5E HAME Ge BRRMAEKE D, BE Ge MEFEL Si EKH
MJFEE Si0, RE A FH, MBI Ge SMEMBPIR), ALK RIERINE Ge MBI
LI E 3-18 FREY, SOI REEL N(100)& A, EFHBOINERY . AREEHED
EKEEBRTAR EAEK Ge EiE, SBUWT:

1. ERHEESTERRA:

2. B REEAKE B,

3. 280°C F4ME 60nm EHY Ge;

4, 580°C TAHMEEKREER Ge.

SilGe
I 1

(110 2400 nm
D

(110}

B 3-18 SiO, & M LS IE Ge WIRAVEE SEM E: @EKEE R 750C, TREEREE; (b)600°CHE
K, SiO, B AMIBEBEE, Ge MBS SiO, B4 K

£ Si ARMTE(100)HE LIEFRE Ge SMEBEARTLEIE Si FHFARAEKK, L
HEU— A EBETE 5 Si(100)E A — /Nl Ay 0=26°(F — L SCRRBT F i XA f B R 25°8
32,333, @mAXRMNZETIRASRE). BRESEMNERTESCGR LD, HEEELK
58 x y s BB DTHN a, By, HF a=p, y=6=26°, XH:

cos’a+cos*B+cos?y=1 (3-15)
h: k: I=cosa: cosfi: cosy=1:1:3 (3-16)

R, Ge/Si(100)EFHESMERILT (311} fEH, BIE 3-18 PRUAAHUEE, iEFL&
SCHR#E R INE Ge & TR i BT, a0 {111} R Ge/Si(100)iE S E HIL{311}
S TE R A ERNLE B AT AR, {311} RN H NS LR IMERN Ge BRAIE
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FERMELEN. BRE Si FNEER L, EAREKNETZBA00)EMAEKERE Ge
EREH b, A 3-18 FiR:

(@)% L>2hcotd, Ge HER—MEHAR, B 3-18 (@)l BIXFEM:

(b)2§ L<2hcotd, Ge HEER—I=AFK, WHE 3-18 b)AT~. HE, SEEK Ge =
RICERRE A he=L/(2cotd)<h, SR ITRIEBEEE h A —EMXH]. L<2hcotd B {100}
am [ B9 AR AECOR FEHGHT TZ A {311} R BS H A KR BE IR T

AR BIE F B Ge/Si WG-SAM-APD E43T7E Si 41K & O F4ME Ge XEE. i@
LT, Si EAME Ge HERALL, —HSHIB11 &M@, IEEEIHTEM, £d
R BRITH XTI EBETRE.

342 B[R ZRERTT

LM E1, SEAR Ge/Si WG-SAM APD MM BRI EZ T — kB RIS E, 3t
SMIEFTEE EERBE . EEMMEH ZARNT:

1) &HTRE Si FEEAN 0.22um #9 SOI &, &@if PECVD 4R 550nm #] SiO, HAK
FA i3 SN E ROFERR .

2) HTREEE MI W, FAMER DRI PR, FFIA ICP ZIih, ¥4MER 04 H) Sio,
BRAmER.

Si02 Si02

Si-Substrate
& 3-19 M1 Z|fh p By A X sk

3) BEEFEANTERIMNENE OLEN BR BT, HEAREEN 25keV, HE
$9 2e12 /em?, FEHL Ge/Si WG-SAM-APD S {FHIHLH 2, BATES 2R 4 feie s
KR .

4) RATR M RCAP T EERIT RS .

5) 900 CHERfF, X, M.

6) 270°C T{EF &4k GeH, £ 1 60nm E# Ge ZE-

YER: BIE Ge/Si KIS RAL (RACEA 4.18%: ag:=0.56579nm, as=0.54310nm)
FRP=AE MRS, RIBAMER B 9nm A K F) 60nm ERT, FERF1H 0.9%MEZE 0.2%.

7) FBZE 550C, FAM4 GeHs £ K FE 0.5um HIAAE Ge HEE .

58



JSERIWAFE T EHSETERE E=F #RH Ge-on-Si WG-APD #¥ll 3%

SR S R B VO S

=i | Ge et
Si02 | Si0o2
Si [ 2!
BOX

Si-Substract

B 320 BTN p WX, EF4IE Ge B

8) FAHBTFRENL M3, ¥ Ge ROFERBEBRAN PHARMENREEL, BFEA
BF,", 7@ (Dose)Xy 4x10%cm?, A& (Energy) 30keV.

9) FIFHFREEK M4 AR, # Si REMREBHA N+ EEMENREEL, BTE
AP ETF, FEDose)H 3x10%cm™, fEE (Energy)y 30keV.

10) B KBEE FHEN.
Ge | ‘\3"
I SiO2
S I
BOX

Si-Substract

A 321 B R RE FENTEA P B n B A9ERIBEAL /R .«

11) F FHBVE RS ph A9 75 2K SMERE FEN 5 A R L H RIFERE Si0, MRS HEL,
EHFF PECVD Yl 500nm £ SiO, B

12) BT M5 iz, FFFIF ICP Zth, ZIhERSE T 7 H/ S BROBEAm AR = .

13) BB FIRBRIE M6 R, BB TFREAKM liftoff TZ, ZEE LT THAREEAS
t’ (Ni/Al=50/250nm), Ffifiid RTA BAKFRHATEE-
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Electrode—_ o } I
Si0: % %% iz - PHGe
Si0: I sio:
IS Si

BOX

Si-Substract

B 3-22 HFRAER M left-off Hil & 281 W o £ fh B 1R

14) BB7 ML M7 iR, &3l ICP %k SiO, /A, F+FIF SiO, MR (A RE I h ) Y 4
ERLESMEemOURA LEESIES.
15) %I M8 hR, BT B FREKRM lift-off TZ, #|&H Pad Bk,

3.43 HBATE4HH

F/ANEREIEEFLZI R, ICP Zih SiO, EHEE Z R ZIMT R KNEIRE, HHEFE
Xt ICP ZIMEE SZ R T T ML TWE, FEZITHEFET.

ATERZMEZMS, AZXRAAPHREESEFMERTLAEMLE ICP ZIHAL
(Multiplex AOE) #] R:SiO-lowl #2fF, #H—X %I 4min, &t SEM MR 24 58 A8 1Y
ZIThIREE (0 3-23(a) SEM MUK ZIHAEROIRE R, K E-FRIBARENERNR @)
2 pm, (b) 1 pm, (c) 0.9 um, (d) 0.8 um, () 0.7 um, (f) 0.6 um, (g) 0.5 um, (h) 0.4 pm,
(i) 0.3 pm, () 0.2 pm.), BEMFEEMEMHZMERE, BAEWR 3-3, HRAEHSZH
FHEELT 0.9um LU, ZIMERFEFEZIMTL T ABE/NT K, ICP ZIthRER FH S
EETFHRELIHERREA, FE5ERRE—EWLERN, EEERZIMMEN. EEFY
HHERFRRAGH, BTEARERE, 2MERLBERHERS SXMEE &Y
EfR R EBE, ERAFEE, SR FEANEEZE, XA ELREZ LR
R, WA 3-23 (d)-G)-
% 3-3 FRMEFLE Multiplex AOE % (45 R:SiO-lowl ZI 24 ICP %I 4min /5 % fhiF B 0

ZI)hiE
Zl) 2k B8
2 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2
(um)
ZImyREE | 531.8 | 5367 | 5415 | 507.5 | 429.8 [437.1 |400.7 [3643 |342.4 |2963




ERTURFELEHSTERS B=% % RH Ge-on-Si WG-APD # ¥l F#

(nm)

ZUhiE=
(nm/min)

132.95 [134.175 | 135.375 | 126.875 | 107.45 109.275 100.175 | 91.075 85.6 | 74.075

B 3-23(a) SEM R 2l O3 A B B oh B F AR R IR B A B 89 R F(a) 2 pm, (b) 1 pm, (c) 0.9
pm, (d)0.8 um, (€)0.7 um, (0.6 um, (g) 0.5 pm. (h)0.4 ym, (i) 0.3 pm, (j)0.2 pm.

XFXFEEZIMERL, R ARE S BRI ER KRR, FEIERA XA R
WhnseIe A FRS b, UASCRY B ZIRAITESL, BT Ge iA7E SiO, MR EAME, FTLAZE
HIRASMEZ T —EBRIESNER A MEREBRAENLE.
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3.5 AFMG

EEHENAT Ge/Si WG-SAM APD 4 19HERES L. REBHMA U ERLIGEITH)
FRMABAHRIRBE R, RGBT ERNR R E RIS Ge/Si SAM APD 1%
HREEN. REESEN. BABBAENURBHNRIKEEHSH, 2 EHEI%S
AR 2 B B B F SR BT T 0T AT 18, S BT ERFIERE LR
ELEY Si AR R, RBREAEE R (~10° BR) BIHS Ge/Si SAM APD 844124,
MR T RSN ES R R FEMAMTERE, ST T Sio, BRIt 55 5 % i &
fXR, ARMTTEERMAZOERER, URTEMMEAITE.
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EERIUKEBTEHETERE F o BRBERELERNBNHR

SFOE {KBEEF Si-PIN 5058

PIN HFRUBURTZREE, KRER, RAKE, MARWNE, BBRABDFHLE,
# 4t 1+ Hamamatsu, Infineon, Vishay, Source Photonics Inc., OSI Optoelectrionics, Everlight,
EMCORE, menlosystems %3 Sk M S HH 4= AR 8~ R0, PIN EHMREANER
AEBPRNBEN, BHEPINRUBEL ST HM, R, T, GLIATRES
FEMAIT . NS HIRFEERE RF B RE T SRS RIB/MS SHITIE, RET K
BRE, RETXNEMPEIRBEENE, FHit, KEFKEERNRNS-ELMANE

4.1 HREFRRVLERL

4.1.1 ¥ EER

HEZRENER LV FEMMRETUTEMOG#HTESH: (1) REEREE
i, BIERZAFNBRERAZAREHNSINRE, HREELFUSNS, FFEHEHHE;
(2) BREBGINELURL: GYMNEAMRER, BEANDFRENTEFRE: @) #R
XENBIFEFE-BE0, BEBMERXK AR, BT RANZNEREE. Bd3%K
RS G, EEUFBURAREHY, BREB_RETRE, WHARX E. BER
AHRE RS ER RN RS AN RBR T AN aREE, FHik, NHEaR®E
AT B EREEREEEAREEMNAREZ — HRERWT:

D, n’ D, n’ l: qv ] D, n? D, n?
Jug = ’ 2y f—*’—' exp(>—)-1|~x—q |2 ——g |- L 4-1
ar =(q . N, q ., ND) p(kT) q . W, q o W, @-1)

K+, Dy D, #HABTHZRNNT BRE . M o SHALTHEHNHH, Ny
Np BXKZERE, Np InBXKEERE, n ARMERRTFKRE.

4.12 FHE-ZESHERA

SRR TR RIS — TR ARE T, A4 A TR R R AL, &
RBAREREENARZ = T Si SHTSSEESE, TSNRDIRNERES
SWFEEARETELTE, BREEENN, KR EATHRE, TERETFEEN
ST, HEBUE (V) HEHE-BAEE/R (SRH) Zithial,
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IR TI AR FE TGS TIERS FNE KEF B Si-PINHRKAUE

B&: E~E, TRAMETHERBEFARRA o BRE V>kT/g, FIEZISHREER
HEEARZ -5 RN BREERENA:
W e 8V

Wp
Jge =!o q|U|dx quUIWD :_ngexp(ZkT

(4-2)

A, o AR THFESwN, W AZRERFRRX .
413 RFBANEHER

PR AT BX PN AR, SRR REN R MEE T TERBARE.
BNEBELpnEMREBREHFUEMT 6V I, BREF TR A9 LRI 2565 f i
I ERFEN. TERSH, BHEASSKEEILE Ry ATUSNTRIAEKE (SRH) JL
R Ropy» WIAIBEZFE (band-to-band tunneling) Rpy» SRBAFHBNBEE (trap-assisted tunneling)
Rygp R RHE LB (impact ionization) R, 2 F1, B, BEFEXB ZIREAT, FX—%

B BRI SEE  1E |
%” =—gR,, (x) =—g(R,, (%) + R, (%) + Rypyy (x) + R, (x)) (4-3)

KF, SHEMMEEILE Ry Rw(x)=—${an(x) J, @)+, @), )} (4-4)

IR 1R IE RS (Dirac 8-function) =4 RRRRH AR F JLE Ry

R,,,,,(x)=1;—'i6(x) (-5)

ABE, #ARTRAEERER: Jb,,,=c,,,,,V,(§"’—)” exp(—sf—°
0 m
R, Cu HEBREMXOELR, Vo AGERE, & ARKEFME, LAY, 5RW
BEMRE (&ESD), UEET &HHR=1.9%X10" V/iem.
BRI T R SALEFUBRR AR —EERE, AR THREEERK
HESERRANERLARE, RIEGHMBEFILER,, (x)=T(x)Rg, () 4-7)

) (4-6)

R, T)ARMBZHRMBERATLE:

T'(x)=2\37 Mexp(é.(.’.‘l)z & =__—\/24m'(kT)3 (4-8) '
Sr &7 gh
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IRTREREHETERE Z W BREEERECERNENHT

- 2
E —.ém = E-E_*9
TkT Ol+z,(p+n, exp(—=))

kT
B AR AR, SREMEBIRF ERIRER:
(ghé)? . 22m' B -n W

T7)
«y3 -
24m k hig| 2z cosh( Er T

R IR JLEN: Ry, =

,[n+n, exp(-

Jmexpo N2 UTY gV | (4.10)

Jo ==T"* exp(
E;) ghlg,l Py +qV

4.2 Si-PIN s2FRERFEEE 4T

B & e PR AE & 1A & F1 CMOS TZ R B 2 BUAFIR &, Ri3h T B AR e AR E =k
MFEMER. BRABSAMIEZFREMANMERRSEAHETZZAFEEEX
MER, BEXBSANTHEMBRENERTHTHETSNE, UARXHANER
ZHPBERT, RAFHTFERRERFEN LRMETEBYT BEXTREWE, 5
BRFHLTF, BESBRBERENES, SA0RBER. MNEURBEEXESH
REMBEAREHN L. TREREHRE, THEFSANESEFEIEETERTMR
B, —BAZTHEE. RIOLESAHRY —REHTHETFHE, tETFHEZIER
BAERmBIIR S, S|ARTERMK~-ZKRES, MREFHENTERENERSET
B|UFIERTCERTHKER. BERHBMHNGIEN —BXRTZERTETELR
HX %], LA PECVD SiO; J9fl, FARFHRH4H Sio AT A% EREEATRANE
i, ATFEHEENURREN MFIRRENEE, ENNBEREERIE: MXE
FROEXT SO0, AR T HAERSIEE - XBERRRB T AFEMER, F iy #HR
NETRREI Y &3 27 it

B, FZ 40T AME T CMOS TE& L& ot FREE R AR HEE B ifix—
REMUESH, REFWMLETZRGTRCEFBAERMEREMYISE], HTREFESE
. MR & T ZENBE TR

42.1 Si-PINSME:HI#1] %

AXHAK Si PIN JHIRAEBRLE 1S09001-2000 FEERNERTIT 2um 54
CMOS TZMIT& E#TIMIH&ZN, S4NSHREEOE 4-1@F7R. HIEHRIRE
3 BE. TAENRERMERToWREERNAE, ATEERST, SRXHREN
MK SR G IE 4-100)Fir, HAMBENDKS N 2.5mm, 2mm, 1.5mm, 1.0mm,

0.5mm, 0.25mm.
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ERTUWRFELFHBETERS

FIUE (REERI Si-PIN $Rili 28

(2)

Si

RE

i i

& 4-1 CMOS L Z# & AR R HI Si-PIN #0235 ) gL B A HEL A,

422 TEZS¥REHEERNEW

— Y

BHHZRARNER S T N E Si #K, B46 FREFEL NN RNERRL,
HBEOBEFENGER, RFHX (guard ring) RERBREMROBEHEZSH. KT,
B AR BET R B A SRR, MEEFREZIRRATHRRAR, B
B RREXRRZAKR, ERRKIBEASHRBRAREZAIIXR.

