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Fig. 1. Band diagram of SiOz, SizNy4 [P0l SiC [55] with buried Si NC: (a) SiO2/Si NC/SiOa; (b) SigNy/Si

NC/SizNy; (c) SiC/Si NC/SiC.
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Fig. 2. (a) Schematic energy level diagram of Er3t for a free ion and for an ion in a solid [°9]; (b) schematic

diagram of energy transfer processes (601,
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Fig. 4. Schematic representation of the Er3t excitation processes in Er-doped Si-rich SiO2 samples: (a) at

K4 BHEERE

'1 NE S
low annealing temperatures, showing a high concentration of excess-Si related LCs indicated by crosses,
as well as Er37 ions, indicated by open circles; (b) the corresponding schematic band diagram, indicating
the SiO2 valence band and conduction band, LC-related electronic levels in the band gap indicated by the
horizontal lines, as well as the Er3+ energy levels (LC-mediated excitation is indicated by the vertical arrows);
(c) at intermediate annealing temperatures, showing a reduced concentration of LCs; (d) at high annealing
temperatures, showing the formation of Si nanocrystals (dark circles); (e) the corresponding band diagram,
indicating the presence of Si nanocrystals with a quantum confined band gap. A weak exciton-mediated

contribution to the Er excitation is indicated by the light vertical arrow (68],
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Fig. 5. (a) PLE spectra for the three materials (731, ; (b) optical gain as a function of waveguide length for

different Er3+concentration [76].

204208-5

1000


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 20 (2015) 204208

15 540 ps, HEITHR [79] AR BB+ RORD m— N4
B, R AT REAEBUR IS e T R T At e Bl
HEEE, 2014 FMATRIE 7 IXFHGORL R HE 2t ik 2 1
30 dB B0 RS Xl HRL A AR 2R SR K 25 4 A HR
B, (HZ XA GK R RS 3 BUE RS X DU
R, DLl 5 00 2T R & S5 2 7 BB AR
1] 3.

2.3 EEhEFELN

S5 PR R S R P S 3 1 R0 R T
LAY, fEREHR B N SRERE IV R) BT, M
T R — AN B 2% (1) 2% i NCER R e N
G T TR T DR IR — AT, SRR Tk
7 LGy %0 AT DUF IR PR AR I R T, T
PSR AR, TR X PR A 4R T R4 B
MR R JEEE 7). T8 R REIE RIS BT
SRAFARACI RO RCR, MO ARk 1 F &5 B 7 ot
PE IR RO RE I I I AU . 2013 4,
H A Michio 25 1 fEB 51 CZ REFRVEN ALY, 2R
J& NE 5 ALJE A AL-N 28 61 F-BEBE, AT & 5
1.223 eV (L LLAME ST, TR NIKEN T 4x 108
A2 x 10 e =3 BBl N A< 389 04 S o P 384 0.

H M Drozdov 7E 20 128 70 EAC & BLEE H [ AL
i) UZE B AR FE N 8 5 B D1 31 D4 g P9 A~
UL A (IR c R NE A P URAN (1 D & <R e ahE AP A
R — 2Rz k. EE BT RO B
AbF- Ak, FERE L DAL T 1.5 um, 6 R A 55
M B ARARFE & 10 (82861 H A, fafE b 5] Al
FiEZ R, TEAWMEARIE., SO0 5N B TE
NS R RERR AR L AISO G IR B WL Kl
A7 R RAH 137890 ) ) id 1 b SR D R SR R 9,
FINEREIF A AL, VEGNHAIT 78 7 X Rh A7 45 i 2E
B RE S A5, SRS T =T D1 R EUR s
AR EUR . R I 1 T S0 6 Ak A A7 R O 1
G5 MBI AT TR0, #E3h T REH B FE ROt
Wt

T4 ANIRAT 2 AE 2011 £E, Ohtsu VA4 2
i Dressed Y6 ¥ -7 T4 BhOR B0 7 IOME S, BIh
il %% 7 RESE PN 25 R 68, 2R FAh = TR &
K 15%, ThEFERER R 1.3% 0.

2.4 REESEMR
Ge fl Si [FlJ@ IV i34k, 2235 56 FE L Si /D,

SR IRE A, WICRECK, ITR R, 1w HAE
ATk L SR B CMOS T2 R AP 2%, Frbh—HE LA
FNATEA T FIH Ge il & mahE i, R
H Ge tH 2 47 B 34k, (R 3 B HA BR 5 1)
P BRI AR 25 KA 140 meV (Er = 0.66 ¢V), Ge
1L ae s A DT 4, JF s BT A
B RS AR, Tk, Bt R E
RE TRE AT LA R38N T B4 L7, Xl (648
[y B B 4t B A T .

