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R 1) TV A R ERGPE ST b, SEBIL ST R R
S, AR B -V EHOL A 5 Si 2 [ 8 A+
AR AKAE Si At i _EAMNE TT-V R R H R 1 bk
K, Si Feig A HOL 8 A Si At i b AN E [ TTI-V %
TR BB ARAN 4R 3RAF o B-10 AR TIL-V R
T.Z5Si CMOS ) L2 37 A7 E— 2 1)
M, (HIR O a3 T Si O HE W= — AN E
W5 77 ).

5k [FE, B AR B S0, T ST
Ge Fl GeSn MR I SEBL, BN G ER A T 8T
JEL A AR RS2 CMOS #4510 Si i s Rk .
GeJ& — Pt B4 BRALBE, BELRe B A L[R]3y
B 136 meV, Ge [ E#4H K LK (1550 nm) fi7
T O, IX RS S AT Ge A Si3E TV OG-+
SYEARMIM L. EAR Ge R MBEATBRARL, B K
FEECE S, (HR IR A SIS R B, @i gy AR, AT
DUA 32 Ge IIRE T 4514, 3 98 Ge 1 R 6 fE,
f8 1) Si 2k Ge B4R BRAOGARAF BN AT BE. Sn
5Si, Ge A2 IVEL %, A% Sif) CMOS T 2.
a-Sn &N SR, A RAEN IR, 7R
NE, R4 )87 Ge 5l N Sn o HAFR
Wedd, JF B I ge gt T LagS, B ees T
LEEBZ FH, GeSn & & 22 BN —F B 4215 i
(2 SRR R B, GeSn &4 IV MR IR A
7152 B Si BEHOG B IR R

AL [T 3 LA E R AT E A E Ge F1 GeSn
R HI Tk, S AR T AL I T R,
it Ge, GeSn MR OGH T H I — LE B R T AT
7 BB, R T SiFEIV BRBEOER R R

2 SiFE Ge B Z AR

Ge A& [B] ¥ 71 BRA R, TA) 425 3000 7 1 4R 5 2
ARIFER TS, DEEE TR EE
M BRAT RN 4—5 DN ECE R 10 H. Ge B 824 L ]
B2 1 136 meV, E T HU BB TR L
0.01%, Kt Ge R JERBCRIRK.

7 Ge MEHE GBS A 72 7 1, F-4E 2007 48,
JBRAS B T2 B (MIT) B9 Liu 28 U1 S5 38 #0116
TR R T MR Ge KOGHI T VE: B sl
CIPNG IR AN E K 2 e (61 B2 vl TR K 4 I A
I n B E B A A R DOAME R R AR, TE5K M
TR, Ge ) L Be A I RES 5 BRISAR /N, M0 T BEAY
a7 BT AR B A RURK 13 D-L s Bk, 30 B

Bl i 1 A MRS 5K N AR A B — 5 FR LI
T BB RN T IS, Ge AR N E B BRAM L. [
I, FH A n BB, AT DLSE N B e i R,
ARG R ICBEE. AT RS R EIR, 0.25%
IR RAZ 7.6 x 101 em ™ ) n BRI Ge, 11
E FH# 7 WRUK (free carrier absorption, FCA), 1]
PASRTS i KA 400 e~ (i ebas. Kk, H
BT T 38 9 Ge MR OGRS ) 7 1 £ A 2 5K L
B RiE P N T B M T WN AR CE S 53 /]
ik AT BOR AR R 5K N AR NS R BT DLk B 1 iR
RAGCHIR.

2.1 NTHAR

REHEAE TH R, 5K A0 DX Ge #E4T
RE %, AP M H RO R A S 771, Dutt
S 2 F T — P 3t T sp3dPs* B R 4 7 ik i AR TR
T T Ge FIH R, 3 AT Ge 28 L E B BRI
I F 5k BE A SN 2.5%, 38 24 1 R AR AT LR K0S )
EHER. Bl Kurdi 2 BEH T k- pMERESHHHE
T Ge [P HLZERRE, FR Y Ge A8 B B B2 I Stk
MNAF RN 1.9%, HRH 3% KK NAE, 1 x 108 cm ™3
H) Ge 7] PAZRAF KT 3000 cn ! FAOB 18 35, IX 865k
T Ge PR THA R ER R TR AR M 5%,
TER Z LIRS A R AR, ANESHF AR
FIEFE = FEARMFRES R, B, R0 50/0
HAy BIEIE AT EALME IS B0 5 — 1 i ok
WFIT Gee F9 HL 22 D100 DT 8 e o 5 v f 1
Jb 5T S L K 2 1) Yang 25 U6) 8 H A [ 5 T8 1 1 XL
Bk AR X Ge 5 A FIFIRR, (001) THT A X0k 5K
NEARZE 5y SEE, FF HUBE 25 5 A8 Ge A8 B L3 7 [ A
BE s ATk RAS N 2.3%. RS Liu g 07 78
% LSk NS LA T 0 2SR, THEAR IR
FLER NI A 2.91%. EARS— 1 R B 5 1
AT 256 25, B AT e o B34 13 15 2 B B S i
RS R, A m T E 7k, kg R
PR, BT S5 Ao USRS G b = i 5K S AR B Ge
PEL Ge Il 75k A G /b S50 E0 48 10 SCFE, PRt HE
CLAIBTAS [E o H VA MR RE . AR RS A
JAHTE], AH AN TR 72 AR AL 7 AN F )
WEFE LA RN 7 1], X Ge [P 1 380 6 B A Rk I $6