1. BRIFFHER

RIPFRAINE ERERBEMB R X BRI —BEHRRBEAKX, RBRRES P+
BRXAR, EERIPHEI LSRR F BT SEE R X kR, A
mEBHFHREER. B 42 RAEFHRMEFRABRSHEHRANERS, NEERFAHXHIEH
R K88 BO RS B AR S BERE A%, AT X B AT R 2

(1) EEetEhe: EFANBERTT, FRIFNEBATETERPFN, BHHR
B, RPFRBINTLEBTRINFE AR, FHRELERERSN, BB EERKE

B, IH SRR AT .

With Ring

Dark Current (A)

{1 =—25x2.5mm’ — 2.5%1.25 mm’
E — 2.5%0.6 mm’ =— 2x2 mm’
{ — 1515 mm’ =—— 4x1 mm’
{1 ——0.520.5 mm’ = 0.25x0.25 mm’

10" | —— |  ——

P T

-40 =35 -30 -25 -20 -15 -10 -5 0

Voltage (V)

Without Ring

Dark Cur__ront (A)
(=]

] ——25x0.6 mm’ = 2x2 mm’
1 =—1.5%1.5 mm’ = 1x1 mm*

— 2.5%2,5mm’ = 2.5%1,25 mm’

—— 0.5x0.5 mm* = 0.25x0.25 mm’
A L A L " L A L 1 M
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ERTURES L EHETERS ZF 7 BREEEERERNENTA

* | — Hamamatsu — 2.5x2.5mm* 870 nm —— Hamamatsu =—— 2.5x2.5mm" ‘@ 870 nm
0.6 b= 2.5%1.25 mm*® —— 2.5x0.6 mm’* 0.6 b = 2.5x1.25 mm® —— 2.5x%0.6 mm°
— 2x2 mm® =—— 1.5x1.5 mm’ — 2%2 mm® =—— 1.5%1.5 mm*
gn.s-—m mm? gﬂ.ﬁ b ——— 1x1 mm?*
< — 0.5%0.5 mm* < =—— 0.5%0.5 mm*
2 04F — 0.25%0.25 mm’ | 2 04F—— 0.25%0.25 mm’ |
> 3
Z 03 | goaf
S ]
ooz} I 202} I
4 @
o 1 W |
0.1 With Ri 0.1
ith Ring . ; I
Bib : o Without Ring 1
400 600 800 1000 400 600 8OO 1000
Wavelength (nm) Wavelength (nm)

42 HIZREERNEAHER, REFLTRIPIEXH AP RIEIRF HIRS o U v 5B

(2) MR RMERE: HKA 0.5um 0 0.25um BIE1F, AR KT L HEP
T, AHTRE: FASEELEE N T AGOERATER, Je3t B2 B gm LA X
B, XEHMOEFENRERA T, DEARPANENN, L@y 8 amkiisgE. x4
MEH— YR T A9 0 B LB LAY BB A= A T S R, SH XN PEK
gz

2. XEEEFEAGER

REEE: AREREAME[GRISHRZAMRER, EEERTKR: (1) SHREFER
EREXMEEBERTEEV): ) SRHMLERAKAXHNEAREREREY): 3) 584
T ERMIBE IR (L). Eit, Q300 R IETT 284 BIRE Rif vl LLor i8R

Iy =10 +4J b+1, (4-11)
Ef, b ARG LEKE (—RABMFHLK). BEHEFEANGEFZHB4H

B ERVIREL R, ERERAFERTAIRRT, BERAM TZHNEERSS#HFRTHXER
A B £

I, =(115619x107")5% + (191922107 )b + (4.74626x1072) @1V, 45KeV
I, =(13957x107")6 +(1.71922x107")b + (6.14985x10™2)  @—3V,45KeV’
I, = (1L.60162x107")b% + (180255x 107 )b + (7.46611x10%)  @-5V,45KeV
I, = (L16903x107)6? + (4.97766x1072)b + (9.52502x10™)  @-17,25Kev 412
1., = (1.43564x107)b% + (32153x1072)6 + (L17015x10™")  @—3V,25KeV
I, = (22771x107)5% + (185727x1072)b + (154538x10"))  @-5V,25KeV
B EERILE BRI A0, 45keV FENREE FI28 1 BT B BT o B9 LU K T v B e

WRERER, BTEAREREA, ERRERGES, BAT RERBESREBMEH
Bh % 5 B B e
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AERTIWREELTGHRETERE FNEFE KFEHEF Si-PIN i 2E

L | :g_;:: 45keV| :.ix/z,_si'hm 1.6x10°F g @av __J25keV i

A @5V * @3V 2.5%2.5mm’*

_taxte™p ——Fi@V A i @5V ®
< — Fit@-3V / Z 1x0p — Fit@-1v ]
] e Fit@-5V = — Fit@-3V

g ol g — Fit@-sv »

< 8.0x10™" =

3 3 sox10”} 1.5:1.5.-5.;:‘/

% x '

[} ]

=] Q 2x2mm?

4.0x10" P 0.5x0.5mm’ 4 a1 o
,_../1 - 4.0x107 b 0.5x0.5mm>~

o xXimm

u.al. .ZEX?.ZSmm' 0.0 15:25x0,26mm?

0.5 0 s 20 T 0.5 1.0 15 2.0 25
Length (mm) Length(mm)

B43 RRETHMBEFEAGEMNSBERTSRARZAXANLAHMLEL, HP 25keV HlEAILK
2.5mm B4R EFERN G HERBARY, HELBETR S, THTHE.

WRFE: EREMBEFEANERERRE T LRERBEMX K EREM pn SLKE
BRE, Bk, JETERBEME A BERUGT AR BTSN, BTERA BIHH
#35|, AESHBERAERNESERMNT, SiEEEKRERER, AREEREFTERE
EASEMXE, Eit, EFEAEEMK, SERERREME, BERERWEMLE, X
—ERL 2, i 4-4 ()i silvaco HH 30keV F 150keV BEFIENGER TR HIETHUR
SRIESE, ER, BTFHIRBGHHRMKRERKR, RORBSERS, BIETREOEER
W BR T R R, LR SRR A W21 9 B a0 s ma S B R I IR .
Sh, BASHIBEKKTHE—BER, 8T pn S EZ R EEEEAGERERMINR,
AR T s KR A M e A IR F RO AR, et Ah B i B RS R A 5,
X R & BN KB FEL A 4-4 (b).

(a) (b) }=——Hamamatsu — 2.5x2.5mm’ _

o8f ——30kev 0.60 p = 2.5x1.25 mm’ —— 2.5x0.6 mm* 3
Fry — 150kev - — 2x2 mm’ =—1.5x1.5mm’ 43,
S z — 1x1 mm’ -, y
Sos} < 0.5 . /
i ;‘ /
5 £ 0.50}
04 = 8,
g KM= g
c £ oas}

ozp SEBIMH @ 960nm

a i v : i 129 .
03 04 05 06 07 0E 08 10 14 s.;.u 200 7;0 860 a;o 500 850 1000
Wavelength (pm) Wavelength (nm)
& 4-4 (a) silvaco Hifll 30keV F0 150keV B FENFER FRMANETHE, b) HIENTARABTFENGEER
B 28 o A L FEE ) R X L
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AR ITW AR T EHES RS ZF fF: BREEEEXRREUROTR

43 BREFREEROHT

BT LA EXS R AT T E S HO S REp e, BER LSRRI ZESE. 2
FERAGERR PR RPN —ABMG (FETZSH08: HK: N & 300um &, MEHE
B 1500~2500Q; ERMEEFEN: BEEA 70keV, THEH Seld fem?: ), HTFHMHRT,
THREBEURTHARESEFERANRRME, RN EHERML R, &3t
B RN ERMMILE RIS,

43.1 BETRMERTHEEERDHT

RIBEBEMESBHRTSHZEMRR, — B, 5T Si % Ge RRALB(MN, SNEEW
SNERE, AREREA, SNREREIERmMBMEX. ¥ TARAEREN S TS
f, HEEZIMERNMEREAREH, SENBERAITERBALAR. XL IHRH
Si-PIN “FHSMFRIRE BB S, EREARFRLERMG, NAREMEH, HIAREIN
RFEAERE, Rt TEKR2.5mm, 2mm, 1.5mm, 1.0mm, 0.5mm, 0.25mm J775%
&, FRBREEEMIME 4-5(a), EPAKHN 2.5mm 284008 87 A Bom K T H 2844,
BHE-SV~-10V ZEFERZR EFAWRAR, #0RIEREMNERET B BROTELZEH
B ARERE, BRERT-15V, BEfETFEET, AEBERNTATEELEFE-15V
. ¥ 0V, -1V, -3V, -5V, -7V, -9V, -10V, -11V, -13V, -15V kbS&{f RS a8
BUHER, BEEANRTERERXRA, WE4-50)T LLEH, 0V i, SRR BRI,
S58HRTRAERK: B TIEME 0V<bias<-7V B, BEEBEHBERM4 R~ ATMKA, T
mERT-7VE, BERERHERITZEAFRBEERL—XZ.

(@) — (b)
10"
&‘\ _—
‘:1045 4 b
E E 10.'.'
3 £ == bias=0V =@ bias=-1V
s 3 Y i bias=3V =g bias=-5V
{ £ R
— 2.5%2.5mm — 2x2 mm’ 2 0 |' ias=- ias=-

s 4 B B i T TR == hias=-13V =@ bias=-15V

= 0.5%0.5 mm == 0.25x0.25 mm*

RrC NP U MRV (R GRPUR MU SR [ 10“’M

40 3% 300 25 200 5 A0 5 0 0.0 05 1.0 15 20 25
Voltage (V) Length (mm)
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ERTRER LU TERS FEME {KFEHEF Si-PIN £ 8

B 4-5 (a) 4K 9 2.5mm, 2mm, 1.5mm, 1.0mm, 0.5mm, 0.25mm 75 FEE8{FRE BT I-V HZk. (b) 49
oV, -1V, -3V, -5V, -7V, -9V, -10V, -11V, -13V, -15V 488 pRS iR IR B 3k, BEIENRT
S5BERxES.

BE, BN AMRKEN T RAMBARTRER, BE-1V, -3V -5V B EE B
%, BEIE 4-6, A REABENM, LK 2.5mm BB BEFE K, BERIVEREAE,
FEkH ik 2.5mm RIS F A, FEE =R &4 RRHE 0.25mm~2mm JIl
RERBIMAR@E-13), RUFEEREMEK, SEREXMEEMEEEMK, 2
S PSRRI : AMIRERIER, R TREREE, WATE-E48EH.

1.0x10™"
o bias=-1V A
g.0x10™" o bias=-3V .
4 bias=-5V °
@ — Fit@bias=-1V o
£ s.0x10"p = Fit@bias=-3V
£ w Fit@bias=-5V
=
2 4.9!10‘" L ! 1 i ):n. ——
[
m
[=]
20010™ p——— —-——// i
1.0 1.5 2.0 25
Length(mm)

4-6 RIRET#/ER T ERARZMRRANUEHLK.

I, =(4.14449x107%)b? +(3.79466 x107%)b +(1.75412x107™%) @-1V
I, =(6.52758x1072)b* +(1.66208 x 10 )b +(2.81697x107%) @-3V
I, =(7.27132x107%)b% +(4.79926 x1072)b +(2.1852x107%) @-5V

(4-13)

R, SEERET < 9V) B, ZKATF Imm =4 SFHRE R EIALMER
R, HREEREETZIEGAKORM, DIERERDNRTKRETERS 28
HBARE. ZKAF L5mm M= BHERBERASLRK, HAFE—RTUE, HETEFH
SLIBAN A EE T B A A W, ERFTEEDHMRTERERIE T AT E SRR ELB.

432 BETIT/ERETHE SRR

HTRERNENERR, A5EFNTEEEERAFRRREL.
RI|EAR (4-1) B2, FHBEREEFEMERRERRTRENTFIRIEL, BT
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EERIAREFELEHEE RS F #: BREEEELERISBOHRE

n =N, eXl’[‘m] A( )m exp(— m) (4-14)
5 s E,
B/E, FREBR Jug 2 Juy~n ~T exp(- 3 4 (4-15)

REAX (4-2) B2, FE-RERASFFEMBENAMERR FIREMRIEL, 8.

FEE-BAER T« J,~n~T" exp(—%T") (4-16)
BRIGAHBIBE F BT Ja ~T¥ ex g‘Tf k)3 3 4-17)

EHE TSRS HERREN, RERELXNTE.

BB 4-5(b)AT &1, KK 2.5mm, 2mm, 1.5mm =SSR EFRAERBERL, BK
79 0.25mm 1 0.5mm PSR BE B AL B ORIFRAL, B LR RS i SR B R X R A
UEEA A 2mm ALK 0.5 mm {ESTEBIFF 5.

¥ E~1.12eV=1.7944x10"J, k=1.38x10%2IK, &, ABAHEHE, Si RpHRBES
HizA 10Viem?, HERBR &=10V/m, HAHKEBINF BB RE5EE:
J ~Texp(-13003/7), FAEEERMESEE: J, ~n ~T"?exp(—6501.6/T), HE

afr = :

SHBBFHRRSERE: J ~T"expd673/T%), FEik, TREFEU LEREIEABLHT

BNEEFREENSINBERFEESRENXRML, WH 4-7.
:3- 10*

10%*

— Diffuse Current
Generation-Recombination Current
Trap-assisted Tunneling

50 100 150 200 250 300
Temperature (T)

B 4-7 BRFHFT, STEERCEHNRAEESBENXREL.
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ERTREELTEHETHERS FIUFE (KB Si-PIN FRRIEE

L 3K 2mm KRS BE SR BRER

FIH 6K FIEF BIA LK LK 2mm F1 0.5mm BIFA™ Si-PIN YR8 09 TIERE A
R 290K, ZFHT T EE 30K, 4rHI3EE 290K, 260K, 230K, 200K, 180K, 160K, 140K,
120K, 100K, 90K, 80K, 70K, 60K, 50K, 40K, 30K iR FEIE{, FIF 4200-SCS ¥
SEREES T RASNRA T B RERE T -V 55k, WA 4-8 Fon. ATLEEFE
—RIAREIT/EBRET, JmEMKF-15V LUE, B4R BIAMEE REEER—NER
feiR, FEik, BT 0OV~15V ZEJIA KR IRE T 2840 bR ER R g, mE
4-9 7R, OV B 24FRIBE R, KB THSAMRRENB/NERE, FUEBRES
BR, BENE: YTERESET OV, J[4H J-T MEXERH TIRIREMNRREMR
HARKMAE, KREN, BEEREMMKFGEEAATHERSE, B2 K i
HAAEL, LRERFHERE (-5V@2mm, -9V@0.5mm) J5, BFIEBEREERER

AKX, JK#HEZ/LFES. Hit, RITHARFARENFNR-3V -9V AN R
(2!)‘!0':r (b)m"

e 200K s 260 K s 230K s 200 Ko 180K — 290K 260K e 230K e 200K 180K 160K
J— 160K e 140K 1 20K 100K 90K e 140 K 1 20 K 100K e G0 e B0 K 70K
10° [ — 80K— 70K— 60K— 50K— 40K— 30K | _, o | == 60K—— 50K=——40K—— 30K
<
< 10* ‘E
c 5
(6]
E 10 10 5
0 c
L ] R 3
5" SNEP006 R e €
10" 2 \\
2*2mm 1
40 -30 .20 -10 0 X
-40 -20 -10 0
VOItage {V} Reserve Voltage (V)

B 4-8 34K A (a) 2mm F (2) 0.5mm HHBHER R, RFEILIERET KRR -V 55t &.