2007 4, Liu%k OV 6 RE EANERE RS, T8
KOG HRELF= A T ik RS BT CARRAI T A0 L RER 2
B ) 22148, 0.25% B3k N AN 6 (b) fras; 248 H
Tk RARAC A n BB R I, W DUE— DI A T ge s
HLF IR, 0.25% 5K R A 254 1010 em—3
I3 4201 fE 6 (c) Frow, MR R & B 7 B
FFERTRESRAF I 2. A Ah, IERS Bt 2
BRI N 2% I, Bt AR 9 B B RL, A B

0.800 eV

o
P k
/\(111)

Kle #MSHMTBRAN () B Ge#kl, B
A4 B 25 136 meV; (b) it 0.25% 3k MAZ [ Ge #4
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Fig. 6. Schematic band structure of (a) bulk Ge, show-
ing a 136 meV difference between the direct gap and
the indirect gap; (b) the difference between the di-
rect and the indirect gaps can be decreased by tensile
strain; (c) the rest of the difference between direct
and indirect gaps in tensile strained Ge can be com-

pensated by filling electrons into the L valleys. 917
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7 (a) BEIREE LED R E; (b) il F AR -V

L, R SR B

Fig. 7. (a) Schematic of high-efficiency silicon light-

emitting diode; (b) the current-voltage plot for the
device measured at room temperature, inset is a
schematic of the LED device.

L #3E FH A A SR i) 45 p-n 45 LED 1) 55— 8
% S ) FH e () R B Ok, B HARERPE I TAE 2
2001 4F: Ng 25 [56] 7 (Nature) b & % il id & 77 &
FIB S FEA n B R N TR R T ALER B, ALER PR
MR T SifIRET 450, X ER T RA g E T
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Fig. 8. (a) Structure scheme of Si LED with a p-n homojunction; (b) experimental setup for dressed-photon-assisted

annealing process; (¢) photographs of device emitting light at room temperature, captured with a CCD camera;

(d) schematic diagram of light emission in visible region from Si. Red and blue curves represent the energy levels

of the conduction and valence bands. Blue, orange, and gray thick horizontal lines represent the phonon levels corre-

sponding to 3.1, 2.1, and 2.0 eV, respectively 1061,
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Fig. 9. (a) Current density as a function of the applied voltage for Er3+:SiN,, Er3+:SizNy, and Er3t:SiOs, inset

is scheme of the device’s geometry; (b) EQE for the near-infrared emission (1.3-1.6 pm) as a function of injected

current for the three investigated light emitting devices [135]; (c) room temperature EL spectra at a forward-biased

voltage of 10 V, inset is scheme of the device’s geometry [136]; (d) the EL spectrum of the ErYb silicate MIS device

under a constant current of 3 [1A, the left inset shows a schematic cross section view of the ErYb silicate MIS device,

the right shows the voltage variation versus the measurement time of the EL spectrum [137],
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Fig. 10. (a) The emission spectrum from the nanopat-
terened SOI excited by 514.5 nm Ar laser; (b) the
surface and; (c) cross-sectional view of the nanopat-

terened SOI observed under a scanning electron mi-

croscope [146] .
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Fig. 11. Low-threshold Si Raman racetrack ring laser:
(a) Schematic of a device with a pin junction design; (b)
SEM cross-section of a directional coupler and pin junc-
tion region; (c) laser output power against coupled input
pump power, showing a higher output power achieved at
a higher reverse bias on pin junction for a 3 cm cavity,
the error bars here are derived from different measure-
ment traces; (d) high-resolution spectrum showing a low
threshold Si Raman racetrack ring laser with a side-mode

suppression ratio of over 80 dB (1471,
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Fig. 12.

ing CW operation at room temperature. Edge-emission

Optically pumped Ge-on-Si laser demonstrat-

spectra of a Fabry-Pérot Ge waveguide under three dif-
ferent levels of optical pumping from a Q-switched laser
at 1064 nm with a pulse duration of 1.5 ns and at a rep-
etition rate of 1 kHz is shown. The arrow indicates the
peak optical gain wavelength. Top inset: integral emission
intensity from the waveguide facet versus optical pump

power, showing the lasing threshold. Bottom inset: cross-

sectional SEM image of the Ge waveguide (221,
Energy/eV
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E1, — Er as a function of Sn concentration, the pump laser homogeneously excites the waveguide cavity, and

the light emitted from one of the etched facets is demonstrated (inset); (b) power-dependent photoluminescence spectra of

a 5-pm-wide and 1-mm-long Fabry-Perot waveguide cavity fabricated from sample E (dgesn = 560 nm, 12.6% Sn). Inset:

temperature-dependent (20-100 K) photoluminescence spectra at 1000 KW /cm excitation density [23].
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Research progress of silicon light source”
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Abstract

To meet the requirements for high speed, low cost, and more information capacity, silicon photonics has been boom-
ing in recent years. Silicon photonics covers a very wide field. For the silicon photonics, researchers have successfully
achieved silicon-based optical waveguides, switches, modulators, and detectors. But the problem of silicon based light
source has not been really resolved, which has become a primary bottleneck for further developing the silicon photonics.
The momentum of a phonon is required to allow an electron to transit from the minimum of the conduction band to the
maximum of the valence band in Si because of the indirect bandgap. This two-particle process with a low probability
makes it difficult to achieve high-efficiency silicon-based light source by itself.

However, much effort has been made to characterize and understand the light-emission phenomena of silicon-based
devices. Also, more attempts were made to enhance the emission efficiency of silicon. Practical silicon lasers are very
important for silicon photonics and have been a long goal for semiconductor scientists. A number of important break-
throughs in the past decade have focused on silicon as a photonic platform thanks to the efforts of scientists.