SEEG b OGT Ge RIAR 1) 51 N7 Rl 4k B A
TIRZ . 2004 4F, MIT (¥ Liu 28 08 Rt
FC T AE Si AT _EAS RS AN AE 1) Gee T8 58 H (1) #vik
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A, A AT B Ge T L FP ) 2k B AR B B Gee A
WEIRFE R TEE TGN, 800 °C AME f Ge T I 5K
RAE R 0.2%. AT DB INAAGK N AR AhATLE Si
TR IR T — 2 e Ge 2k R B0H K19 Sifk
Y1 (C54-TiSi2), @ik x Fh 72k, Hiok N =3 T
0.25%. 2013 4F, AT T /N 1) 3 ik %ot A il P
A4 (600 °C) 1) Ge B HEAT 900 ©C LI TH] ) PR
IBK, K Ge AR IO NAZHE R 2 0.21%. FI AR
T2 K 22 0 22 3 e 7 V2 4 Gee Jiti 1 5K S8 A2 47 B0 55 47,
I LR} IS BE N 52 A0 SE i Ife 5 B 46 A 1 1) 24, {HL
G K R AR AR /N 378370 3R A BB b (1 I LA,
Xt Ge MEHA & 6 BRI 42 5 th A PR

K& 7 FIH Ge 1 Si [ #vsk AR 7 72 5K 45 Ge 5l
NKRIAR, 8K S A% A R E AT Ge 5 5 #h 4E
R ANE R 7. 2007 48, A Z A8 37K 2
Fang 25 POV i@ i fb 22 S AU (CVD) 5% 7E GeSn
&4 FANE T m R Ge T, KR IR S T
Ge FHIFKRIAE. 24 Sn I 9 13% I, Ge T3k
AR % B 2%. 17 Stanford K2 ) Huo 25 21 ) 8
GaAs #f K _EAMES 7% InGaAs, SR )G B ITH Ge
B, FFWEFL T Ge IJEEUROGIE (PL). #id MU% In
BI2H F3, o] DAY 428 R AR I K/, 24 In (9 4H 431k 2
40% I, Ge H 5K B AR 3514 2.33% ! Gtk K IR AR
T, Ge ) PL & )t 5 B L T8 B A2 1) Ge 5 100 £i% LA

K1 JUReE Ge HERRIEINGK S 1 )7 i

=

BRI KN 1670 nm, AIERBEAHZER K. X
I, AT AR TR AR 35 AR S F T/ R AR .
T 5 AN EAS B 1) 5K B AR Ge AR, JEFEFA R 5T
BHNAEEMK. N IECOR, R Ih 5 R R
O, s AR, R bR, A R AL R R
RIGT oy AR T H LR SR K TR AR Ge T
B SXof Aok G P i A% S5 B 2 SR AR v, X e R PR A
TERNH. 38k, ZRhRBMNER TTERERE T
SiFOG T F R RN, B2 UELERT A L
HrA.