¢ === bias=0V =@= bias=-1V
107 = bias=-3V == bias=-5V
== hias=-TV == hias=-9V

1 -8 bias=0V &~ bias=1V

1 —de— bias=-3V —¥— bias=-5V

10° T 4 vios= 7V~ bias=av
—p— bias=-10V —@— bias=-11V

== hias=-10V == bias=-11V
—4—bias=13V —#—bias=15V &P

P == hias=-13V == bias=-15V

ey

Dark Current Density (Alem®)

Dark Current Density (A/cm?)
=

2
- 1w} 0.5x0.5mm
50 100 150 200 250 300 50 100 150 200 250 300
Temperature (K) Temperature (K)
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ERITARFW T EHE TERS F i BRBEREAERNBNTIR

E 4-9 BHTIEE OV, -1V, -3V, -5V, -7V, 9V, -10V, -11V, -13V, -15V B S {FamE B inbEE E
AR LS.

BT XHX-3V F1-9V R E T 8RR ~T 89 Si-PIN L2 M 88 15— (b id J-K gLk, FHxd
ELPURRHLE] (T8, PE-HE, RIESHBRT, S5 (R TEE0E—4 K H#E,
AT HER

(1) BRIERE (<50K), SREEHBIBETRBARBMHTIERE, TR
2mm BHFRX—HERAANAE, LHRURER L TFRGRIEESHEBIB T EfEHES.

(2) ERILERE (>150K), FA-BE&VHIFENEBERSES, MAXKNIERE
BRBMTFHRRERE, XHEE-SERENEATAAR.

(3) LIEIREETE 50K~150K Z [Aff, BBfFEERfiSEBEZ MMEUXATHE, HE
BOR S B F RS A J-K fRtE i e %, HNRRGHM T AR, 2E A RERER
faRERBEBESHTEERIEREY, NTERBERSEEXZTAENIER, ELX
:%i&, FEHR—SHRRA REFE.

(a)
Lo ®)
:1u‘|_ 1n"|_
a " -‘ A/:-
1 [Mm 18 1 AA&;A-—A'—A"'A"‘?_—?T“ i
10° - 10°1 o8- .. .g--0- C

|';-:::=::c:- G- o '3 oo

: :

o

(=] (]

= €

: :

o S, =

010 o1 | 2

4 2.0 x 2.0 mm’ - 0.5%:0.5 mm

210%}  =-A-bias=-3V Q10%} ~-A-bias=-3V
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High-responsivity vertical-illumination Si/Ge
uni-traveling-carrier photodiodes based on

silicon-on-insulator substrate

Chong Li, ChunLai Xue, Zhi Liu, Hui Cong, , Buwen Cheng, Xia Guo, and Wuming Liu

Si/Ge uni-traveling carrier photodiodes exhibit higher output current when space-charge effects are overcome and fhennnl effects
are suppressed, which is highly beneficial for increasing the dynamic range of various microwave photonic systems and simplifying
high-bit-rate digital receivers in different applications. From the point of view of packaging, detectors with vertical-ilumination
configuration can be essily handled by pick-and-place tools and are 2 popular choice for making photo-receiver modules. However,
vertical-illumination SVGe uni-fraveling carrier (UTC) devices suffer from inter-constraint between high speed and high
responsivity. Here, we report a high responsivity vertical-illumination S/Ge UTC photodiode based on a silicon-on-insulator
substrate, The maximum absorption efficiency of the devices was 2.4 times greater than the silicon substrate owing to constructive
interference. The Si/Ge UTC photodiode was successfully fabricated and had a dominant responsivity at 1550 nm of 0.18 A/W, a 50%
improvement even with a 25% thinner Ge absorption layer.

Index Terms—high-responsivity, silicon-on-insulator substrate, saturation, germanium, uni-traveling-carrier photodiode.

Introduction

1High-current photodiodes, which receive communication signals in the near-infrared range, are highly beneficial in various
photonic systems for increasing their dynamic rangel'X?) and simplifying high-bit-rate digital receivers’>. The output
radio-frequency signal level from such photodiodes can be increased with the response photocurrent, and are thus a particularly
important component for optically-steered phased array antennas, which can help the antenna to reduce its phase- and '
amplitude-matched electronic gain {*. However, the conventional pin structure has a limitation in current density during high
frequency operation, owing to the space-charge effect {5,

The uni-traveling carrier (UTC) structure was designed to overcome the space-charge effect and increase the transition frequency
using a p-type doped absorption layer instead of a conventional intrinsic layer [%'%!%'%1%4] However, the output power of these
devices was further limited by thermal effects "'}, Monoatomic crystals of materials such as Ge and Si material have higher
thermal conductivity than that of InGaAs and InP alloy materials 117 Additionally, Si/Ge devices have great advantages in their

compatibility with complementary metal-oxide-semiconductor. (CMOS) technology and large-scale monolithic integration



circuits, low cost, and low power consumption !®#1%2¢21-22] Therefore, Si/Ge uni-traveling carrier photodiodes have dramatic
practical potential for high-current output applications [*?*], Besides, from the point of view of packaging, detectors having a
vertical-illumination configuration can be easily handled by pick-and-place tools and are consequently a popular choice for
making photo-receiver modules 2], Therefore, the most commonly-used photodetectors are of the vertical-illumination type.
To our knowledge, the best performance obtained for a vertical-illumination Si/Ge UTC device until now was reported by M.
Piels, who demonstrated a low thermal impedance of 520 K/W and a 1 dB saturation photocurrent of 20 mA. However, the
responsivity of this device at 1550 nm was as low as 0.12 A/W with a 0.8-pum-thick Ge absorption layer 24 Such a low
responsivity could seriously increase power dissipation and limit high-output applications. Although increasing the thickness of
the Ge absorption layer could improve the responsivity of the device according to Re<(/—¢?) [*"], the electron transit time also
increases with Ge thickness, which decreases device response speed [®L Therefore, it is a challenge to obtain both high -
responsivity and high speed at the same time in vertical-illumination Si/Ge UTC detectors.

Silicon-on-insulator (SOI) substrates have great advantages that can improve the responsivity and bandwidth performance of
Si/Ge photodiodes. First, the large difference in refractive index between the buried oxide layer (BOX) and the Si is beneficial in
recycling transmission light back to the absorption layer, which is eduiva]ent to extending the absorption length. This allows the
absorption efficiency of the photodiodes to be increased without sacrificing the response speed. Second, high quality Ge film
with low threading dislocation density (TDD) can be obtained on the top silicon membrane of SOI by elastic deformation, and
adapt to the lattice of a hetero-epitaxial file grown upon it 12>*). The threading dislocations inside the Ge layer can decrease

carrier lifetime and increase the non-radiative recombination rate 1*+3%

, which can reduce the number of photon-generated
carriers collected by the metal contacts. Therefore, the carrier collection efficiency of the device may be enhanced using a SOI
substrate. Third, use of a SOI substrate could reduce the parasitic capacitance of the device, which would result in an

[33,34}

improvement in frequency response performance 133

and a decrease in power loss
Here, we report a high-speed, high respbnsivity vertical-illumination Si/Ge UTC-PD based on a silicon-on-insulator (SOI)
substrate. The silicon-on-insulator substrate was used to reflect transmission light for high absorption efficiency, and to improve
the lattice quality of the Ge epitaxial layer to increase the efficiency of photon-generated carrier collection. The absorption
efficiency of the Ge-on-SOI UTC photodiode was found to vary periodically with the thicknesses of both the BOX and Si layers,
owing to the interference between the incident light and the light reflected by the BOX layer of the SOI. Moreover, the
maximum absorption efficiency of the devices on SOI was found to be 2.4 times greater than that of the silicon substrate and 4.9
times greater than the minimum absorption efficiency. Si/Ge UTC photodiodes on SOI substrate with a 0.6-pm-thick Ge

absorption layer were fabricated and characterized. The responsivity of the photodiodes at 1550 nm was improved to 0.18 A/W.



The —1-dB compression current of the 15-um-diameter device was 16.2 mA at 3 GHz, with a 3-dB bandwidth of 9.73 GHz.
Results:

Structure and electric field. Figure 1(a) shows a cross-sectional schematic view of a Si/Ge UTC photodiode based on a
commercially available SOI substrate with 1.0-um-thick n-doped Si and 2-um-thick BOX layers. A step gradient doping profile
was employed, which enabled the generation of several regions with high local electric field to further decrease the transit time
of the photo-generated electrons, as the red curve shown in Fig. 1(b). A simulated band-gap diagram and electric field
distribution at 0 V of such a device are illustrated in Fig. 1(b) by the blue and red curves, respectively, calculated after modifying
the doping parameters according to the results of secondary ion mass spectrometry (SIMS) measurements. The built-in electric
field was generated from the differences in the doping concentration. Each abrupt_cha.nge in doping concentration corresponded
to an electric field peak. The photon-generated electrons were accelerated in the Ge absorption layer and gained kinetic energy to
pass through the Si/Ge heterojunction barrier under the action of the built-in electric field. A larger electric field and thus lower
transit time can be obtained compared with those achievable with conventional linear gradient doping of the absorption layer
[36.37.38] A micrograph of a photodiode with a 15-um-diameter top mesa is shown in the inset of Fig. 1(a).
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Fig. 1 (a) Cross-sectional schematic view of the reported Ge-on-SOI UTC photodetector and top view of a double-mesa structure of the Ge-on-SO1 UTC
photodetector. The substrate was SOI with a 1.0-um-thick n-doped top Si film and a 2-pm-thick BOX layer, the collect layer was a 0.3-um-thick intrinsic epitaxial
silicon laver, and the absorption layer was a 0.6-um-thick epitaxial germanium layer with step gradient doping of B atoms. (b). The left black coordinate and curve
show that the doping concentration of B atoms in the Ge absorption layer step decreased from 5 x 10'* to 2 x 10'/cm’, as determined by SIMS. The eich step was
nearly 0.05 pm wide, resulting in six high local electric fields to accelerate the photon-generated electrons and shorten the transmit time. The right red and blue
coordinates show the electric field and band energy of our devices without bias, respectively. The peak value and width of the six local electric fields were
determined by the doping concentration around the step interfaces. According to our simulation, six step gradients in the absorption layer enabled a maximum
potential difference across the layer.

Responsivity characterization. The responsivity of a vertical-illumination photodiode is limited mainly by a combination of
three factors: (1) the coupling efficiency determined by the top anti-reflection coating; (2) the absorption efficiency of the Ge
layer; (3) the collection efficiency of the photon-generated carriers 131 The former two factors can be optimized through the
structural design of the devices. The last one is mainly determined by the quality of the epitaxial crystalline Ge and the electric

field inside the devices. Generally, only the light coupled into the absorber (P,) can be converted into electron-hole pairs. To



maximize the coupled light, the thickness of the top anti-reflection coating should be N-(A/4n), according to destructive
coherence inside the coating, where N is a positive integer, and n is the refractive index of the coating [“’). The carrier collection
efficiency of Si/Ge UTC photodiodes is mainly determined by the design of the electric\ field inside the devices and by the
recombination caused by defects inside the Ge layer and at the hetero-interface [*>*%, »
Absorption efficiency is generally dependent on the absorption coefficient and thickness of the absorption layer. The absorption
coefficient of Ge is relatively low at 1550 nm, which is near the band-gap edge. The power inside the absorption layer P, can be
expressed by P, =P, (I—e "), where a is the absorption coefficient of the absorber and D is thickness of the absorber. The
introduction of the SOI substrate was expected to cause recycling of the transmission light and improve the light absorption of
the device. The new absorption power is:

Pa=Po (1~ ) + Pye P Rpr-(1—e™P) [6))
where R, is the reflection coefficient of the SOI substrate, and R, is the reflection coefficient of the top coating film and Ge
film. The detailed optical power distributions in the Si/Ge UTC photodiodes on the Si and SOI substrates were compared by
simulation with the commercial finite-difference-time-domain (FDTD) simulation package, as shown in Fig. 2. The scale bar
illustrates the optical power. Thé optical power inside the Si bottom layer of the SOI substrate is obviously much lower than that
in the silicon substrate, which indicates the unemployed or transit light power of the devices. Therefore, SOI substrate is more

beneficial to higher light absorption by Ge through reflection of the BOX compared with the Si substrate.
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Fig. 2. Optical power distribution inside Si/Ge UTC devices grown on (a) Si substrate and (b) SOI substrate. The only difference between the two devices was
the inserted 2-pm-thick BOX layer, and the thickness of the silicon collection and contact layers was 1.3 um. The scale bar illustrates the optical power. Because
of the coherence effect between the incident light and reflected light of the BOX layer, the optical power inside the Ge, Si, and BOX exhibited a periodic
enhancement distribution. The period was determined by the refractive index and the wavelength of the incident light. The light inside the Si bottom layer of the
SOI substrate and inside silicon substrate was the unemploved light of the devices. Obviously, that in the SOI was much lower than that in the silicon substrate.
Thus, the SOI substrate was more beneficial for higher light absorption by Ge, compared with the Si substrate.

The relationship between the absorption efficiency and the thickness of the BOX and silicon layer was analysed and calculated
according to the SMM using Matrix Laboratory (MATLAB). When the thickness of the anti-reflection coating was fixed, the
absorption efficiency varied periodically with the thicknesses of both BOX and Si, shown in Fig. 2. The absorption efficiency of
the device without BOX was 0.092 with a 0.6-pm-thick coating film, but the maximum obtained was 0.217 with a 1.1-pm-thick
Si layer and a 1.85-um-thick BOX, more than double. However, the general thickness of the BOX layer in commercial SOI
substrates is 2 pm. Because of the constructive interference between the reflected and input waves, the thickness period (7) is T
= A/2n, where 1 is the input wavelength and n is the refractive index of the transmission media. Here, the silicon thickness cycle
was 0.223 um with a Si thickness of 1.3 um, i.e., the structural parameters of our device as shown in Fig. 1(a). Thus, theoretically,

the maximal absorption efficiency is about 0.168, and the ideal responsivity is 0.208 A/W without photon-generated carrier

recombination.



,.\
A
©
S

018 Ad = 2= 0.223m

. > ’_
;,;_ E 0.15 ;
5 | I
< @ 0n2f !
- E . ¢
e & L i
g S0 :
-= g L I
£ z :
o < I '
' 0.06 b

3 I

! T!Jickness oil' BOX =2 pm | ; :

- %% 06 09 12 L5 18
Thickness of Si layer ' Thickness of Si layer (um)

Fig. 3 The wavelengdz of the incident light was 1550 nm, and the ahsomuon efficiency of the Ge material was 1000/cm. (a) Relationship between the
absorption efficiency of Ge-on-SOI UTC photodiode and the thicknesses of the BOX and silicon layers. Using these thicknesses of the BOX and silicon as
ordinate and abscissa, respectively, the absorption efficiency is mapped in colored points in a two-dimensional coordinate plane. The bottom black dashed line
represents the absorption efficiency of the devices without BOX layer, which was 0.09. The other two special points are the maximum of 0.217 with a
1.1-pm-thick Si layer and a 1.85-um-thick BOX, and the minimum of 0.044 with a 2.13-pm-thick Si layer and a 1.32-um-thick BOX. (b) Relationship between
the absorption efficiency and the thickness of the silicon layer, when the thickness of the BOX is the general commercial value of 2 pm. The absorption
efficiency changes periodically with the thickness of Si layer because of constructive interference. The period is T = A2n, which is 0.223 pm for the silicon
layer, and the maximum efficiency is 0.168 when the silicon thickness is 1.3 pm, which is the structural parameter of our device.