In this review, we introduce the recent progress of silicon-based luminescence materials, silicon light emitting diodes
and silicon lasers. In the first part of this paper, common types of silicon-based light emitting materials, including porous
silicon, silicon nanocrystals, rare earth-doped silicon, silicon defect emission, germanium on silicon and semiconducting
silicides are comprehensively reviewed. Among them, the quantum effects and surface effects of low-dimensional silicon
can greatly enhance the light emission efficiency. The erbium atoms in silicon-based rare earth materials can produce
the light emission at communication wavelength band independently of the host. The transition from the lowest excited
state to the 4f ground state yields light at 1.54 pm. Moreover the emission energy is independent of the temperature due
to the inner atomic transition. Group IV materials grown on silicon such as Ge and GeSn alloy can change from indirect
bandgap into direct bandgap by introducing mechanically strain and modifying the component. Strong enhancement of
photoluminescence and net gain emerging from the direct transition are very significant for fabricating the devices.

In the second part, different light emitting diodes (LEDs) fabricated with above luminescent materials are intro-
duced. The Si PN diodes were once popular at the earlier research stage. One approach was to modify the effective
surface on high-purity single crystal silicon and the other idea was to use optically active defects in silicon. Ten years
later, silicon LEDs in which the dressed-photon-phonons assisted method is used, made the Si PN diode rejuvenated.
LEDs fabricated on nano-structured Si and silicon-based film were limited in the optoelectronic integration since the
luminescence wavelength is not corresponding to the low-loss communication region. Although erbium-doped and Er
silicate LEDs emit suitable light, their high turn-on voltage and low luminescence efficiency block the practical applica-

tion. The researches of Ge-on-Si LED mainly focus on modifying the band structure by introducing strain and n-doping.
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In the third part, firstly we summarize the basic rules of the silicon laser. Then, we review the most recent progress
in the field. Nanometer Si with periodic array can only behave unambiguous laser action using optical pumping and
at very low temperature. Low threshold silicon Raman lasers with racetrack ring resonator cavities can only stop on
paper also due to the difficulty in electrical pumping. The Ge-on-Si lasers operating at room temperature by optical and
electrical pumping were accomplished in the past 5 years. The GeSn laser that is CMOS-compatible also came into being
this year. Although so far, lasing has been implemented only by using pulsed optical pumping and stopped working at
90 K, this first demonstration of lasing in a direct-gap group IV alloy grown on standard silicon substrates is potentially
an important step on the way to a platform of fully integrated silicon-based photonics. Hybrid III-V-on-Si lasers are
considered as one of the most practical means due to the excellent photoelectric properties and mature preparation
technology.

Finally, current problems and future development direction in the silicon light source are also presented briefly.

Keywords: silicon-based luminescence materials, silicon light emitting diodes, silicon laser, optoelec-

tronic integration
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Fig. 1. Temperature dependent L-I measurements of quantum dot (a) and quantum well (b), (c) lasers.
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Fig. 2. The development of semiconductor lasers since 1960 [23].
R R IV RBOGE I A it e
Table 1. The lifetime of ITI-V lasers on silicon substrate.
Fr R BE RS LA TR A AR SR
1987 GaAs/AlGaAs HH%EE T 2 mW 107 /em? <10s  [24]
1991 InGaAs/AlGaAs [ 24135 5 FBF 2000 A/cm?, 2 mW — 10 h [25]
2000 InGaAs K& T 1320 A/cm?, 0.5 mW — 80 h [26]
2001 BIRAT I L1 GaAs/AlGaAs H 4% & T 810 A/cm?, 1 mW 2x10%/cm?  200h  [27]
2003 GeSi/Si K L¥ GaAs/AlGaAs HAIZEEFHF 270 A/em?, <1mW 2 x 10%/cm? 4h [28]
2014 Ge/Si EIAK LK InAs/GaAs HAZER T4 2000 A/cm?, 16.6 mW 2 x 108/cm? 4600 h  [29]

F 1R T H 1987 4 DUREEEE TV R 344
Bot#s M ERESR T, MW RE R & T BB 3
H 10 s Wy, DIl 27 45 F 2014 AR RS &
FRBOEE R E ISR T 4600 h 1) TAERE.
U], R FA A B A B Rk b, (H I
PERETS 2 T RIESET, VEHAILAE AN E A KR
RO FE LE T LR O R G LG [ BRI A2 R
B AR A E AL B T RUEA
SR oA B 7 AU e R AR, NI KR B b T
VK=o ) A I T el £ Gl P Pt
Ye it AR, SRR 22 B AT A
FifEat, M FRR T R AR,

2.3 HEETFRHNSENRERE

ARBIT R0, TV RAT R D ot o 25 1 1Y) 3 22 i
i 76 T T e B S BURR RO e PO 1Eid 26
1720 24 B, BHEA 52K 1 2 05 i T Brd

TEHik 5 45 40 T ST 0 SO e YR e 2 O
75 P R R B OE B IR ST E S
B HL AR A RICRARAR, (7588 D6 AU A5 T 41 5 1 4l
32 YEIR B DR A 19056 P B i N 5 SOE
SEPLA R F G e, L6 S A R DLk B %%
PF. X ERE I A A BAT Se bR R A, oA
WFFTT7 ), WM AEREGRK S A A I K PR 285 44 1
W E AU 9T 2 G 2 R ARURE 1) R — BT
CE

2005 4, A FH R R UK, B TV %
B PHEOE R R IR B AR L, Intel BES UCSB
RS T TV B0 8 7EREFE 1 it B2l R
BRSO B S h AR S e M R nT gl —
WA AL BRRFEE RS, T2
TR, B E SR SRR ES RA TS
PF R SRR, TOVESE IR =, 5 B
FOt H AR 1 v FE AR R, O TIL-V R A R} B 42 0E i

204209-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 20 (2015) 204209

HMEA K FIRESE FNZ R R BB R —.