I8 i LA RO 7 vk, BE tn7E Ge-on-Si TR
— J2 SiN,, ZE M4 BHE A S U5 & — i ] 4 5 HL AR Si
CMOS LEZBAFMA M TIE. 2009 4, R ETRF
Lim %5 P213@ i 76 T2 A8 4 LA E (¥ 75 2UAE Ge o
FINT 1.5% WXL K 83, FEAIE FAESE 7 XX
ok AR AT LA Ge B3 R B8 B2, a3k — 0 1Y 0
BT BROG R SO 78, BT E R B Ge
£ 2% XU 5K R AE TR AT BAE B 1077 cm ™! A6
7. 2011 4, 3€ & Wisconsin K %% H] Sanchez-Perez
2 1291 g Ge TR AS B T IR R % (PT) 44 |
F18 DA R AU, SRR mIE 2% B R K RAR,
Bl 1 (c) s, HROGEACTE 1950 nm 7247, FIEELR
FFE13R YT, 2012 4F, Stanford K241 Jain 25 24 78

P1 film

4—— High-pressure gas |

(a) ¥ GOL T /2 Si s AU, I Ge 2R WIIUTERATK A2 1) SisNg BLXT

FOR AL R (b) 1E Ge MR b ZIE UL FIAEH) SiaNy, 20l “1” 5 “H” T H 4580 J5 5 R A2 ) SiN AR st T4 [a) DY ) 45z

15 (c) K Ge THIRHE R BIZEN: PTHIE IFE DA s U

Fig. 1. Several methods applied tensile strain to Ge: (a) Large tensile-strain SigNy film was deposited besides

patterned GOI and the underlying silicon substrate was selectively removed; (b) large compressive-strain SiN film

was deposited on Ge and then patterned into “I” and “H” structure; (¢) Ge nanomembranes was transferred and

bonded on a flexible film and then mechanically stretched by high-pressure gas.
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B AL () GOT 3 A 1 wm f9 7K B 2% [ SigNy, 48
Jei ¥ Ge I THI ) Si b 72 s R 45 44, ik R AR (1)
SizNy ot R 48 5 Xt AH AR (K] Ge 38 B i 8, M 7
Ge 15N 0.82% HIXUEM AR, Wi 1 (a) B, 5
AR Ge AHEE, L PL S8 FEAE 1550 nm 3 B4

130 3%, AR4r5REIN T 260 f%5. 2014 4, B L=
K221 Capellini % 29 7E Ge-on-SOI L i A ¥ 25
(1) SisNy, S8R5 ZVh A 250K, e B AR 1) Sig Ny AR
st 7 17 DU J& B A, AT ZE B2 1 Ge 51 N K&
0.7% 5Kk N AS, 40P 1 (b) AT as. [ B I b 4% 45
F3E BT UAE N Ge 1] Fabry-Perot (FP) R, 7
Ge WOLZR B TH RIS AL TR, BRI
AT LIRS TR R R R 1) Ge R, (H 2 3
SRATIC T B AR A SR SN AR, RS2 R R TR, T
ST R E AR, A HE LS H AT Si i T
2R AR RE W, M TGk B Ge F15 7
HME (5K IS Ge, SOHLARTE 58 2L AT R 35 M A0 41 i
P, BEE AN THARBRWTEEE ) B4 A T
P, ARSI AR HLAT BRI = 23 ), 1K 2
B ARAT TR S R BBk —

2.2 nBlBLe

B T 5K AR, n BB R R R Ge RGN 5 —
P 2077 B RE IR R, n BB AR
Ge HHL T IV 9 oK RE R, AT BE 22 (¥ o7 AT DA o
W SR R H B (BB, W58 Ge [ H K4
SR AR A .

2009 4, MIT ) Sun %5 PO# 5T 7 AR n B 5
TR PE I Ge W BRIV EUR G, AT ER S T &
n BB IR FE I8N, Ge TR B 32717 B R Dl ok
FER, AP 2 (a) Fias. FH R B8 15 B34 0
BAGR, IX 5 TI-V IEM R S AR . P AR X LR )
FEFEHZ BT Ge HEAFIRINRICHRE S5 B
M FIREAEBHERR, @i n HBRMMEK
HORT LASRE R Ge ELEEAT BRI B0 IR B2, AT 34 5 Ge
Mkt [FE, BRI E] Kurdi %P7 BERT
R 2 Ge M1 GeOI RGN, 1EB 2%
WIEN 5 % 10" cm =3 i, KESREEIGE T 20 £, 40
2 (b) Fi7s.

Dutt 2 U213l i 0f 78 i3k — 0 38 35 24 iR 5%
AN T2 R A, T N, AR TE — AN SRR
B EAA. Bltn, T RAE N 0.5% HIGH iR
Jig, B AAE M 1010 em =2 $EE 2] 1020 cm =3 1, )