The experimentally determined device current for the 15-pm-diameter photodiodes, without illumination and with the normally
incident light on the top surface, is shown in Fig. 4. The dark current was 58 nA under a reverse bias of 1 V, which corresponds
to a current density of 96.3 mA/cm?, The minimum dark current density was approximately 61.9 mA/cm? for the 40-pm-diameter
device at =1 V. The dark current could be further reduced by appropriate thermal processing to decrease the threading dislocation
density around the Si/Ge interface’ %], by the passivation process, or by the application of a guard-ring around the sidewall.

At a reverse bias of 1 V, the optical responsivity was 0.18 A/W at 1550 nm with a 0.6-um-thick Ge layer, 50% higher than that
of the existing Si/Ge UTC devices, which is R=0.1 A/W with a 0.8-um-thick Ge layer'”. In Fig. 4, the mismatch between the
dark and optical currents between 0.7 V and 0.3 V arose from the diffusion and collection of the photo-generated carriers
because of the gradient doping of B and P atoms in the actual epitaxial layers. Because of the carrier recombination, this

measurement responsivity is little lower than the former theoretical results.
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Fig. 4, Current-voltage characteristics of the 15-um-diameter device without illumination and under laser irradiation with an input optical power of 1.2 mW at
1550 nm. The dark current without bias was 0.23 nA. When the reverse bias was increased to 1 V, the dark current rose to 58 nA, corresponding with a current
density of 96.3 mA/cm. The optical responsivity was 0.18 A/W at 1550 nm. The dashed line indicates that there was a saturation of the optical responsivity values
at 0 V bias, which indicates that this photodetector configuration allowed nearly complete photo-generated carrier collection without bias.

3-dB bandwidth characterization. The bandwidth of common photodiode is limited mainly by the resistor—capacitor (RC)
bandwidth (fxc) and the carrier transit-time-limited bandwidth () in the active region '*], Particularly, for UTC devices, the most
important limitation is the transfer time of clcctroﬁs in the p-type absorption layer owing to their low diffusion velocity in it.
Based oﬂ the principle of conservation of energy, the electrical potential difference across the absorption layer determines the
change in kinetic energy of the carriers. A high kinetic energy in the absorber could shorten the transfer time of the electrons.
Based on the direct relationship between the doping difference across the doped junction and the electrical potential difference, a
step gradient-doping region was introduced in the absorption layer to increase the potential difference across the Ge layer. We
can assume that the photo-generated electrons drifted with saturation velocity (v;) in the p-type absorption layer of our devices
owing to the high potential drop across the absorber, and then across the collection layer with thermionic emission velocity (vs),
because of the effect of the thermionic emission . Then, the carrier transit frequency can be approximated by the following

equation:

£ =YQRrr) =1/, [v, + W, Iv,)=1/W, v, +W, I \[2KT | 2mt)), @
where vy, is the thermionic emission velocity, v, is the saturation velocity, and m,* is the effective mass of the electrons. The

capacitor in the absorption layer is ignored, so fic can be approximated using:

Fre= 1 _ 1
® T 2a(R +R)C 27(R+R,)-

e, mD* 69
4w,

c

where W, is the collection layer thickness, #, is the absorption layer thickness, D is the mesa diameter, R; is the load resistance
(50 Qin this case), Ry is the series resistance, and ¢ and &, are the relative and vacuum permittivity, respectively. If the series
resistance of the device is about 100 Q, which was the measured resistance of our devices equal to the slope of I-V curve at the

positive bias of nearly 0.26 V [*l. The theoretical values of f3; with various diameters are shown in Fig. 5(a). The results are



almost consistent with the experimental results except for the 15-um-diameter device, as shown in Fig. 5(b). Therefore, the step
gradient-doping design was able to make the carriers drift in the absorber with a saturation velocity and efficiently increased the
transit frequency of the UTC photodiodes. The different result observed for the 15-um-diameter device may be from the higher

series resistance of smaller size devices caused by the fabrication processes.
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Fig. 5. Frequency responses for UTC photodiodes with di s of 15, 30, and 40 um under 1550 nm incident light: (a) theoretically predicted values for a

series resistance of 100 £, which was measured using the slope of the I-V curve at the positive bias of ca. 0.26 V and on the assumption that the photo-generated
electrons traveled across the p-type absorption layer by drifting with saturation velocity (v,), and across the collect layer by drifting with thermionic emission
velocity (va). (b) The 3-dB bandwidth was measured with a vector network analyser. The theoretical fis values are almost consistent with the experimental
results except for the 15-um-diameter device, whose difference may have resulted from the higher series resistance of smaller size devices caused by the
complicated fabrication processes.

Saturation characterization. The device saturation current was obtained using large signal measurements, as shown in Fig. 6. A
100% modulation depth tone was fixed at 3 GHz for measurement of the 15-um-diameter device. The fabricated devices
exhibited high saturation photocurrents. The 1-dB compression currents were measured to be 16.2 mA at reverse bias voltages of
—6 V. For the 40-um-diameter device with a 3 dB bandwidth of 2.7 GHz, the saturation current was 16.24 mA with a fixed
modulation frequency of 1 GHz under —7 V bias, and the RF output power was 4.6 dBmW. The saturation of the Ge-on-SOI
UTC photodiodes could be further improved by suppressing thermal effects [45.4] by substrate thinning and decreasing the

thickness of the BOX layer.
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Fig. 6. Results of large signal —1-dB compression photocurrent measurement for the 15-pm-diameter Si/Ge UTC photodiodes. The incident light had a
wavelength of 1550 nm, 100% modulation depth, and modulation frequency fixed at 3 GHz. The saturation current was 16.2 mA at a reverse bias of 6 V, and the
output RF power was 3.7 dBmW. The saturation current and RF power were further increased with the reverse bias.

Discussion

The demonstrated on-chip performance of the present high-responsivity vertical-illumination Si/Ge uni-traveling-carrier
photodiodes paves the way for all kinds of vertical-illumination Si/Ge photodetectors with high responsivity, and high-quality
epitaxial germanium. It will also allow the realization of large-scale monolithic integrated microwave optoelectronic antenna
systems with low cost and low power consumption. The use of silicon-on-insulator substrate for Si/Ge UTC photodiodes offers
advantages in reflecting the transmission light to increase the absorption efficiency of the input optical signal, and improving the
lattice quality of Ge epitaxial layer to increase the efficiency of photon generated carrier collection. Because of the constructive
interference between the incident light and the light reflected by the buried oxide layer of the SOI, the maximum absorption
efficiency of the devices on SOI substrate was 2.4 times greater than that obtained with silicon substrate and 4.9 times greater
than the minimum absorption efficiency. The photodiodes showed a responsivity of 0.18 A/W at a wavelength of 1.55 um, which
is a 50% higher responsivity with a 25% thinner Ge absorber than that reported for previous 8i/Ge UTC devices. Furthermore,
use of a step gradient-doping absorber caused the carriers to drift with a saturation velocity in the absorber, which efficiently
increased the transit frequency of the UTC photodiodes. As a result, the 3-dB bandwidth of the 15-pm-diameter device was
improved to 9.72 GHz under a —5 V bias voltage. The 1-dB compression current of the device was 16.2 mA at 3 GHz.

Methods

Silicon and germanium film growth and characteristics. After the growth of the intrinsic Si layer at 750 °C by cold-wall
ultra-high vacuum chemical vapour deposition on the SOI substrate using a source gas of pure Si,Hs (UHV-CVD), a brief
interruption was introduced to decrease the growth temperature to 290 °C for the growth of the 60-nm-thick p-doped Ge buffer

layer. A 600-nm-thick boron-doped Ge layer was then grown on the top as the absorption layer at 600 °C using pure GeH, and
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diluted B,Hs source gases. Six boron-doping concentration steps were made in the Ge absorption layer, decreasing from 5§ x 10"
10 2 x 10""/cm®, which was confirmed by SIMS measurements, as shown by the black curve in Fig. 3(b).

Fabrication and characterization of photodiodes. Circular Ge layer mesas for normal incidence Si/Ge UTC photediodes with
diameters ranging from 15 to 40 um were defined by standard photolithography and inductively coupled plasma (ICP) etching.
The second mesa was étched to the 2-um-thick buried oxide layer. The double mesa layout significantly reduced the parasitic
capacitance. Top and bottom contacts were lithographically defined on evaporated Ti/Al and a rapid-thermal-annealing (RTA)
process was carried out for impurity activation. A passivation/antireflection coating was deposited by plasma enhanced chemical
vapour deposition (PE-CVD). Windows for the metal contacts were opened by C,Fs ICP etching. The metal pad was evaporated
and lifted off. A micrograph of a photodiode with a 15-diameter top mesa is shown in Fig. 1(b). The current-voltage
characteristics of our device was measured using an Agilent B1500A semiconductor parameter analyser on a probe station at
room temperature. The photocurrent-voltage characteristics were obtained under laser irradiation at a wavelength of 1550 nm
with power of 1.2 mW.

Saturation measurements. The device saturation current was obtained using large signal measurements. A heterodyne
technique using two free-running lasers at 1550 nm was used and a modulation index was ultimately obtained. A 100%
modulation depth tone was fixed at -3 GHz for measurement of the 15-pm-diameter device.
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'A hybrid film of carbon nanotubes (CNTs) and silver nanowires (AgNWs) that could be regarded
as a parallel circuit of CNTs and AgNWs was developed, which exhibited a low sheet resistance of
23 Q/sq and transmittance at 550 nm of 93%. The relatively high, intertube contact resistance of
CNTs was reduced by the metallic AgNWs, which acted as bridges to aid carrier transport between
CNTs. A hybrid film of CNTs and AgNWs was used as a transparent conductive layer in an
AlGalnP light-emitting diode (LED). Including the hybrid film in the LED increased the optical
output power by about 1.6 times and decreased the red shift of emission wavelength from 13.11 to
9.7.©2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4906351]

Transparent conductive layers (TCLs) are important in
light-emitting diodes (LEDs) to transport the injected current
from the electrodes to the emitting area. This enhances the
quantum efficiency of LEDs, and avoids current crowding
under the electrode in the vertical direction, which causes
heat generation and decreases reliability. Indium-doped tin
oxide (ITQ) is widely used as a TCL in LEDs, organic
LEDs, and touch screens. However, ITO is expensive
because indium is scarce, which is the main motivation to
find an alternative material with good optical and electrical
performance similar to or better than that of TTO.

Nanomaterials such as graphene,' carbon nanotubes
(CNTs),” and silver nanowires (AgNWs) have attached con-
siderable attention because of their unique electrical proper-
ties,® excellent chemical stability, and mechanical flexibility,
which make them promising candidates to replace ITO in
optoelectronic devices. Graphene has high mobility and opti-

cal transmittance,” However, there is a large difference ‘in- -

work function between graphene (~4.5¢V) and p-type sub-
strates such as p-GaN (~7.5eV).*® This large difference of
work function causes a high turn-on voltage and inefficient
current spreading, resulting in light emission occurring only
near the p-metal regions, especially on p-GaN because of its
high sheet and contact resistance.

AgNWs are a strong candidate to replace ITO because
of their intrinsic high conductivity and favorable optical
transparency. However, the easy oxidation under ambient
conditions, poor adhesion to substrates, and self-aggregation
of AgNWs made it difficult to fabricate uniform AgNW
films on a large scale. CNTs have a typical sheet resistance
(R,) of 200-1000 Q/sq and transmittance at 550 nm (Tsso nm)
of 80%—90%. They also have the most mature fabrication
technology of alternatives to ITO, and have successfully
replaced ITO in the touch panel of cellular phones.’
However, the R, of CNTs is still limited by their intertube
contact resistance. A thin metal coating on CNTs can
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decrease R, from 1000 to 100 Q/sq, but this is still relatively
high compared with that of ITTO of 10-50 Q/sq. Under the
same conditions, there is an additional 10% transmittance
loss using CNTs instead of ITO.?

Recent reports have revealed that using a combination
of nanomaterials as a TCL can provide superior properties
and fill new roles. A graphene-AgNW hybrid structure was
used as a TCL in ultraviolet LEDs.” This caused the R, of
graphene to decrease from 500 to 30 £/sq, because the
AgNWs bridged the grain boundaries of graphene and
increased the conduction channels, which resulted in a
marked enhancement of light output power. A hybrid of mes-
oscale Cu and nanoscale Au improved the Tssonm-Rs per-
formance of optoelectronic devices, which decreased their
power loss.? However, the scale of tens of micrometers used
in the hybrid structure was not suitable for LEDs. The size of
the LED chips is typically about 200 um to 1mm, while the
diameter of an electrode pad is about 100 um. Mesoscale Cu
(1-5 um) is too large to use on LED chips with a typical size
of several hundred micrometers because it would cause con-
siderable optical loss.?

Both CNTs and AgNWs have a one-dimensional struc-
ture with a nanometer-scale diameter. Oné of the largest
challenges for one-dimensional network films is to obtain
low R, and high transmittance simultaneously.'® Individual
CNT possesses extremely high mobility and conductivity,
and favor charge transport along the tubes. AgNWs possess
lower contact resistance than CNTs, so the combination of
CNTs and AgNWs could improve their Tssgnm-R, perform-
ance for use in nanoscale devices. In this paper, a hybrid film
of CNTs and AgNWs was fabricated to reduce R; of CNTs

" at a given transmittance. The hybrid film is used as a TCL in

an AlGalnP LED to investigate its potential as a replacement
for ITO.

The structure of the LED with hybrid film of CNTs and
AgNWs as a TCL is illustrated in Fig. 1. The AgNWs can

© 2015 AIP Publishing LLC
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AgNW

CNT/AgNW hybrid transparent electrode

FIG. 1. Schematic diagram of the LED with CNT/AgNW hybrid film as a
TCL. The AgNW network acts as a carrier bridge to increase carrier trans-
port between the CNTSs, resulting in a symmetric carrier distribution.

obtain carriers from the CNTs and then act as a current
source to redistribute the carriers to other CNTs with lower
intertube contact resistance than that between CNTs alone.
The hybrid film takes advantage of the extremely high mo-
bility and conductivity of individual CNTs and avoids the
high intertube contact resistance of CNT networks by includ-
ing AgNWs. The carriers are not only transported along the
CNTs but also between CNTs through the AgNW bridges in
a vertical direction, providing a symmetric carrier distribu-
tion. This could increase the distance of carrier transport,
resulting in high conductivity and low power dissipation.
The possible electron transport paths are illustrated in the
inset of Fig. 1.

AlGalnP LEDs were fabricated on n-GaAs substrates by
deposition of 15 pairs of AlyGagsAs/AlAs distributed
Bragg reflectors on a 100-nm-thick GaAs buffer layer. The
active region was 800nm thick and comprised 60-period
(Aly 5Gag 5)o.5Ing sP/(Alg, 1 Gag.0)o.sIng sP multi-quantum wells,
which were sandwiched between p- and n-(Alg 5Gag 3)o sIng sP
cladding layers for electron and hole confinement, respec-
tively. To study the current-spreading effect of the hybrid
film, a 500-nm-thick Mg-doped, p-GaP window layer with a
doping density of 5 x 10'®*cm™ was deposited on top of the
LEDs.

As a p-type electrode, Au/BeAu/Au (50/150/200 nm)
with a diameter of 100 um was deposited on the LEDs and
then pattemed by wet etching. A super-aligned CNT
(SACNT) film was drawn continuously from multi-walled
CNT arrays and then adsorbed on the surface of each LED
wafer through van der Waals interactions.'' To keep the
SACNTs in place, Ti/Au (150/300nm) was deposited and
patterned on each p-type electrode. The AuGeNi/Au n-
electrode was deposited on the n-GaAs substrate by sputter-
ing. For comparison, bare AlGaInP LEDs without a hybrid
film were also fabricated. The chip size was 300 x 300 ym.