Tk 5 TIL-V AR A 2E A2 K 32 2252 IR T 11I-
VAN Si BRI MEAS 7] | s SR O AT A K 2R 3002
PR G AR S 1) 22 HR B S AR (AP D) % i (4 (TDs)
I 2R 4 55 ) i 13491,

A EE (APDs): TV &M kL 41 GaAs, TnAs
J2 BH R A [R] 54 I B A%, T TV A R
5. E IV RAT R AR R T2 A m]
HAFAETE T BBy, PRILAE R T 6 B b vl B8 7= 2R 45 R
(et (Ga—Ga i ¥ As—As), IR N A, &
FHWE & —FP AR, A dRE A0, B
IR As1FPERE

FBEAH (TDs): GaAs Fl1Sif 4.1% [ 5% 2k
Bt, InP M1 Si A 7.5% [ st R IE, X ER 2 B E
A KTV A R = A KRR ). B )i 2
EE@#EE RS IE LA, B TE 1010 /em?. X

BN T AR R E A L, RIRECN
PRI R R A e

L EE: TIL-V ATV M B R A K R
o= LR RN ) NI T 808 — 25 1) A% R, Bk
FEAE A

2.3.1 AR AESE A K-V M
FESE TV ORI B2 A1 E AR K T2 B R At
Ft 7 30 Z4E BT (BAEIX 30 ZE MW, S
A TIL-V A4 R A7 55 %5 FE AT AR 7E 105 em 2 DA L.
o I T B IO A A7 T A A R 1 B FRL AR A

J5 1) 73 (~10 h) Bs—4, ‘ii:El’J%, X T &1
B, &7 SRRk 54 LR AR,
RERE MR R T RS Wﬁ%%ﬁi%ﬁ%

.

1999 4E, Linder %5 2 95 o308 T EREA K I
InGaAs &1 mi ) A ALK, AT LA 27 EE
(100) #Ji& EAEK 4 pm B 1) GaAs &bz, Hia,
FE7E 350 °C FAEK 30 nm B Z, SRIETE 780 °C
IB-K 10 min. RT3 1) SRR EA S, W LA 2
e v 25 BE ) 2 3B AL AR, E 1.2 x 10 em ™2 BIALHE
WER, s RS0 KAKE N RN sL 8 1 Mk o
WO, B H U B N 3.85 kA /em?. 2001 4,
Kazi &5 B HRIE T 8 — M EEIE InGaAs B 1 S
SRR, MARET Linder (0759, hATI4E 27 ik
(100) #Ji& EAEK T 1 pm 2 GaAs i )2, B4
JZM10 nm ] GaAs (ZEKIRE N 400 °C), HE¥H

T o EAEKE R R O R, %A A
HL VA 5 B A 45 1.32 kA Jem?. 0 3 iR, i%kE
£ InGaAs 81 sUBOG & 10 [E € D) 256 tH 75 an 48
80 h, T AH & I 2% 141 T~ & 7 BHBOE 8 1) 75 dr AL
jj20h FAFE T AR5 LA 4R e ) 2005 4E,

JHIEfE A 10 )2 InGaAs/GaAs =T R AL s I8 =,
Bhattacharya %5 [“~*5] {8 T InGaAs & T 506
AHE 1.1 pm [ = SN, ﬁlﬂﬁ%ﬁﬁfﬁiﬁ**ﬁ%

K31 900 A/cm?, [FIR4FAEURFE To 32 M 28 244 K.
500
RT: CW N ]
APC: 0.5 mW Initial current = lv.OoIth
400 - Ing2GagsAs QD-like laser
0o APC: 0.5 mW

Initial current = 1.21,
Ing.1GaggAs QW laser

Current/mA

100

0 1 1 1 I
0 20 40 60 80 100

Time/h
3 Tk InGaAs B T PR T S B0 KA E X T,
MRS SR B % 0.5 mw [43]
Fig. 3. The stability comparison of InGaAs quantum

well and quantum dot lasers on silicon substrate. Ex-
perimental conditions: room temperature, fixed out-
put power at 0.5 mW (431,