H FEIAEE B A 130 kA /em? /N2 8 kA /em?, {H 2
MBIRIREINE] 2 x 1020 e 3 I, BRE E %
FENI 15 kA /em?. WKL 3 (a) 7T LAE B, #HEL T 7k
AR, 45 0t BAE HLIR B S MR 2. B3 (b) T
BoR, B A R RS AR LI PR, JT AR I
N ABRE B AN B R R &L HBRIKE
BB KIS, Ge NG DL R B0 T 1 T A8 K
SARAFAR T P E, KRR 145 A0 R G 1 5 A%
BOH—ph2 A B ERR TR (FCA) P52 Liu
2 I Rghan N AR, 32 HH7E 1019—10%0 em =33
BN, E SR R RN IR
BIELE. Carroll % P2 U #E FCA Z A H T —Fh
Fr R HLEE, BRI SO N ERAE (HH-SO), XA
WSSO B E v 1013 175 100 T A 40 1) 3 B 2H T
(pump-induced absorption, PIA). filifi1#& i, R
FEFCA, 2™ 5 =1l Ge L1 25 7R AN SR
TIRFEZ1 1020 e 2 SO0 N, PIA BB K T
—ANEGR, K, ANATREAE Ge TS BT 25

1.0 -
n (a) "’\'-.
.‘é’ oy ;4 +1.0x10" cm—3
5 0.8F Y e ".- ©4.3x10' cm—3
2 : + 1.0X10'8 cm—3
< . 4.9x1017 cm 3
2 0.6¢ : , « Intrinsic
2 04f . 1
g Experiment
a 300 K
0
) L
2 02
[a M

0 r i
0.75 0.80 0.85

Energy/eV

3000
(b) 300 K

Ng

19 — i
2000 F 5.6 x10" cm

3.6 x10" cm—3

1 -
000 2.6 X109 cm—3

Photoluminescence/arb. units

Undoped

0 1
1200 1400 1600
Wavelength/nm

2 RFEBIIKE Ge I PLIE, (a) KA T 3CHR [26],
(b) 3CHR [27]

Fig. 2. Room temperature PL spectra measured from
(a) tensile-strained Ge-on-Sil20] and (b) bulk Gel27]

with various n-type doping concentrations.
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Threshold current/kA-cm~—2
i 0.1

1.6

1.2
=
E 10
<
g (=
o4 100
0 — 1000
1018 1019 1020
Doping/cm—3
103

(b) Threshold current density
vs. doping

102 — 0% strain
— 0.5% strain

— 1.0% strain
— 1.5% strain
— 2.0% strain

10!

100 |

Threshold current density/kA-cm—2

10-1
1018 1019 1020
Doping/cm—3

K13 (a) AHIEWEIRES KIBFERT, BIE i e BN RAR |
BRIREIIKR; (b) BMEH R SRR R R,
LA R F B AR AR e s LB I L

Fig. 3. (a) Threshold current as a function of biaxial
tensile strain and n-type doping, assuming a lossless
(optical cavity loss=0) cavity lasing at the wavelength
of peak net gain; (b) threshold current versus dop-
ing for various strain values, showing that an optimal

doping value (black dot) always exists.

KT Ge X W Fl 55 5 4 A G I U AEHL 2 FCA
FIPIA, HEAEER RS, WERAFEPIA, fT
BRI S5 R AR R B Ge w] LLIRAF B K I 1 e 4
iy (HERE0 R DLW SR RIS, Bt A
MIT A3 B0 5 K 2 i F 70 2 00 42 3] Ge (1) 354 55
PR, B Z, IR F IS — i
5E. Horp, Carroll # Hi PTA # 8 Xt MIT W 22 21|
MG HIIZ Ge BT L S48 HH T 58, A L S Ath AT T A A
FEAAAE S . Dutt Bl FCA F1 PIA J2 [F]—Ff
BLEE: 23 7 1 N UK (intraband absorption).
Liu X} Newman [ TAEHEAT R &, #&H 7 FCA
A3 T Carroll 2 Y PIA HLEE I 2 FRACATT ) 45 5
M Newman &5 RAEH G, - H - H — Lz 7]
DL LA B 77 T 75 B A RE. (HE S 2, HarwA
RS A BE BT S, R B 2 (0 SRR AL

A Rex EAR AT 1 — B R 5.