The original SACNT film was relatively thick with
Tss0am Of about 86%. To decrease both the density of nano-
tubes and optical loss, the SACNT film was etched with O
plasma with an O, flow rate of 40 sccm and power of 300 W,
After etching for 30s, Tssqnm of the SACNT film was about
96%, indicating that few CNTs remained on the surface, Fig.
2(a) shows the transmittance of the CNT film before and af-
ter O, plasma etching, which was reproducible. Solution-
based AgNWs were spin coated on the surface of the
SACNT film after O, plasma etching. The CNTs increased
the surface roughness of the substrates, which benefited the
adhesion of AgNWs. The hybrid film was annealed at 200°C

Appl. Phys. Lett. 106, 033101 (2015)

for 10min to improve the contact between the CNTs,
AgNWs, and LED surface. Fig. 2(b) depicts a scanning elec-
tron microscope (SEM) image of a hybrid film of AgNWs
and SACNTs after O, plasma etching. Bunches of CNTs
were vertically aligned, and there were still large uncovered
areas that would allow light transmission without loss.

R; of the hybrid films generally ranged from 500 to 1000
Q/sq. The diameter of the AgNWs was about 40 nm and their
concentration in the films was 0.5 mg/ml. Fig. 2(c) shows the
dependence of Tssgnm on R, of the hybrid films with the con-
centration of AgNWs ranging from 0.25 to 3 mg/ml, which
demonstrated a typical percolation effect. For AgNW concen-
trations of 0.25 and 0.5 mg/ml, Tssp,m (Rs) of the hybrid films
was 93% (88 L/sq) and 90% (23 Q/sq), respectively. The
decrease of transmittance of about 3%—6% was caused by the
addition of AgNWs. However, R, of the hybrid films was con-
siderably lower compared with that of the original CNT film.
Tss0nm (Rs) data for films with and without AgNWSs prepared
using the same conditions were 97.1% (265 €/sq) and 94.2%
(31 Qfsq), respectively. R, decreased for the film with
AgNWs, which indicated the percolation effect was relieved a
little bit. R, of the hybrid film decreased by about 25%—75%
compared with that the film containing AgNWs only. The dif-
ference of Tssqam between the hybrid and AgNW films was
just 4%, which was caused by the absorption of the CNT
film. The data obtained for the hybrid films are comparable
with the reported data for AgNW films of Tssonm = 80%,
R, =20 Q/5g," Tssonm = 90%, R, = 50 Q/5q,"* Ts50nm = 88%,
and R,=12 Q/sq on cellulose nanopaper,'® and Tssonm
=97.9% and R, = 91.3 £)/sq by adding exfoliated clays to the
AgNW solution to reduce the self-aggregation of nanowires.'
These values indicate that the Tssgnm-R, performance of the
hybrid film is better than that of AgNWs and CNTs alone.

Transmission T(Z) and R, of a NW film can be
expressed as

o (1. 200w\
() = (1+ m,a,:) ‘ )

where Zg is the impedance of free space and is equal to 377
Q (Ref. 16) and 0, and o4, are the optical and DC conduc-
tivity of the film, respectively. The optical and electrical per-
formance of the films can be evaluated by the ratio of
Gdc/Gop. High transmittance and low sheet resistance give a
large ratio of o4 /0,. The first criterion for a high-
performance TCL is g4./0,, = 35 to achieve the target that
the transmittance is greater than or equal to 90%, and the re-
sistance is less than or equal to 100€/sq.'” 6,4/, of the
film prepared by spin coating was 250, as shown in Fig. 2(c),
which was much larger than that of CNTs alone.'” The theo-
retical prediction fitted the experimental data well except for
that for a low concentration of AgNWs.

Fig. 3 shows the current-voltage (I-V) characteristics of
fabricated AlGaInP LEDs with and without hybrid films.
The LEDs showed rectifying behavior with similar reverse
leakage current. The forward voltage at an injection current
of 20mA was 2.0 and 2.1 V for the LED with and without a
hybrid film, respectively. The decrease of forward voltage
was caused by the change of current injection in the hybrid
film in the AlGalnP LED. According to the simulation, the
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carriers injected into the semiconductor originated from the
sparse network of hybrid film that was equipotential under
the bias. The carrier distribution in the active region was uni-
form, which resulted in uniform emission in the active
region. For a conventional LED structure with ITO or GaP
as a TCL, the carrier spread depends on the mobility, thick-
ness, and electrical field distribution of the top layer.
Generally, the high carrier distribution under the electrode
caused by the carrier-crowding effect results in high-
intensity light emission in the active region, which decreases
the reliability of the devices.'™'® The electroluminescence
(EL) spectra of the AlGaInP LEDs with and without a hybrid
film as a TCL at an injection current of 20 mA are presented
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at 550nm on the sheet resistance of the AgNW/SACNT hybrid films on glass for different

in Fig. 3(b). Although there was 10% optical loss caused by
the absorption of the hybrid film, the EL intensity of the
AlGaInP LEDs with a hybrid film was greatly enhanced
because of the efficient carrier injection to GaP and then the
active region and the effective current spreading by the
hybrid film. The high surface roughness of the hybrid film
further increased the light output of the LED. The inset of
Fig. 3(b) shows EL images of the AlGaInP LED wafers
before dicing with an image size of about 2.5 x 2.5 um under
an injection current of SmA. Emission with high intensity
was localized around the electrode of the LED without a
hybrid film because of the current-crowding effect. The inte-
grated area of the EL spectrum for the LED with a hybrid
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FIG. 3. (a) I-V performance, (b) electroluminescence (EL) spectra at 20mA, and dependence of (c) light output, and (d) peak wavelength on the injection cur-
rent of AlGalnP LEDs with and without an AgNW/CNT hybrid film, respectively. Points are experimental data and lines are fitting results. The inset of (b)
shows EL images of AlGalnP LED wafers with dimensions of about 2.5 x 2.5 ym at an injection current of SmA.
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film was 1.6 times greater than that of the LED without a
hybrid film. The EL image of the LED wafer with a hybrid
film reveals bright uniform emission over the whole wafer,
providing strong evidence for effective current spreading by
the hybrid film. Fig. 3(c) shows the dependence of light out-
put power of the devices on injection current from 0 to
100mA. The light output power and external quantum effi-
ciency at 20mA of the LED with a hybrid film were 1.6
times greater than that of the LED without a hybrid film,
consistent with the integrated area ratio of the EL spectra.
The extraction quantum efficiency of the LED with a hybrid
film was also 1.6 times greater than that of the LED without
a hybrid film because these LEDs were fabricated on the
same wafer. The obvious enhancement of extraction quan-
tum efficiency resulted from the effective carrier spreading
by the hybrid film. The maximum optical power of the LED
with a hybrid film was also 1.6 times greater than that of the
LED without a hybrid film at injection currents of 60 and
42 mA, which was limited by heat generation inside the devi-
ces. Effective current spreading by the hybrid film decreased
the degree that the temperature rose. The emission wave-
length of the AlGalnP quantum well material was sensitive
to temperature, Fig. 3(d) shows the relationship of the peak
wavelength of LEDs with and without a hybrid film on injec-
tion current. The peak wavelength exhibited a red shift of 9.7
and 13.11 nm with increasing injection current for the LEDs
with and without a hybrid film, respectively. The slopes of

- the lines fitted to these data were 0.1 and 0.15 nm/mA for the
LEDs with and without a hybrid film, respectively, revealing
that the hybrid film effectively decreased the red shift of
emission wavelength with increasing injection current.

In conclusion, a hybrid film of AgNWs and CNTs with
Tss50nm Rs) of 94.2% (31 Q/sq) was used as a current spread-
ing layer in LEDs, obtaining a 100% enhancement of lLight
optical power at 20mA and a decrease of emission wave-
length red shift from 0.15 to 0.1 nm/mA.

Appl. Phys. Lett. 106, 633101 (2015)

This work was supported by the -National Natural
Science Foundation of China (Grant Nos. 61222501 and
61335004) and the Specialized Research Fund for the
Doctoral Program of Higher Education of China (Grant No.
20111103110019). -

IS Pang, Y. Hemandez, X. Feng, and K. Miillen, Adv. Mater. 23, 2779 (2011).

C. Feng, K. Liu, J. S. Wy, L. Liu, J. S. Cheng, Y. Zhang, Y. Sun, Q. Li, S.
Fan, and K. Jiang, Adv. Funct. Mater. 20, 885 (2010).

3P. Hsu, S. Wang, H. Wu, V. K. Narasimhan, D. Kong, H. R. Lee, and Y.
Cui, Nat. Commun. 4, 2522 (2013).

“I. M. Lee, H. Y. Jeong, K. J. Choi, and W. 1. Park, Appl. Phys. Leu. 99,
041115 (2011). :

58. Chandramohan, J. H. Kang, Y. S. Katharria, N. Han, Y. S. Beak, K. B.
Ko, I. B. Park, H. K. Kim, E.-K. Suh, and C.-H. Hong, Appl. Phys. Lett.
100, 023502 (2012).

SR. H. Homg, D. S. Wuy, Y. C. Lien, and W. H. Lan, Appl. Phys. Leit. 79,
2925 (2001).

7S.-K. Chang-Jian, J. R. Ho, and J.-W. J. Cheng, Opt. Laser Technol. 43(8),
1371 (2011).

8X. Guo, C. W. Guo, Y. H. Jin, Y. Chen, Q. Q. Lj, and 8. S. Fan, Nanoscale
Res. Lett. 9, 171 (2014).

°T. H. Seo, B. K. Kim, G. Shin, C. Lee, M. I. Kim, H. Kim, and E. Suh,
Appl. Phys. Lett. 103, 051105 (2013).

°H, Wu, L. B. Hu, M. W. Rowell, D. S. Kong, J. J. Cha, J. R. McDonough,
J. Zhy, Y. Yang, M. D. McGehee, and Y. Cui, Nano Lett. 10, 4242 (2010).

YX. Wang, Q. Li, J. Xie, Z. Jin, J. Wang, Y. Li, K. Jiang, and S. Fan, Nano
Leu. 9, 3137 (2009).

2L, Hu, H. 8. Kim, J. Lee, P. Peumans, and Y. Cui, ACS Nano 4, 2955
(2010).

13y, Scardaci, R. Coull, P. E. Lyons, D. Rickard, and J. N. Coleman, Small
7, 2621 (2011).

4y Koga, M. Nogi, N. Komoda, T. T. Nge, T. Sugahara, and K. Suganuma,
NPG Asia Mater. 6, €93 (2014).

5T, Kim, Y. W, Kim, H. S. Lee, H. Kim, W. S. Yang, and K. S. Suh, Adv.
Funct. Mater. 23, 1250 (2013).

16G. Khanarian, I. Joo, X. Liu, P. Eastman, D. Wemer, K. O’Connell, and P.
Trefonas, J. Appl. Phys. 114, 24302 (2013).

175, De and J. N. Coleman, MRS Bull. 36, 774 (2011).

'¥7. H. Zhang, S. T. Tan, W, Liu, Z. G. Ju, K. Zheng, Z. Kyaw, Y. Ji, N.
Hasanov, X. W. Sun, and H. V. Demir, Opt. Express 21, 4958 (2013).

19Y.Y. Zhang, H. Y. Zheng, E. Q. Guo, Y. Cheng, J. Ma, L. C. Wang, Z. Q.
Liu, X. Y. Yi, G. H. Wang, and J. M, Li, J. Appl. Phys. 113, 14502 (2013).




s About Contactus MyIOPscience

Optimal oxide-aperture for improving the power conversion efficiency of VCSEL arrays

This content has been downloaded from IOPscience. Please scroll down to see the full text.

View the table of contents for this issue, or go to the jounal homepage for more

Download details:

IP Address: 124.207.38.92
This content was downloaded on 08/07/2016 at 03:01

Please note that terms and conditions apply.




Chin. Phys. B Vol. 24, No. 2 (2015) 024209
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The maximum power conversion efficiencies of the top-emitting, oxide-confined, two-dimensional integrated 2x 2 and
4 x4 vertical-cavity surface-emitting laser (VCSEL) arrays with the oxide-apertures of 6 um, 16 um, 19 um, 26 um, 29 um,
36 um, 39 um, and 46 pm are fabricated and characterized, respectively. The maximum power conversion efficiencies
increase rapidly with the augment of oxide-aperture at the beginning and then decrease slowly. A maximum value of
27.91% at an oxide-aperture of 18.6 um is achieved by simulation. The experimental data are well consistent with the
simulation results, which are analyzed by utilizing an empirical model.

Keywords: vertical-cavity surface-emitting laser arrays, power conversion efficiency, oxide-aperture

PACS: 42.55.Px, 42.60.Da, 42.60.Lh

1. Introduction

Vertical-cavity surface-emitting lasers (VCSELs) have
been widely used in optical interconnection, optical com-
munications, high-speed data transmission, and many other
applications,™?! due to their advantages in terms of low
power dissipation, low threshold, high efficiency, high speed
modulation, cost-effective, etc.’5! High-power VCSEL ar-
rays are attractive for optically pumping solid-state and fiber
lasers. Due to the low round-trip gain of VCSEL, increasing
the aperture diameter of each element in the arrays, even to
‘'several hundreds of microns, is widely regarded as an effec-
tive way to achieve high optical output power. However, the
carrier distribution, active gain, and refractive index become
non-uniform with the increase of the aperture, which is mainly
determined by the spatial hole-burning effect originating from
lateral series resistance.[58] Hence, the power conversion ef-
ficiency decreases, which is a significant performance in the
application of VCSEL arrays. A recent report has shown that
the maximum power conversion efficiency of 4x4 VCSEL ar-
rays with 200-um aperture is only about 17.8%.!%! This is dif-
ficult to use in practical applications because the power supply
must be very high due to the low power conversion efficiency.
Seurin ez al.!!9 found that the maximum power conversion ef-
ficiency (MPCE) of the single VCSEL increases quickly with
the augment of aperture, it reaches its maximum value at the
beginning and then decreases slowly. The MPCE of 50% with
an aperture of 10 pm is achieved for the individual VCSEL.
As evidenced by their experimental results, Hofmann ez al.!!!]
demonstrated that the MPCE followed a similar tendency and
obtained a maximum value about 22% at a 10-pum aperture.

DOI: 10.1088/1674-1056/24/2/024209

However, the tendency of MPCE for VCSEL arrays has not
yet been analyzed in theory or verified in experiment. There-
fore, it is important to systematically understand the relation-
ship berween the power conversion efficiency and the aperture
of VCSEL array.

In this paper, we investigate the relationship of the power
conversion efficiency with the oxide aperture by the top-
emitting 2x2-nm and 4 x4 850-nm VCSEL arrays. Both the-
oretical analysis and experimental measurement indicate that
there exists an optimal oxide aperture for VCSEL arrays to
obtain maximum power conversion efficiency. Our study puts
forward an insight into the optimization of the VCSEL array
design for improving the power conversion efficiency.