DA b BF UK R M 1 5 1 S A 2 R AL TIT-V
R R T SBOG A BE G, SR BE AR AR I
HARTE B AE R BT 75 oK 1 1.3 50 1.55 pm WUR UK
K, A 15 3 sk RS 52 BAR R BR 1], 2008 4, Li
2 191 4F 6° AHIEE (100) 41 ESEHl 7 = 3 1.3 um
InAs/GaAs fE ¥ R R KRG, HEREEREN
57 meV, {HEBESL IR, J5 ok, Wang % (67)
SEPL T RERE 1.3 pm InAs/GaAs &1 RIEOLER =
HE SR, IR AE 400 °C PLO.1 ML/s B A K
HWEAEK—30 nm 1 GaAs B2, KEMAH
2 BRI E 50 nm K GaAs/Si FHH PAAN. iZF 5t R
B GaAs FEREBE IR T AZ i 5 A2 9ok 2D S AH W AL
FEMI B L JbAh, 751 um () GaAs b2 H, #8
L DA URY Y =ts 7 N R A E R R v VA - W 3=
& ME2 EAEKSE InAs/InGaAs/GaAs & T
REMHAERNE. BAMATEI 75 1.3 pm
WK BT ORI IR B, B I R R
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B E]650 Afem?. BEAN, AR K I AlAs T 2
bt GaAs BRI D> GaAs/Si ST A7 48 %5 5 AV RS
fE, i@ id 8 A InAlAs/GaAs UK InGaAs/GaAs
b A% AL I R, AL RS 2 102 cm 2 /b B
106 em=2 Bl B 4 (a) A i 1 RS A IR % S LT
BB (TEM) B, AT LUE RITE 5 JZ AL 382
J&, B R E D, £ TEM B LA 2
R, B4 (b) HE— 20 R 1 05 5 Bl A7 5 1 Dk

JZEH )84k, T LUE B 12 InAlAs/GaAs {7 B
TR R RO A B FE PR ZE 5 x 106 em ™2, @
LD AL R TR T S O 2R R = IR
77 mW R D ER O, I HLSE AR R IS E
194 A/em?. B4 (c) Bon TiZasfF i L-T K, T
g e o AR L BE AT IA 111 °C. k4, Jlid R
R 1 45 2% R0 A0 Th 4 ) 4 T R B — R AR Ok
AR RE.

T 1010 107 20°C

g . 40 <C

3 E 84 60 C

Z 1094 .. 2 80 °C

k7 5 100 °C

T 1081 a. 111 °C

= T o 44

2 2

. t 2

§ 10 5 27

_8 o

A 105 L— T T T T T 0 T T T T
before before before before before after 0 400 800 1200 1600

DFL1 DFL2 DFL3 DFL4 DFL5 DFL

Position Current density/A-cm~?2

(b) ()
4 (a) EEEE T SEOLRMET TEM B, B+ DFL (dislocation filter layer) A48 E; (b) ANFZEZUH DFL X7
BT (RN () TR RIREE R A0 D 2R v I 2 1 A 28 A (78]

Fig. 4. (a) The cross-sectional TEM image of quantum dot laser on silicon substrate (DFL is the dislocation filter

(a)

layer); (b) the effectiveness of different numbers of DFL; (c) the output power versus current desntiy at different

temperature (7,81,

2.3.2 #AR L8 ZH M A InAs/GaAs E T &
BAE

B AR AR R GF B S A 1, HOBUA B SiGe
HARCEAEE s, o, 8 A &8R FiT®
H(Ge B AT C 02 SR b e (1 8 T B ) A
2 A5 BB R R AR R e . R, 5
Tk FE AN E AR —HE, Ge i i BTV R A B A2
KRIAE G 7 AT AT 5806 8. A XS T ek 2 4
K, GeFl GaAs [ & % 2K L (0.08%) Fl #4 i
fik R ¥z #AR /N Pl 2010 4F, Border 254118 T 7
germanium-on-insulator-on-silicon (GeOI) 4} i I
1.3 ym InAs/GaAs & ¥ S = B EA K, I HK
W GaAs Zz /1 2 i L2 B 508 A e O
W 5 S5, AEL I o0k gk 2D 5 53 A7 B OF A B AR
R 3 RE SE B OL . — 2 )5, Liu%g bl
AR 7 R ik e, Rl T Ge i 1.3 pm
InAs/GaAs & § HUHOG B9 SR M. wF R T
PErp, fEAEK GaAs ZEmh = 201, AT E e AEK T
— )= Ga i FHHTE)Z, %A1 E )= 1A R0 L
T K ) T, AT AR T Ge/GaAs 5 1H Y
FHRESE, KiEfem 1A, B5(a), (b), (c) A
(d) Bon T As I B Z M Ga Bl B JZAH R R 1 /)

B (AFM) fTH TEM K. AT LLE 2 E B, 1
F Ga 17 B J2 3 3% [ ~F 8 FE F0 5t 1 R = AR 1 2 T
KGR, 5 (e) B TR AZEEKTN
InAs / GaAs & T fi7E 1.305 pm 9% K % G2 B 1
L-TH, S2PL T %7 55.2 A/cm? [ BRE LR % 2,
AR T 1 T 2 2 1) Ak ik 2 OO 25 3 B FL
HREAR T REN R A, B0 R
(T v il A 1 A 1 L U A 2 T 60 °C.
MLt — 1k GaAs/Ge FETH HI T 4% 25 14,
Liu %5528 T Ge 41 L 1) InAs/GaAs & r 0t
ATE100 °C Bk, < g, it — 2% E
A IR A K BARHE T B2 SiGe IR I,
FRINSEIL T ik HE SiGe AT 1.3 um InAs/GaAs
BT AEOLREIR T 63.4 A/em? [ B H H %
FEE AT, A X T {8 2R SR R (1) 1 B InP 0K A
205 A/cm? [ 1R AR HL I 2 B PO % ok e SR
45 P R M PV 28 P2 PRI T — 2. il RO B3R
#4510 5 T2, 2014 4F, UCSB A B4 IR & 1F AE
5 SiGe ALK it — 2P T 95 °C 14k
St DU @ BN s 2, Th S T B 119 °C
(0 SR, FE B E MR FE AR 427 A/em?, il
HIIER N 176 mW, FHAEERFE T, #8id 200 K P12,
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Fig. 5. (a) and (b) are the AFM images of 1.2 um GaAs buffer layer grown on Ge substrates, where (a) is As prelayer,

and (b) is Ga prelayer; (c) and (d) are the TEM images of GaAs/Ge interface, where (c) is As prelayer, and (d) is