Fy—J7 I, SEES B Ge AT MK EE B 2R 2
IRIEMER). & HB 455 (P, As, Sb) 7E Ge H 1 [
FERUIL, IR T BRI &, HArmikiaEs, 1
KB 24 K FEAE 10" em =3 /£ 45 B3 CVD R A7 45
2% P EG FREIRTF I IR S4B R IR 2 2101 em ™3
ZiAs B TR SR R R A R 38 4 7 3018 31 1K R
TR BE IR T8 35 AN B G 5 R OGRSk, MIT [ B
TR 2 2 6 B 24 AR I AT PO & P21,
BRI = E)4 x 101 em ™. Arizona K%K
AR 5 F AP AE (gas-source molecular epitaxy,
GSME), Hl P(GeHs)s i P(SiH3)3 {E N5 245, N
B e BT B B AR N I B, BRAT B T BRI
> 1020 em =3 [ n-Ge P9,

2.3 Ge &RItaafHRIAH

1E SiFE Ge &t 2% 14 BB 58 J7 1HT, B 9 40 B
B2k, 2009 47, FATHE 5T /N 5 Standford,
MIT KR 7S /NS HE Ge )6 bl 37991,
Standford iff 5 /N i 2 W45 B AR AL S ST
L (RPCVD) ¥4l 4 T nT-Ge/p-Ge [F] i 4, Ji AL
BIRIKEE N T.5 x 108 em 2. FRATTUR R4 8@ i 48
B E S AU J7 15 % T pT-Ge/i-Ge/nt-Si
SER, Ge BN AR~ 0.13%, JIEMmME KT 1.1V
I, 75 IR T OIS (K AE 1572 nm BT
WENRIE, ROGHRESENERBRIEL. MIT
W 5E/INEAT Y pT-Si/i-Ge/nt-poly Si &), iEit
Si-Ge #VRL, 1 GeH 5l N T 0.25% Mk RiAE, A
I Ge RHATH 4. MIE] T =W ABENKOL, §HE
BN 1600 nm; NENE, KGR 5 EN B
0.94 YK J5 BIE by KE NI, BG5S 7 N i
LAS T MCIE B, % 7T 45 SRR 7 — e IR Ve
P, RO B BE A IR T T K, XA Ge Y RE
AR ROCHLEARTT &

2010 4, MIT fJ Liu 2 MO ) % 7 55 — 4
Ge-on-Si R MK EOL gy, MATE SiA R -
X AME Ge I, 5K BAF 4 0.24%, n B35 44k i
N1 x 10 em=3. Fkeh BN 1.5 ns #1064 nm i
ZE T ERRER Ge i T L, WS WML
AL EE, ANk S IR A S A, AR T
PE. FERKI T2 50 pJ idhiz ~, W3] T 1599,
1606 11612 nm HJECN G, MR FP I 511
RS, W4 (a) iR, X888 N ORI R
U 5K B AR Gee v 5% 2 AL BT 56 1 Si 8 A AR Ak
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JGUEA L 20124, AZHF SO R D SEIL T Si AR
Ge HLIE N K ih 0 88 1. Ge i T [F) A 2 3 o 72
Si_BaEIXAME, fEH] 6 52 T34 B AR i =
F) 74 x 10" em™®. RJEX Gellk FEM AT T
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Fig. 4. The only three Ge lasers so far from paper [40-42].
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Fig. 5. (a) Temperature-dependent photoluminescence spectra for samples with different Sn contents; (b) integrated

photoluminescence intensity as a function of optical excitation and the FWHM around the lasing threshold; (c) high-

resolution spectra of 250- and 500-um-long waveguides taken at 500 kW /cm?.
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Abstract

Si-based optical interconnection is expected to solve the problems caused by electric interconnection with increasing
the density of integrated circuits, due to its merits of high speed, high bandwidth, and low consumption. So far, all
of the key components except light source of Si-based optical interconnection have been demonstrated. Therefore, the
light source has been considered as one of the most important components. Ge and GeSn based on Si have emerged as
very promising candidates because of their high compatibility with Si CMOS processing, and the pseudo direct-bandgap
characteristic. The energy difference between the direct and indirect bandgap of Ge is only 136 meV at room temperature.
Under tensile strain or incorporation with Sn, the energy difference becomes smaller, and even less than zero, which means
that Ge or GeSn changes into direct bandgap material. What is more, using large n-type doping to increase the fraction
of electrons in I" valley, we can further increase the luminous efficiency of Ge or GeSn. In this paper, we briefly overview
the recent progress that has been reported in the study of Ge and GeSn light emitters for silicon photonics, including
theoretical models for calculating the optical gain and loss, several common methods of introducing tensile strain into
Ge, methods of increasing the n-type doping density, and the method of fabricating luminescent devices of Ge and GeSn.
Finally, we discuss the challenges facing us and the development prospects, in order to have a further understanding of
Ge and GeSn light sources. Several breakthroughs have been made in past years, especially in the realizing of lasing
from GeSn by optically pumping and Ge by optically and electrically pumping, which makes it possible to fabricate a

practical laser used in silicon photonics and CMOS technology.

Keywords: silicon photonics, Ge, GeSn, luminescent device
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