2. Structure and fabrication of the device

The reported VCSEL arrays are fabricated from a
metal organic vapor phase epitaxy grown AlGaAs struc-
ture on an n-type GaAs substrate. The bottom n-type mir-
ror below the active region consists of 34.5 pairs of Si-
doped Alp9Gag 1As/Alg 12GapggAs distributed Bragg reflec-
tors (DBRs) for high optical reflectivity. The un-doped ac-
tive region contains three GaAs quantum wells that are cen-
tered on the anti-node of the optical standing wave within
the one-wavelength cavity, with its photoluminescence peak at
835 nm. The top p-type mirror above the active region consists
of 20.5 pairs of C-doped Alg12Gag gs As/Aly9Gag 1 As DBRs,
each of which has an Al fraction similar to the bottom n-DBR.
Graded interfaces and dopings are used on the top and bottom
DBR layer to reduce the differential resistance and maintain
low free carrier absorption loss. A single low-index quarter-

*Project supported by the National Natural Science Foundation of China (Grant Nos. 61222501 and 61335004) and the Specialized Research Fund for the

Doctoral Program of Higher Education of China (Grant No. 20111103110019).
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wavelength Alg ¢gGag g2 As oxidization layer in the p-type mir-
ror adjacent to the active region is employed to form an oxide
aperture for current and later optical confinement. After that,
a highly doped 25-nm GaAs Ohmic contact layer is formed
on the top of the epitaxial wafer. The operation wavelength of
this structure is designed to be 850 nm.

The top-emitting, oxide-confined 2x2 and 4 x4 850-nm
VCSEL arrays are fabricated through a series of processing
steps, including mesa etching, wet oxidation, and contact for-
mation, and its schematic cross section is presented in Fig. 1.
The fabrication of the VCSEL arrays is described as follows.
To form about 3-um height cylindrical mesa for exposing the
oxidation layer (AlggsGag g2As), the sample was soaked for
9 min in a CH30H:H3P04:H20; solution with 3:1:1 volume
ratio in ice—water mixture, by using 200-nm SiO; as the etch-
ing mask. After that, the AlgggGag.g2As oxide-confined layer
was selectively wet-oxidized in a high humidity furnace at
400 °C with a 90-°C water bath and 1-L/min N, flow in order
to form the current oxide-aperture and provide lateral current
confinement. The oxide-apertures of VCSEL arrays are 6 pm,
16 um, 19 pum, 26 pm, 29 um, 36 pm, 39 um, and 46 pm,
respectively. Before evaporating the 15-nm/300-nm Ti/Au p-
type annular contact, the surface is passivated by depositing
400-nm SiO; to electrically insulate all the mesa sidewalls
from the p-contact. To minimize absorption losses and resis-
tance series on substrate, the substrate was thinned to around
120 pm. Then, the evaporation of the 50 nm/300 nm Au-
GeNi/Au n-type bottom contact and a subsequent annealing
process are carried out. Thus, the processing is completed.

The cleaved chips of arrays are attached to the copper
subcarriers with indium coating for electrical supply and ther-
mal dissipation. A schematic diagram of individual VCSEL in
arrays is shown in Fig. 1. The spacing between the neighbor-
ing elements is 50 pm, which reduces the thermal crosstalk.

light output

p-contact «— TijAu

p-DBR {

Alc -_;-_:G ag gy"\‘.’-

Ao bhmd bk o sy & et

GaAs substrate
p-contact <= ANGeNi/Au <

Fig. 1. (color online) Schematic cross-sectional view of the selectively
oxidized-confined top-emitting VCSEL, where D, is the oxide-aperture
diameter, Ry the lateral resistance, Ry and Ry, are the vertical resis-
tances of p-DBR and n-DBR, respectively, and the differential resis-
tance of each element in VCSEL arrays is the sum of series-connected
resistances Ry, Ry, and Ry, ['213]

3. Device measurements

The typical optical output powers and the current-voltage
(I-V) performances of 4 x4 VCSEL arrays with the apertures
of 6 pm, 19 um, 29 um, and 39 um are presented in Fig. 2(a),
respectively, under the pulsed operation with a pulse width of
50 ps and a repetition rate of 100 Hz at room temperature.
As the current injection increases, the optical output power in-
creases to the thermal rollover point that is induced by carrier
leakage and joule heat caused by series resistance.!!415] The
threshold currents of the arrays exhibit 0.91 mA, 15.09 mA,
50.93 mA, and 88.05 mA, respectively. Maximum optical

-output powers of 16.45 mW, 161.97 mW, 341.03 mW, and

464.23 mW are obtained. The slopes of I-V curves, which
represent the differential resistances, decrease with the in-
crease of oxide-aperture, owing to the reduced lateral resis-
tance through the oxide-aperture to the active region.[16! The
differential resistances are 6.54 2, 3.08 ©,2.73 Q, and 2.18 Q,
respectively.

The power conversion efficiency of VCSEL arrays, which
also is presented in Fig. 2(a), is calculated from

Pu _Pa_ hv [me(-lu)
By, IV gVy | I(Vo+IRy)]’

03]
where Fex is the optical output power, B, is the electrical
output power, [ is the driven current, V is the applied volt-
age, hv is the photon energy, g is the electronic charge,
7e is the external differential quantum efficiency, Iy is the
threshold current, R; is the differential resistance (dV/dI),
Vp the turn-on voltage (zero-current intercept), and the mea-
sured value is 1.68 V. The values of 7. of around 23.16%,
51.13%, 56.95%, and 52.30% are calculated from 7. =
[(Bex — R)/hV]/[(I - In) /g, where R is the optical output
power at the threshold current. The values of MPCE are
12.33%, 27.30%, 22.12%, and 18.34%, respectively. The op-
tical output power, the current—voltage (J-V) curve, and power
conversion efficiency of 2x2 VCSEL arrays with the apertures
of 6 um, 19 pum, 29 pm, and 39 pm are shown in Fig. 2(b),
respectively. Figures 2(a) and 2(b) show that, as the oxide-
aperture increases, the values of the MPCE first increase due
to the decrease of differential resistance, and then decrease for
both 2x2 and 4 x4 VCSEL arrays.

The single VCSEL emitter with a 29-um oxide-aperture
has an output power of 14.34 mW at 30-mA bias cur-
rent from Fig. 2(b). This means that the theoretically ex-
pected output power of an array of 4 or 16 elements bi-
ased at 4 x 30 mA=120 mA or 16 x 30 mA=480 mA is
4 % 14.34 mW =57.36 mW or 16 x 14.34 mW =229.44 mW;
the two values are close to the ideal values considering that
there is no heat generation inside the VCSELs. This result
emphasizes that there is very mild thermal crosstalk among el-
ements and these VCSEL arrays have the potential to be scaled
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up to achieve higher powers, so the thermal problem in our
study can be ignored.
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Fig. 2. (color online) Plots of optical output power, power conversion
efficiency, and voltage in insets versus current with the values of oxide-
aperture D, of 6 um, 19 pm, 29 um, and 39 um for (a) 4x4 VCSEL
arrays and (b) 2x2 VCSEL arrays. The dash-dot lines represent the
output powers of 14.34 mW, 57.30 mW, and 235.90 mW for the sin-
gle VCSEL emitter, the 2x2 VCSEL and the 4 x4 VCSEL arrays with
29-um oxide-apertures, at 30 mA, 120 mA, and 480 mA, respectively.

4. Empirical model and discussion

The power conversion efficiency of VCSEL arrays can be
improved by enhancing the external differential quantum effi-
ciency, and reducing the threshold current and the differential
resistance. But these three limiting factors also influence and
restrict each other. As the oxide-aperture increases, the fol-
lowing expected trend can appear: a decrease in differential
resistance, an increase in threshold current, and an increase in
external differential quantum efficiency. Therefore, the MPCE
is affected synthetically by differential resistance, threshold
current, and external differential quantum efficiency. To better
understand the various physical processes, it is significant to
further analyze the interaction of the three factors.

The MPCE is a function of external differential quantum
efficiency, threshold current, and differential resistance, and

according to dnpcg/dl = 0,141017] the analytical expression
can be expressed as

h Vo/(InRs
moce = 22 .. o/ (AnRs) @

?
9V (141 +v<,/(1m_1es))2
in which R; is the sum of the series-connected lateral resis-
tance Ry, and the vertical resistance Ry of p-DBR, which is
a function of aperture size D,, because the R’V is the sum of
the vertical resistance of n-DBR and junction resistance which
is small enough to be ignored when compared with Ry. The
analytical expression of the R can be written asi 13!

o _Pv_z]

Rs = (RL+RV) = it ”(DG/Z) 3 (3)

n n

where p and py are the lateral and vertical characteristic
resistivity, respectively, n is the element number in the ar-
ray. The lateral resistance Ry, = p./(nD,) represents the lat-
eral and contact resistance, which derives from the current or
carrier spreading through contact, and it is inversely propor-
tional to the oxide-aperture perimeter. The vertical resistance
Ry = pv/[#(D,/2)?] relates to uniform vertical current flow
or carriers through the oxide-aperture, meanwhile the resis-
tance is inversely proportional to the oxide-aperture area and
its resistivity py essentially represents the vertical resistivity
of the p-DBR.¥] The analytical expressions of the external
differential quantum efficiency and the threshold current as

a function of aperture size can be, respectively, represented
[4.13]
as

oo
o=, 4
M= [T+ Do/Dy) @
DAN\? I, D,
In= [n:J.., (7) +5°+7 Zldw| -n, (5

where Iy is the characteristic spreading current, Dy the char-
acteristic spreading distance, J.. and 7). are the threshold cur-
rent density and the external differential quantum efficiency
under a uniform current distribution, respectively, which de-
pend only on the intrinsic structure of the device.

Figures 3(a)-3(c) show the experiment data extracted
from Fig. 2 the differential resistance of each element in
arrays, the external differential quantum efficiency, and the
threshold current each as a function of D,. The lines in
Fig. 3 show the fitting results according to Egs. (3)~(5), which
demonstrate that the differential resistance decreases as D, in-
creases, the external differential quantum efficiency increases
as D, increases, and then reaches a saturation value. Mean-
while, the threshold current always increases quickly as D,
increases, due to the increase of the active volume. The char-
acteristic parameters of pr, pv, Jw, Do, lp, and 7. are ex-
tracted and shown in Table 1, by the numerical fitting results
according to Egs. (3)~(5).
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External differential quantum efficiency/% Differential resistance Ra/W

Threshold current Iyp/mA

Fig. 3. (color online) Experimental data and the numerical fitting curves
of (a) the differential resistance of each element in arrays, (b) the exter-
nal differential quantum efficiency, and (c) the threshold current versus
the oxide-aperture, The data are the measured data and the error bars
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represent the standard deviation of arrays.

Table 1. Calculated and extracted characteristic parameters of VCSEL

arrays.

Symbol Characteristic parameter Fitting value
pL lateral characteristic resistivity 0.28 Q.cm
pv vertical characteristic resistivity 6x10°8 Q.cm?
Juo the threshold current density 480 Alcm?
Do characteristic spreading distance 4um
Iy characteristic spreading current 0.01 mA
Theo differential quantum efficiency 60%

Figure 4 shows the calculated MPCE curve of VCSEL ar-
rays as a function of aperture size, according to Eq. (2). All
of the simulation data are based on the fitting results of Fig. 3.
The MPCE increases rapidly as the aperture size increases,
which is due to the decrease of the electrical dissipation,!®]
and then decreases slowly after it has reached its maximum,
which is attributed to the combined interaction of differen-
tial resistance, threshold current, and the external differential
quantum efficiency. According to our device structure, the
maximum MPCE is 27.91% at an 18.6-um oxide-aperture, For
an aperture size ranging from 15 pm to 25 um, the MPCE
could reach 99% of the maximum value. With the increase of
the aperture size, the threshold current keeps increasing but the
differential resistance and the external differential quantum ef-
ficiency have little change, which causes the value of MPCE
to decrease gradually to zero!!3] according to Eq. (2).

The experimental data, which are calculated according to
the measurement results, are also shown in Fig. 4, and its be-
haviour is approximately consistent with the calculated MCPE
curve. The measured maximum values of MPCE are 28.6%
and 27.6% with an aperture size of 16-um oxide-aperture for
2x2 and 4 x4 VCSEL arrays, respectively, which are close
to the calculated maximum value, The experimental data are
slightly lower than the numerical calculation curve, especially
for an aperture size above 25 um. We believe that there still
exists a slight thermal effect among the adjacent elements of
arrays which need high current injection, [1419]

30

L ]

;

§ = MPCE fitting curve
® 4x4 VCSEL array
4 2x2 VCSEL array

0 L L L 1 L n
Q 10 20 30 40 50 60

Oxide aperture D,/pm

Fig. 4. (color online) The MPCE versus the oxide aperture of the exper-
imental data and the numerical fitting curves of VCSEL arrays, where
the data are the measured data and the error bars represent standard de-
viations of five arrays.

The deviation between the experimental data and the nu-
merical fitting curve increases as the oxide-aperture augments.
In the analysis above, figures 3(a)-3(c) show the fitting curves
of the differential resistance, the external differential quan-
tum efficiency, and the threshold current, each as a function
of the oxide-aperture based on Egs. (3)<(5), when the thermal
crosstalk problem among elements is ignored. However, for an
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actual VCSEL array device, there still exist small errors in the
numerical fitting processes of the differential resistance, the
external differential quantum efficiency, and the threshold cur-
rent derived from the crosstalk problem. The deviation accu-
mulation between the experimental data and numerical fitting
can ultimately lead to a relatively great influence on the values
of MPCE, With the increase of the oxide-aperture, the devi-
ation increases because the increasingly serious crosstalk and
the larger oxide-aperture will lead to a non-uniform injection
current for the annular electrode. [62%)

5. Conclusions

The relationship between MPCE and the oxide-aperture
of VCSEL arrays is analyzed by using an empirical model.
The MPCE increases rapidly with the oxide-aperture increase
and then decreases slowly after it has reached its maximum,
which is attributed to the combined interaction of differential
resistance, threshold current, and external differential quantum
efficiency. The maximum value of MPCE is 27.91% at 18.6-
pm optimal oxide-aperture and can reach 99% of the maxi-
mum value in an aperture size range from 15 pm to 25 um.
The experimental data match the theoretical analyses well.
The analyses of the various oxide-apertures contributing to the
MPCE saturation of the device can provide a guidance for im-
proving the power conversion efficiency.
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Polarization-Stable 980 nm Vertical-Cavity Surface-Emitting Lasers with
Diamond-Shaped Oxide Aperture *
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Polarization-stable 980 nm oxide-confined vertical-cavity surface-emitting lasers with 3 um diamond-shaped aper-
ture are fabricated by comprehensively utilizing the anisotropic properties of wet etching and wet nitrogen oxida-
tion of lI-V semiconductor materials. Polarization-stable operation along the major axis of the diamond-shaped
oxide aperture with 11 dB orthogonal polarization suppression ratio is achieved in a temperature range of 15-55°C

from the threshold to 4mA.
PACS: 42.55.Px, 42.25.Ja, 42.62.Fi

Vertical-cavity surface-emitting lasers (VCSELs)
are widely used as light sources for short distance data
communication due to their attractive properties, such
as high speed, low power consumption, low-cost man-
ufacturing, high-efficiency two-dimensional arrays.!!
Recently, modulation bandwidth of 29 GHz was re-
ported by the photon-photon resonance for 980nm
oxide confined VCSELs.l In & conventional VCSEL,
degenerated trausverse polarization modes can cause
mode-partition noise in an optical communication sys-
tem due to polarization switching.[¥! For a VCSEL
grown on a (100)-oriented substrate, the output beam
will polarize along the [011] or the [017] crystal axis
due to the electro-optic effect.[] The polarization for
most VCSELs, changing with the current injection
and temperature as a result of the changing relative
position between gain peak and cavity mode, is inher-
ently unstable due to the symmetric gain structure. %!
Many new applications, such as atomic clock, opti-

cal mouse, and optical sensing, require stable polar-

ization of VCSELs to obtain low relative intensity
noise.l?l For instance, a new generation polarization-
stable optical mice solves the unwanted movement of
the mouse cursor on the computer screen due to po-
larization switching. "

Recently, polarization-stable VCSELs have been
demonstrated. By introducing anisotropic gain or cav-
ity structure, the polarization-switching could be con-
trolled. Ebeling’s group demonstrated polarization-
stable VCSELs with 3um-diameter elliptic axide aper-
ture operation, which resulted from anisotropy current
injection and scattering loss induced by a small ellipti-
cal axide aperture.[® The orthogonal polarization sup-
pression ratio (OPSR) reaches 20dB. By introducing

DOI: 10.1088/0256-307X/32/4/044202

the asymmetric distribution of photonic crystal struc-
ture on top DBR of the VCSELSs, stable polarization
could be obtained with OPSR of 20dB. The thresh-
old current increases to 5mA due to the introduction
of photonic crystal.!®) The surface grating on the sur-
face of the VCSELs was proved to control the polar-
ization effectively by the anisotropic mirror loss.[%
The combination of a surface grating and an annular
surface relief in an extra topmost anti-phase layer re-
sults in a polarization-stable laser emission. The OP-
SRs of 20dB for VCSELs with 5 pm active diameter
were achieved.'?! The property of larger angular de-
pendence of reflectivity of high contrast grating could
discriminate polarization with the OPSR of 20dB.[1
However, for the technique of surface microstructure
to control the polarization, the threshold current more
or less increases due to the extra mirror loss.