Ga prelayer; (e) the L-I curve of the laser at different temperature under continuous-wave current injection 151,
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Quantum dot lasers on silicon substrate for silicon
photonic integration and their prospect
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Abstract
In this article, the recent progress of III-V quantum dot lasers on silicon substrates for silicon photonic integration
is reviewed. By introducing various epitaxial techniques, room-temperature 1.3-um InAs/GaAs quantum dot laser on
Si, Ge and SiGe substrates have been achieved respectively. Quantum dot lasers on Ge substrate has an ultra-low
threshold current density of 55.2 A/ cm? at room temperature, which can operate over 60 °C in continuous-wave mode.
Futhermore, by using the SiGe virtual substrate, at 30 °C and an output power of 16.6 mW, a laser lifetime of 4600 h

has been reached, which indicates a bright future for the large-scale photonic integration.

Keywords: semiconductor laser, laser material, photonic integration, optoelectronic device
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Si ' HLHEFLA WAL R T AR DO AE S TSR AR A, AT R R AR F I R B A AE ] B B v I FL L
HETT R . 7E Si Ot IR R AR h, KR TSGR RS B, HoAh AR D S, At Si A
AR RO IR BA 2 EEH TR S AN IVIRITER T Ge Ml GeSn I 5 Si Y] 2 itk S HAMURy O g
AR B S AR R B P G TR. AR Ge IR BRAARL, (HIE I 51 ANSKRAS \n T B 2%, Bl
FI Sn FE /& GeSn 5 & 45 BEH TR FBORIR AR, AR, Si 2 IV IR A BN AL 8 1H A ¥ 2 5

B, AR Si A Ge, GeSn MEFAOEHE T H I LAS RBEBOR T 1
[ 51 13 LR [ B A0 L A R et e, JF R B T Si 2k TV IRIBU L A 1O JR i 35

RO

K§EIA): SidE, Ge, GeSn, R

PACS: 61.72.uf, 42.82.-m, 61.82.Fk, 42.55.Px

15 =

1958 4, 55— Y AR AR il HELER 1R R B DR AR
fEEBORBE 75, HEgm /153 3 E R &5 A
FEE AN, 25 NFpE 2k TR AR A K
&, Sidkf AR AT T B A, ST B
4 B A AL FAK (complementary metal oxide
semiconductor, CMOS) T.ZH AR & K—1 5k
KT k. BEEBOR B)3ED, SiJkge il i ik
EE R ORI =, PEREBROR BT . Moore € R H,
FEAH R AS T, B 1l FL i B 7 [T AR b 1) 4 8 3
R 18—24 M H 3 —fi, 34k T2 HIRHIE
JUT A 18—24 4~ H 45/ 30% 1. {EL B 35 4 13 11
AN, SRR RS k/S, — R 1 0] 7 B
Z A N R ) R B RO ) DI FE R RC
FEIR FECR HIEREZ R N RS TR E TR
RN 25, S B o) S A LR O — 2 R R 1P DAsK
I Si ' L AE ) (optoelectronic integrated circuit,
OEIC) & H b5 Si H+% (silicon photonics) A

AR TR B AR BB AR AR 25
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FOLIE TRKEERE, %8 Si 267 MR
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T SiFOGUESL, AATLE Si R LRI &R L HG 1
e B B /i 2 A% U A R B
TT R R SRR, R SiEROL S, N SidE
OEIC H i bk /2 i 521 H r.

HAT, AT T Si 8GO F B — > i i i
PITS. BRIV A B AT Si MR B UK
JEUR, AR L BT RS T VA S R AR
4, e S AR, i Sihr IR E
Sif & RO O B LEFEET. (HR
ReeTikEE T2, ERMERERE, B2
Jefiz s, XF St HIE Motk 18 7 ik
— AR BAL, BTN SOE A B RO T fE
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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
=
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<
g (=
o4 100
0 — 1000
1018 1019 1020
Doping/cm—3
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(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
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Fig. 4. The only three Ge lasers so far from paper [40-42].
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SPECIAL ISSUE—Physics and devices of silicon photonics

Recent progress in Ge and GeSn light emission on Si*

He Chao Zhang Xu Liu Zhi Cheng Bu-Wen'

(State Key Laboratory on Integrated Optoelectronics, Institute of Semiconductors, Chinese Academy of Sciences,
Beijing 100083, China)

( Received 19 August 2015; revised manuscript received 20 September 2015 )

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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Fig. 1. Comparison of the experimental measured PL
intensity of Sig/Ges, Sig/Geg, Siz/Gea superlattices
as well as Sip.¢Geg.ahomogenous alloy at low temper-
ature. The superscript “NP”indicates the non-phonon
radiative recombination of exciton, and “TO” the TO-
phonon assisted radiative recombination of exciton.
The intensity of Siz/Geg superlattice and Sig.6Geo.4

alloy is zoomed in by 5 times (151,
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B A IR =K, SO R i A iR R
AR A ISR,
% 1 7F Ge Ml Sig.4 Geo ¢ £ (001) TH_EAK I Sig/Geq 5%
A ET R A BRI R TT, LA Ge 19 I R ELER AT IR
AR CHEAT EL . e BROT R B T AR AT A P 0 py
B R A 8 py LA p, BRATHE B G 1 B 2 - B AL
Table 1. Dipole matrix elements between the conduction
band minimum and the valence band maximum of Sig/Gey
and magic sequence superlattices on (001) Ge and (001)
Sig.4Gep.¢ substrates, compared to the dipole matrix ele-
ments of the band gap transition at I'-point in bulk Ge. We
report the dipole matrix elements p|| parallel to the sub-
strate growth direction (001) and p; perpendicular to (001)

between valence and conduction band in atomic units.

SL Substrate |(v|p[c)|? [(vlpL|c)?  [{v]p|c)|?
Ge Ge 1.28x10~7 0.185 0.37
SigGes Ge 5.05x10~% 2.72x10% 5.59x10~4

Sig.4Geg.g 5.21x10~% 1.21x10~* 7.64x10~*

Masi
agie Ge  246x10~2 3.42x10~3 3.15x10~2
sequence

Sig.4Geg.g 1.81x10~7 1.35x1072 2.71x10~2

W DL B R AL AR, RE RS
) B T LA i IR A B R OB AR A, X
s A — AL E S A, B R A A
F T ) Si/Ge HEF Fr B SiGesSipGesSi, SR G 2
n = 12—32 21 Ge JE FAE NG 21 B — /N i
% JEL I, IX LR AR A 2 ON o, BB AR . XA AT
(1 Si/Ge Fr BLHIAR T ovp, 8 di AR 7 2 /INA HLJH X
TR BB IR, I B L K i 1 6 KGR AR
FETG. N T ARIE o, 88 S iR B3R T BR8240 20
R Siy, Ge, TR Ge R T 60%, WA
H Ge [ & &/ T 60%, A4, AKEE LT,
RS E A LR X2 TR e B ), Rl
e A% S TE X SRR T I . TR
B8 SiGesSiaGeaSiGers XN AT I arqo #8 B
M. R 3 g T IS B a0 B SR AK
(R 2R A 35 SR [15] FR RS [ Rt B
Sig/Gey 8 RGBT HLEL. R 1 FH A H T Sig/Gey 2
B g B A A I RIE RS JT, JFF1 Ge

— a-Sequence
— SiﬁGe4
. 005 g

Absorption spectrum
Intensity/arb. units

0.6 0.7 0.8

SiﬁGe4 SL
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Photon energy/eV
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[#(=2)[?

1.0f " | " 1 10}
o M 0.5}

r-space districution
of CBM and VBM
=)

[#(=2)?
o —
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o <

k-space distribution
of CBM

K3 Sig/Ges B FIRATR I oo B LLEL  (a) JCZMRUCHE, B A H K23 4 H T AR RLEE % i Bt (b)
R e SR 20 U8 B BOPE 92 ) (W R A 2R T 1T ) BRI () R 3ty S I8 R ST Tl L 38— % I ) 2

Fig. 3. Comparison between SigGey superlattice and the discovered magic sequence: (a) The direct absorption spectra;
(b) the location in real-space of the CBM and the VBM along the growth direction, with silicon layers in gray and

Germanium regions in white; (c) the reciprocal space orbital character of the CBM, e.g., the components of the CBM

in the zinc blende Brillouin zone.
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A VBM [0 (156 2 BT R f VRN, th st 2 & AT 1A 1 3 &
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B, VAR EATIBE Sit o Geg FTE Ge A3 R I, I
PSR T To M A BIRER 2, WS (i) W
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FVBM 8] B56 2 BRI H B 7T; (b) & S8R B 7 H.
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TELE, £ % T 52 SO Si(Ge) T2 4 Siy—o Geg
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Fig. 4. (a) A dipole-allowed direct-gap material must
present two distinct and necessary properties: (i) CBM
and VBM are at the same location in crystal momen-
tum space, and (ii) the transition between CBM and
VBM is optically allowed. These two conditions are
illustrated here for several optical friendly superlat-
tices, with respect to the substrate Si;j_, Gez. The
solid lines measure the energy difference between the
conduction band I and A.. It is positive only when
(i) is satisfied. The dashed line represents the dipole
elements between the VBM and conduction band at
I-point. (b) Effect of interface mixing on dipole tran-
sitions: interface mixing is modeled by replacing pure
Si with Si1_,Ge; and Ge with Si,Geq_, within the
magic pattern and its edge (defined as two monolay-
ers). For z = 0, there is no mixing, and at z = 0.5,
the pattern has disappeared completely, since there is

no contrast between Si rich and Ge rich layers.
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Fig. 5. Schematic configuration of Si/Ge core-shell
NWs: (a) The cross-section of Si/Ge core-shell NW is

like a onion cross-section, Outside the Si or Ge core

[Ges)[GeSiaGeSiaGey) [Ges][SiaGesSiaGey,)

is a Si/Ge multishell; (b) inverse designed Si/Ge core-
multishell NWs with highest oscillator strength. For
[001]-oriented best NW, the NW core is 5 ML Ge and is
then a GeSiaGeSiaGe, multishell, whereas, for [110]-
oriented best NW, the NW core is 5 ML Ge and is
then a SioGeszSiasGe, multishell.
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Fig. 6. Absorption spectrum of [001]-oriented pure Si
NW, pure Ge NW, (Ge-core)(Si-shell) NW, random
alloy NW, and inverse designed [Ges]GeSiaGeSiaGeig
core-multishell NW. All these NWs have the same size.