In this Letter, we present polarization-stable
oxide-confined VCSELs with 3 pum diamoend-shaped
aperture, comprehensively utilizing the anisotropic
properties of traditional wet etching and wet nitrogen
oxidation processes, which are low-cost and feasible to
fabricate. The emitted light is polarized slong the ma-
jor axis of the diamond-shaped aperture with OPSR
of 11dB from 15°C to 55°C due to the induction of the
asymmetric gain.

The epitaxial structure was grown on a (100)
GaAs substrate misoriented by 2° toward the (111)
plane. The active region of three GaAsgg2Pg.0s
(6um)/Geg s3Ing.17As (4nm) quantum wells, with
a photoluminescence peak at 971nm, was sand-
wiched between a top p-doped and a bottom n-
doped distributed Bragg reflector (DBRs), which con-
sists of AlygGag.1As/Aly 12Gap.ssAs layers. A 30nm

*Supported by the National Natural Science Foundation of China under Grant Nos 61222501 and 61335004, and the Specialized
Research Fund for the Doctoral Program of Higher Education of China under Grant No 20111103110019.
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Alg.0sGag.o2As oxidation layer was positioned just un-
der the top DBR, serving as current- and optical-
confinement mechanism. A 5nm p*-GaAs ohmic con-
tact layer was placed on the top of the epitaxial wafer.

The anisotropic wet etching can be illustrated by
a diagram of the GaAs crystal structure, as shown in
Fig.1(a), demonstrating As and Ga (111) planes and
their relationship with [011] and [017] erystallographic
orientation. The (011) plane was just the cleavage face
of the GaAs material, which could be easily distin-
guished during the device fabrication. The As (111)
planes were more chemically reactive compared with
Ga (111) planes, resulting in the wet etching rate
behavior, such as As (111)>Ga (111).1'¥ Then, the
etching rate along the [017] crystallographic orienta-
tion was faster than that along the [011] crystallo-
graphic orientation. The anisotropic elliptical mesa
was obtained by using a symmetric circular mask with
64 pum in diameter after wet etching in the solution
of CH3OH:H3PO4:H,072:H20=1:3:1:5 for 6 min at 0°C
with the etch depth of about 4 pm for exposure of the
Alp.osGagg2As oxidation layer. The major and mi-
nor axes of the elliptical mesa were 58 um along [011]
and 54 pm along [011] crystallographic orientation, re-
spectively, as shown in Fig. 1(b). The size difference of
6-10 pm between the etched mesa and the mask was
caused by the undercut of the wet etching.

(&)

Fig. 1. (a) A diagram of the GaAs crystal structure. (b)
Microscope photo of the etched mesa after wet etching,
with the major and minor axes of 58 pm and 54 pm, re-
spectively. (c) Microscope photo of the etched mesa after
wet nitrogen oxidation, with the major and minor axes of
the oxide apertures of 3 ym and 2 pm, respectively.

The wet nitrogen oxidation process is also de-
pendent on the crystallographic orientation. For
high Al-content layers (>0.94), a slight crystallo-
graphic oxidation dependence of wet nitrogen oxida-
tion was observed from circular mesa.[') The oxida-
tion rate along the [001] crystallographic orientation
was slightly faster than that along the [011] crys-
tallographic orientation, which is consistent with the
lower surface reactivity of {011} planes than that of
{001} in GaAs. Furthermore, due to the fact that
the substrate was misoriented by 2° toward the (111)
plane, the oxidation rate of [011] crystallographic ori-
entation was slightly larger than [011] crystallographic
orientation,"® which enhances the anisotropy of the
wet nitrogen oxidation process.

A microscopic photo of the oxide aperture is shown
in Fig.1(c), which was obtained after 33 min wet ni-

trogen oxidation process with a furnace temperature
of 400°C and a vapor temperature of 85°C. The color-
ful region was formed by the oxidized Alg 95Gag.g2As
layer, which had a higher oxidation speed due to
higher Al content. The center gray region was the
unoxidized Alj gsGag g2 As material serving as the cur-
rent injection aperture, with major and minor axes of
3um and 2 pm, respectively. The measured inner an-
gles of the oxide aperture were 112° and 68°, respec-
tively, and the four equal sides were calculated to be
about 1.8 pm, which was a typical diamond shape. It
has been reported that the circular mesa by isotropic
dry etching can change to a square aperture after wet
nitrogen oxidation.l'*! However, in our experiment,
the final aperture shape changes to a diamond shape,
which is caused by the original elliptical mesa before
the wet nitrogen oxidation. In this experiment, two
sizes of VCSEL aperture were fabricated for compar-
ison under the same process, with major and minor
axis sizes of 4 um and 3 pm, 3 pm and 2 pm, respec-
tively, which are briefly called 4 pm and 3 pm aperture
devices.

After the 450nm SiO; passivation layer was
deposited by PECVD, 15nm/300nm Ti/Au and
50nm/300nm AuGeNi/Au metal systems were sput-
tered as the top and bottom electrodes, respectively,
with a rapid thermal annealing process for 35s at
400°C. The on-chip optical and electrical characteris-
tics were measured under continuous-wave conditions
at room temperature.
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Fig.2. Measured P-J-V curves of the 4ym and 3 ym
aperture devices under a continuous-wave drive current at
room temperature.

The measured output optical power and voltage
versus continuous-wave current injection at room tem-
perature for 4 pm and 3 um aperture devices are shown
in Fig.2. The threshold current, slope efficiency and
maximum output optical power of the 4 um aperture
device are 0.2mA, 0.15mW/mA and 0.8 mW at about
7.1mA, respectively. While for the 3 pm aperture de-
vice, the threshold current is 0.15mA and the slope
efficiency reduces to 0.13 mW /mA. The threshold cur-
rent is lower than that of VCSEL with 3 pm circular
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aperture.['%17] The maximum output optical power of
0.45mW is obtained at 5mA, which is limited by the
heating.

Figure 3 shows the measured optical spectra of the
3um aperture device under a continuous-wave cur-
rent injection from 1 mA to 5mA. The corresponding
peak wavelengths are 970.4nm, 971.2nm, 972.2nm,
973.2nm and 974.4nm, respectively, which shift with
current injection to the red direction with the average
rate of 0.8 nm/mA. The full widths of half maximum
(FWHM) of the spectra at 1 mA and 2mA are 0.6 nm,
while for the other three they are 0.8nm, which are
caused by the large current injection and heat genera-
tion in the cavity. The inset of Fig. 3 shows the optical
spectra of 4 um aperture device under the continuous-
wave current injection from 2mA to 6mA. The cor-
responding peak wavelengths are 970.4nm, 971.8 nm,
and 974.0 nm, respectively. It is clearly seen that there
are small peaks existing in the cavity.
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Fig.3. The measured optical spectra of 3 um aperture
device at room temperature with current injection from
1mA to 5mA in steps of 1 mA. The inset shows the optical
spectra of 4 um aperture device, with the current injection
from 2mA to 6 mA in steps of 2mA.

Polarization-resolved relative optical output power
as a function of current injection for the 3 pm aperture
device is shown in Fig.4. It can be seen from Fig.4
that the light emission polarized along the major axis,
i.e., [011] crystallographic orientation, exhibits typical
laser P-I-V performances. The threshold current is
0.15mA at a temperature of 25°C, which is the same
as the data measured without a splitter. However, the
insertion loss caused by inserting the polarized beam
splitter, which is used to resolve the polarized light,
between the laser and the detector causes the output
optical power to decrease to 0.27 mW at a temperature
of 25°C. The output optical power declines with the
environment temperature due to the increased carrier
leakage and decreased gain. On the contrary, the opti-
cal output power along the short axis, i.e., [011] crys-
tallographic orientation, is suppressed without typical
lasing property demonstration. All of the OPSRs that

are used to analyze the polarization control ability of
device are over 11 dB from the threshold to 4 mA from
15°C to 55°C. The decrease of OPSR when the current
injection over 4mA for the curves of 15°C and 25°C is
attributed to the slight stimulation radiation for the
polarization along [01I] crystallographic orientation.
Compared with the polarization control ability of a
symmetric oxide aperture obtained by isotropic induc-
tively coupled plasma etching which indicates sym-
metric gain, the two polarization states switch alter-
natively with the current injection, as shown in the
inset of Fig. 4.
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Fig. 4. Polarization-resolved P-I curves of the 3 um aper-
ture device at the temperature from 15°C to 55°C in steps
of 10°C. The inset shows the polarization-resolved P-I
curve of a VCSEL at room temperature with symmetric
oxide aperture, which is obtained by inductively coupled
plasma etching instead of wet etching. The two polariza-
tion modes switch with the current injection.
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Fig.5. (a) Schematic diagram of the diamond-shaped
oxide aperture, unequal loss is induced by the oscillating
electric dipoles on the inner vertical walls of oxide aper-
ture. (b) Polarization-resolved P-I curves of the 4 um
diamond-shaped aperture device at room temperature.

The dominant reason that the polarization direc-
tion of the light emission is pinned by the asymmetric
oxide aperture is interpreted by the unequal scatter-
ing loss between the two orthogonal polarizations of
the same cavity eigenmodes.!*® The electric dipoles on
the inner vertical walls of the oxide aperture consume
the electromagnetic energy by a polarization process.
The induced surface polarized charges generated by
the electric field radiation normal to the aperture rim
are illustrated as symbols + and —, as shown in Fig. 5.
Due to the fact that the induced charge is propor-
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tional to the normal to the surface electric field, the
magnitude of the induced oscillating dipole depends
on the electric field. Since the quantity of induced
charge is proportional to the normal surface electric
field intensity, the magnitude of the induced oscillat~
ing dipole depends on the electric field intensity. The
induced charges are weaker for the electric field ori-
ented along the major axis than those along the mi-
nor axis due to the radial decay of the electric inten-
sity E(r), since the surface-normal field E(r = a) is
smaller than E(r = b). Here, E(r) decays exponen-
tially as exp(—r2/w?) with w being the mode waist.
- Thus, the induced dipole moment for the polariza-
tion along the major axis is also smaller than that
for the polarization along the minor axis. Due to the
fact that scatting losses scales as the induced dipole
moment squared dominate the total cavity losses for
aperture sizes are comparable to the mode waist,19:20]
the difference in scattering losses is sufficient to se-
lect the mode. The lowest loss polarization is oriented
along the major axis for the polarization discrimina-
tion. The OPSR can be further increased by extending
the axis difference of the oxide aperture due to the fur-
ther increase of the scattering loss polarized along the
short axis. This can be achieved by forming the size
difference in the major and minor axis directions when
mesa etching. It should be pointed out that extending
the axis difference of the oxide aperture may cause the
output beam deviation from circular distribution. In
the case of VCSELSs coupling with single-mode fibers,
the coupling efficiency will be decreased.

Figure 5(b) shows the polarization-resolved output
optical power versus the current injection for the 4 um
aperture device at room temperature. Compared with
the 3pm aperture device, the emission of the 4um
aperture device polarized along both the [011] and
[011] crystallographic orientations exhibits stimulated
radiation. The OPSR decreases quickly from 9.3dB to
5.4dB as the current injection increases from 1 mA to
5mA due to the thermal rollover of the emission along
[011] crystallographic orientation. The 3 pm aperture
device with the major and minor axis ratio of 1.5 has
a larger OPSR than that of the 4 pm aperture device
with an axis ratio of 1.3, which agrees with the above
theoretical prediction.

In summary, polarization-stable 980 nm oxide con-
fined VCSELs with 3 um diamond-shaped oxide aper-

ture, which are obtained by comprehensively using
the anisotropic properties of the traditional wet etch-
ing and wet nitrogen oxidation processes, are demon-
strated with a threshold current of 0.15mA and a
maximum optical output power of 0.45mW under
continuous-wave current injection. The OPSR is over
11dB in the temperature range from 15°C to 55°C.
The relationship of OPSR with the major and minor
axis ratio is discussed.
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Physics of Si based Avalanche Detectors
With Built-In Self-Quenching and
Self-Recovering Capabilities

Chong Li, Xia Guo, Yunfei Ma
Photonic Research Lab, Beijing University of Technology, Beijing 100124, China
Abstract: A silicon based single photon avalanche detector with a transient carrier buffer layer
was designed. The buffer layer as an energy barrier tentatively stops avalanche-generated carriers.
The device demonstrates self-quenching and self-recovering capabilities.
OCIS codes: 040.1345, 040.5160,

Single photon avalanche detectors (SPADs) have attracted increasing attention because of their critical roles in many
important applications such as quantum cryptography!"?, optical time-domain reflectometry 2 3.p imaging, time-
resolved spectroscopy, non-line-of-sight optical communication, space communication and light detection and
ranging ¥}, Of all SPADs, silicon SPADs have demonstrated superior performance with high detection efficiency,
low dark count rate and reduced after pulsing effect.

In this paper, a novel structure of silicon based with self-quenching and self-recovering was designed. The device
with a small multiplication region and a bulk absorption region is proposed, shown in fig. 1. The photon-generated
carriers were emerged in a large bulk absorption region underneath a small pillar, built on an p-type substrate. The
pillar, located at the device's upper center, contains a p’-type multiplication region and a n*-type capping layer.
Besides, an n-type layer was inserted between p™-layer and p~layer, forming a potential well to stop avanlance-
generared carriers instead of the complicated feedback circuit, shown in fig. 2.

Figure 1 Schematic cross-sectional view of the reported Si-based APD.
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Figure 2 the energy band and electric field of the device at (a)0V and (b) -18V.
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Figure 3 shows the I-V characteristic curves without illumination for different phosphorus implantation dose. The
inserted figure is the relation between deep and valence band energy.
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Figure 4 shows the change rules of the recoery time and gain with the barrirer height (AEy) .
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Figure 5 the simulation output by silvaco of the device with a light pulse input and the pulse period is 20ns.
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Research of high performance Ge/Si avalanche photodiodes
for single-photon detection

Chong Li Y, Chunlai Xue *, Xia Guo ", Zhi Liu ?
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Abstract: A separate-absorpnon-charge-mu}npl1canon Ge/Si avalanche photodiode was designed.
The devices have high dark current at low reverse bias, because of surface impurity and rough

sidewall. A guard-ring structure and in-situ doping was introduced to decrease leakage-current.
OCIS codes: 040.1345, 040.5160,

1. Introduction

Single-photon avalanche diodes (SPADs) with high responsivity and low dark-current over the visible and near
infrared range can be widely used in imaging, telecommunication, and medical detections. Applications for high
detection efficiency SPAD:s in the near infrared range (1.0 — 1.6um) include quantum key distribution. 3-D imaging,
time-resolved spectroscopy, several imaging techniques based on near infrared sources, etc. Because of lattice
mismatch between Si and III-V compounds, a fundamental incompatibility with standard CMOS process is common
for all of these technologies, and thus they cannot be mentioned as low-cost photon counters and large photon-
counting pixel arrays. Ge-based photo-detectors on Si or silicon-on-insulator (SOI) have attracted much attention,
because of high absorption at 1.1~1.6pum for germanium [1].