The bandgap values are marked with the vertical ar-

rows having consistent color with those of absorption

spectra. Some spectra with low intensity (not clearly

seen) are amplified.
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Fig. 7.
of the Si FCC Brillouin zone of a pure Si NW, Ge-
core/Si-shell NW, and inverse designed optical friendly

The distribution of CBM wave functionin

[Ges]GeSiaGeSiaGeg core/multi-shell nanowires with

the same size.
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silicon-based light emission material”
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Abstract

The purpose of the semiconductor Materials Genome Initiative is to discover, develop, and deploy new materials in
such a way that the research and development period is reduced to a half of original period, and the cost to a fraction of
the present cost, thereby speeding up the advance of clean energy sourse, state security, and human welfare, through the
organic integration of experiment, computation and theory. Semiconductors play a key role in developing technologies
and industries relating to economy, state security, and human welfare. The implement of the semiconductor materials
genome initiative will promote the development of semiconductor science and technology into a new era. In this paper,
we present a demo of the semiconductor material genome project through introducing our early work on designing silicon-
based light emission materials. We first briefly review the status of development of silicon-compatible light emission and
challenges facing it. We then demonstrate the power and value of semiconductor materials genome initiative by presenting
our recent work on the inverse design of strongly dipole-allowed direct bandgap two-dimensional Si/Ge superlattices and
one-dimensional Si/Ge core/multi-shell nanowires, respectively, from two indirect-gap materials (Si and Ge). We use
a combination of genetic algorithms with an atomistic pseudopotential Hamiltonian to search through the astronomic
number of variants of Si,,/Ge,,/- -+ /Sip/Geq stacking sequences. We finally give a short perspective of semiconductor

materials genome initiative.

Keywords: Materials Genome Initiative, silicon-based light emission, superlattice, nanowire
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Fig. 1. C-V characteristics of nMOS capacitor sample without (a) and with (b) N2O plasma oxidation

treatment.
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Fig. 2. XPS results: (a)—(d) Ge-3d spectra; (e)—(h) N-1s spectra; (i)—(1) O-1s spectra. The passivation time

is between 0-2 min.
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Fig. 5. The carrier mobility of Ge NMOS devices with
and without NPP passivation, the electron mobility of

the controlled Si devices is also shown for comparison.
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Fig. 9. I-V characteristics of NiGe/n-Ge diodes with

and without TAG technique. The implantation ions
are BFs.
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Fig. 13. SEM images of NiGe with implanting P and P + Sb at various post-germanidation annealing temperatures.
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Fig. 14. AFM surface morphologies of P, P+Sb and Sb implanted samples after post-germanidation annealing

at 500 °C: (a) P; (b) P+Sb; (c) Sb.
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Fig. 16. AFM topography images of NiGe films with different pretreatment methods: (a) HCI; (b) HF; (c) AFP.
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Fig. 17. SEM images of NiGe using AFP at various annealing temperatures.
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Abstract

Germanium based metal oxide semiconductor (MOS) device has been a research hotspot and considered as a po-
tential candidate for future complementary MOS (CMOS) technology due to its high and symmetric carrier mobility.
However, the poor quality of gate dielectric/channel interface significantly restricts the performance of germanium based
MOS devices. Besides, the solid-solubility and activation concentration of dopants in Ge are both quite low, and the
dopants diffuse fast in Ge, which makes it difficult to achieve ultra-shallow junction with high dopant concentration,
especially for Ge NMOS devices.

To solve these problems, different techniques are proposed and overviewed. The proposed nitrogen-plasma-
passivation method can effectively suppress the regrowth of germanium sub-oxide and reduce the interface state density.
Thus the performance of the fabricated Ge NMOS device is significantly improved. To enhance the n-type dopant ac-
tivation in Ge, the multiple implantation technique and the multiple annealing technique are proposed. High electrical

activation over 1 x 10%° ¢cm™3

is achieved, and the corresponding contact resistivity is reduced to 3.8 x 1077 Q-cm?.
Besides, the implantation after germanide (IAG) technique is first proposed to modulate the Schottky barrier height
(SBH). The record-low electron SBH of 0.10 €V is obtained by IAG technique, and the optimized process window is given.
In addition, the poor thermal stability of NiGe restricts the further improvement of performance of Ge MOS device.
P and Sb co-implantation technique and novel ammonium fluoride pretreatment method are proposed to improve the
thermal stability of NiGe. The electrical characteristic of NiGe/Ge diode is also improved simultaneously. The results

provide the guidelines for further enhancing the performances of germanium-based MOS devices.
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