2. Fabrication
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Figure 2 Schematic cross-sectional view of the reported Ge-on-Si SACM APD
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In this paper, an SOI substrate with 2.0-pum-thick buried oxide and a highly phosphorus doped Si were chosen to
reduce radio-frequency losses. Intrinsic silicon was deposited on the top n+-Si (001) layer of the SOI wafers using
silicane (SiH.) by cold wall ultrahigh vacuum chemical vapor deposition (UHV-CVD). Then, the wafer was
implanted with BF" ions on the top of Si film to form the charge layer. In order to minimize the dislocation density
of the heterogeneous region, the hetero-epitaxy of 50-nm-thick Ge on Si was initiated at 290 "C. After the low-
temperature Ge buffer deposition, the substrate temperature was elevated to 600 ‘C and Ge was deposited on the
buffer layer [2, 3]. The wafer was implanted with BF2+ ions on the top of Ge film and went through a rapid-
thermal-annealing (RTA) process. The doping concentration distribution for the wafer was measured by SIMS,
shown in Figure 1. Normal-incidence Ge/Si SACM-APDs are realized as a double-mesa structure, which are
fabricated by dry etching [4]. Ti/Al for the pad contacts was deposited by e-beam evaporation and patterned by lift-
off. The structure of the device is shown in Figure 2.
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Figure 3 (o) Measured reverse current-voltage characteristics with several incident optical powers at 1550 nm for a
50um-diameter detector and (b) the responsivity via reversed bias voliages, respectively.

Figure 3(a) shows reverse current-voltage characteristics of a typical 50um-diameter device with different incident
optical powers at 1550nm and the respective gains are shown in Figure 3(b). The huge noise of the device has a
strong impact on the improvement of the gain characteristic of the APD.

Figure 4 (a) A SEM image of the cross-section drawn of the square dot on the surface of the sample and (b) the SEM
image of the sidewall afier ion etching.

Figure 4(a) is a SEM image of the cross-section drawn of the square dot on the device surface. We concluded that,
the square dots are inherent for silicon and germanium epitaxial layer because of the surface impurity. These square
pits insert local electric field, limit the horizontal transport of the carriers, and increase the leakage current and odds
of breakdown and failure for the devices. Therefore, in-situ doping will be used to form the charge layer, instead of
ion implanting. The whole epitaxy process could finish in the vacuum growth cavity of UHV-CAD without second
impurity pollution. The high roughness of Ge-layer sidewall also increase the leakage current, shown in fig 4(b).
Therefore, the guard-ring structure will be used to decline the electric field around the sidewall and decrease the
sidewall leakage current.
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ABSTRACT

A Ge-on-SOI uni-traveling carrier (UTC) photodetector was reported for high-power high-speed applications. The
performances, in terms of dark-current, photocurrent responsivity and 3-dB bandwidth, were characterized for analog
and coherent communications applications. The responsivity was 0.18 A/W at 1550 nm. The detector with a 40um-
diameter demonstrated an optical bandwidth of 2.72 GHz at -5V for 1550nm. The -1dB compression photocurrent at 1
GHz under -7V for 40um-diameter device was about 16.24mA, the RF output power came to be 4.6 dBmw.

Keywords: Optical telecommunication, germanium, saturation, photodetector

1. INTRODUCTION

High-current photodiodes, receiving communication signal in near-infrared range, have great benefit to various photonic
systems, because high-power output could increases the dynamic range, reduce the loss and noise figure in externally
modulated links!** and simplify the high-bit-rate digital receivers'*” The output radio frequency signal level from the
photodetector possibly increases with the output photocurrent, which is particularly important for the optically steered
phased array antennas. Any increase in photodetector output signal level could reduce the necessary phase- and
amplitude-matched electronic gain at each antenna element. Generally, photodetector output power is limited by the
voltage drop and swing, space-charge effect and thermal effect. The uni-traveling-carrier (UTC) photodiode was
designed to overcome the space-charge effect of p-i-n devices by using a graded p-type doping absorption layer instead
of intrinsic layer *!. The InGaAs/InP materials were dominant in the UTC photodetector field because of their excellent
optoelectronic properties [“”2, However, the silicon-based germanium devices have better thermal conduction than
InGaAs/InP devices. This is because the thermal conductivity of germanium is 11 times higher than the InGaAs when
used as the absorption material in infrared communication wavelengths, and the silicon substrate, has a higher thermal
conductivity than InP % Moreover, the silicon-based Ge devices have compatibility with Si complementary metal-
oxide semiconductor (CMOS) and could integrate electronic circuits or systems on a chip at low cost. Therefore, the
Si/Ge UTC photodetector should be an excellent candidate in high-power output receiver systems!'"'2),

In this paper, the Si/Ge UTC photodetectors were designed, fabricated and measured. The direct current and. radio
frequency characteristics of this 8i/Ge UTC device were systematically discussed. The responsivity was 0.18BA/W at
1550nm, a little lower than the theoretical value 0.22A/W, which was calculated by Scattering Matrix Methods (SMM).
The -1dB compression current was 16.24mA, at 1 GHz under -7V bias for 40um-diameter device, which was similar
with the predicted value by the voltage drop and swing, the space charge effect and thermal heating effect.

2. MATERIAL GROWTH AND DEVICE FABRICATION

The structure of the UTC Si/Ge photodetector is shown in Fig. 1(a). Si intrinsic film and p-doping Ge were successively
grown by cold-wall ultra-high vacuum chemical vapor deposition (UHV-CVD) on n-type heavy doped silicon-on-
insulator (SOI) substrate. The SOI substrate was first cleaned by an ex situ improved wet-chemical cleaning recipe,
Joaded into a pretreatment chamber, and then degassed at 300 °C. Afterwards, the substrate was heated up to 920 °C for
5 min in the growth chamber under a background pressure lower than 5x10°® Pa to deoxidize. A 380 nm thick Si layer
was further grown at 750 °C using pure Si,Hs. After a short growth interruption to change growth temperature to 290 °C,
a 60 nm thick Ge buffer layer was grown, followed by a 600 nm gradient boron doped Ge layer grown at 600 °C using
pure GeH4 and diluted B,Hs. The thickness of Ge layer was 0.6 um. The concentration of boron atoms in Ge film was
controlled by the flow of the gas source precisely.
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Figure 1(a) Schematic cross-sectional view of the reported Ge-on-SOI UTC photodetector; (b) Top view of a double-mesa
structure of the Ge-on-SOI uni-traveling-carrier photodetector.

Circular mesas of Ge layer for normal incidence Si/Ge UTC photodiodes ranging from 20 to 40 pm diameter were
defined by standard photolithography and inductively coupled plasma (ICP) etching. The second mesa was etched to the
2 um thick buried oxide layer. The double mesa layout significantly reduced the parasitic capacitance. Top and bottom
contacts were lithographically defined on evaporated Ti/Al and a rapid-thermal-annealing (RTA) process was followed
for the impurity activation. A passivation/antireflection coating was deposited by plasma enhanced chemical vapor
deposition. Windows for the metal contacts were opened by C,Fy ICP etching. The metal pad was evaporated and lifted
off. The micrograph of a photodetector with a 40-diameter top mesa is shown in Fig.1 (b).

3. DIRECT CURRENT (DC) CHARACTERISTICS

The direct current characterizations of the photodetector include its dark-current and photocurrent responsivity. The dark
current—voltage characteristic of the device was measured by an Agilent B1500A semiconductor parameter analyzer on a
probe station without any illumination at room temperature. Moreover, the optical current—voltage characteristic of the
device was obtained with a laser radiation at the wavelength 1550 nm and the power 1.2 mW.

3.1 Dark-current Characteristic
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Figure 2(a) The dark-current-voltage characteristics of Si/Ge UTC photodetectors with different sizes. (b) Dark current
density (Jpa) versus 1/D at 1-V reverse bias, where D is the device mesa diameter,
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The dark current as a function of the applied bias voltage was measured for different mesa photodetectors. Fig. 2 shows
the dark-current—voltage characteristics of the photodiodes with various mesa diameters at room temperature. For the
photodiodes with a diameter of 15 pm, the dark current is 58 nA at a reverse bias of 1 V, corresponding to a current
density of 96.3 mA/cm®. For a 30-um-diameter device, the dark current density was about 61.9 mA/cm” at —1 V.

Fig. 2 shows the total dark current density (Jrom) versus 1/d, where d is the device mesa diameter. For the photodetector
operating at 1-V reverse bias, the bulk dark current density (Juu) is shown to be 42.9 mA/cm?, The bulk dark current in a
Ge photodetector has been proven to scale linearly with threading dislocation density Nrpp . Inserting a silicon film
between Fermanium epitaxial layer and silicon substrate could increase the threading dislocation density around Si/Ge
interface [ and dark current bulk density. The dark current density can be reduced by appropriate thermal process 1.

3.2 Photocurrent Characteristic
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Figure 3 The schematic ID diagram of the multilayer structure. The light is typically incident in air. In each layer, the field
can be defined completely by two cross-propagating waves with amplitudes E L and ER. The superseripts R and L point to
the waves traveling to the right and left, respectively.

The main optical features of photodetector are the responsivity (R) and quantum efficiency (7). The ratio of light
absorbed in the active region to the total incident light, assuming that all of the carriers generated by the absorption
contribute to the photocurrent, indicate its absorption ability of optical power. The n are deduced from the
electromagnetic (EM) field inside the device, which can be solved by applying Maxwell's equations with the appropriate
boundary conditions "%\ In this paper, matrix techniques were used to calculate the reflectance and quantum efficiency,
such as propagator matrix and transfer matrix methods, which are implicitly iterative and derive from the same basic EM
principles as the recursive formulation. In the matrix method, the processed object is the local field, which is a sum of
two cross-propagating waves. The elementary notion in matrix methods is to propagate the wave amplitudes at the input
by a proper combination of 2x2 matrices. The information contained by the matrix depends on the formulation of the
particular method, but nevertheless is derived from optical constants, wavelength, and polarization of the incident light. '

In the perspective of Scattering Matrix Methods (SMM), the building blocks of the structure are the propagation element
(the layers where the waves propagate freely) and the interface element (where the boundary conditions apply). As
shown in Figure 3, at every point the field is a sum of two counter propagating waves.

L

E(x,z) = E + E’e
Each element transforms the values of the wave amplitudes at its inputs into new values at its outputs. This operation is
represented by matrices whose elements are determined by dielectric properties and boundary conditions:

l—Ejur_g_rSIl Sll][_Etl:-: .
LEO.,,_I ‘_Szl SZZJLEMJ 2)

When the detectors are illuminated at normal incidence, the transfer matrix of single layer is:

yd 'i”(ko:x'ko:Z) -xky,Z

..in(lr“x+lrolz)exk0‘z (1)
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The physical cascade of the layers and the interfaces translate into a cascade of their matrices combined by simple matrix
multiplication in the right order, which in turn yields the overall scattering matrix. The reflection (R) and transmission (T)
of overall layers can be expressed as ['*):

2

=L 7=

22

n, cosé, Isnszz - S5,,5,, ‘

n, cosé, [ S

22 (4)
Table 1. the parameters of each material layer for detector.

Layer - Absorption Coefficient (a=4mx/)
(Top to %u ttom) Refractive index Thickness (um) P (3=1550nm) ( )
Si0, 1.47 0.65 0
Ge 4.0 0.6 4000 /cm ['e]
Si 342 1.3 0
Si0, 1.47 2 0
Si substrate 3.42 340 0

According to the SMM, the reflection (R) for these five layers was 0.50 and the transmission (T) was 0.32. Therefore, the

quantum efficiency (n, #=I-R-T) was 0.18, and the theoretical responsivity for the Si/Ge UTC photodetector was
0.22A/W.

Current on Nlumination
10
-
10 Dark Current
=
—10*
c 2
e
s107
o [ Diameter =40 um
104 Optical power =1.3 mW 2 =1.55 um
[ Optical responsivity = 0.18 AW
10° Dark current: 0.75nA @0V
-5 -4 -1 0 1

-3 -2
Voltage (A)

Figure 4 The current-voltage characteristics of the device without illumination and with laser radiation with input optical
power of 1.3mW at 1550nm for the 40um-diameter-device. The saturation of the optical responsivity values already at 0-V
bias reveals that this photodetector configuration allows a complete photo-generated carrier collection without bias.and left,
respectively.

The optical responsivity was measured by a setup, which consists of a semiconductor analyzer, a probe station and a
special laser with a wavelength of 1550 nm. Light is coupled into the detector perpendicular to the surface with a single
mode fiber probe. The DC responsivity was measured with a monochromatic light source at the wavelength of 1550 nm
and power of 1.3mW, Fig. 3 shows the current of the device without the light and with the light normal incidence on the
top surface. At a reverses bias of 1V, the optical responsivity was 0.18A/W at 1550nm. The quantum efficiency was
14.5%. The optical current at the zero bias indicates that this photodetector allows a complete photo-generated carrier
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collection even without any bias. The mismatch between dark and optical current at 0.7V~0.3V resulted from diffusion
and collection of the photo-generated carrier because of the gradient doped of B and P atoms in actually epitaxial layers.

4., THE SATURATION

The device saturation current is obtained using a large signal measurement shown in Fig. 5. A heterodyne technique with
two free-running lasers at 1550nm was used and a modulation index was finally obtained. A 100% modulation depth
tone was fixed to 1GHz for the measurement of 40um-diameter device whose 3-dB bandwidth was 2.7 GHz and the
results are plotted in Fig. 5. The fabricated devices show high saturation photocurrents. For 40um-dameter-device, -1dB
compression current was measured 10.4, 13.7, 16.24 mA at -5V, -6V and -7V reverse-bias, respectively. There are three
main effects limiting the photocurrent saturation of the devices.

g + Diameter = 40 um
Wavelength = 1550 nm
3
_ L~ 16.24 mA
E4F P, ~48dBm _____.°
g. I N @ 1GHz, TV 3
2o} /
kC I~ 10.4 mA
2L P, ~164dBm
@1GHz, -5V —Vu=5Y
4k —— V“'- SV
—V, =TV
‘6 L L L . |

5 10 16 20
Optical Current (mA)

Figure 5 Large signal -1dB compression photocurrent measurement at 1GHz for the 40um-dameter Si/Ge UTC-PDs with a
3-dB bandwidth of 2.7GHz.

5. CONCLUSIONS

In conclusion, the high-quality gradient doped germanium and intrinsic silicon materials were grown on top of silicon
layer of the SOI substrate by the cold-wall ultrahigh vacuum chemical vapor deposition (UHV-CVD). High saturation
Ge-on-SOI UTC photodetectors with different mesa diameters were fabricated by Si CMOS-compatible technology. The
device performance was characterized by the dark-current, photocurrent responsivity, 3-dB bandwidth and 1dB
compression current in the near IR range. This kind of photodetector had responsivity 0.18 A/W at the wavelength 1.55
um, which has a good match with predicted value by SMM, and a dark current density 61.9 mA/cm® at the reverse bias
1V. And 3-dB bandwidth was 2.7GHz for 40 pm diameter at -5V bias voltage, which is limited by the transit-time of
electrons in the absorber, Therefore, the optimization of the graded doping profile is imperative for increasing the
response speed of the UTC photodetectors. The 1dB compression current of 40 pm-diameter device was 16.24mA at -7V,
which approached to the predicted value by the three main effects of the photocurrent saturation.
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