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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].
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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

204208-6


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 20 (2015) 204208

NO0.5 eV 2 fH S 1 AR R AT G b v A K N
A Ll e TR A T L P K 1 5 8 2 e ol
TAEARAE, e LASR TS LU AR 1) A0 2 A7 48 2% B i L
Tk N ARR KR, ROEIEAL L 2 2300 nm /EH, A
TR Gl S AR FE I B R, IR R R g K
IS AR AR AT 44 A8 Sy ELEE T BEALRE, Wt AT LTI
n B, RI0.25% 5k MAEF 7.6 x 1019 em =3
fn B 5 AT LTS B E BB B Ge Y LR
n BB 2% (R R B 14 45 199,

T R Ge M RMIE R G B, B T %k
15 Si B ANESE 2 Ak, ANATE A BB Ge 5 TV ik
HoAth o0 2 A SR 19 3 B 375 B A RL, 4 GeSn,
SiGeSn [49°] f1 SiGeC &, XA B K 2 th 2 8] £
7 SRR AHEATEE S S HE ER, X —d %
A LAEEM A Sl ARG e R fEsh B, X — i R b
T4 B R R R R, (R ARIR 55 00, R sbgy
JGE LL ) TV i & 4T DA 21 B 4 5 B b R,
Sng.15Geo.gs, ELEHBIAEE N 0.346 eV, LAl
B A4 0.441 eV IR O7)) B S 06 I8 48 5 9% K
CABE 3.5 pm, 1R TEERE, w& s
HoAth F B K AT RS, Ak, BT SnfE Ge
li] 5 P AR /N E B 25 5 fE R TR AT, BT LLAE K GeSn
A4 T BATARIEAT, 300 T B804 (1 il 4w 06,

2.5 F LY

20 122 90 AR, — SerE APy A1 BLH 4 IE
S22 TR, W B-FeSiy, CrSiy Al MnSi, &5 [95:99],
Forr, B-FeSiy — FE BN N2 A 1T 5K ERE LR,
1997 4%, Leong 55 11 £ (Nature) FiRi& 73+
B-FeSiy 1R . 24 & (LED). B-FeSiy 4 i J & 7£
L5 pum Ze Ay, BrChE — B2 B2 )ik, (HR, 18
i T R IE R FARAR EAT 4, P DA i 3
FER AR, BRI T R

3 BHALED

IRAFRERE SOCMRE, A2 TE i T RSSO LB AR
FOLIRT RV 0. A TRGE . MR HIREL,
X HEAOCHER MG & TR T ENERR, B
N IR IR 7 L TE A ) 45 A RE TR AR R Ay | S
BURMAE S K, Hi &g S CMOS TEHMA K
JeReR B AR5 30 iz HIh AU
AT SEBWO AR, R R O TR LR SR I

VO EA S RS R4 A 4 LA e SE LED
AT

3.1 FEp-nERE

R TR A (A B A B A R T — BN A
& A ARG IR AR, B2 KA T Green BF 5T /)
2H DO 55 300 SR % vy 40 B4 8 ik 0 AT 28000 S A
A DLIRAF I R RO 0. AT LA i A K v
Jo B FR e A R, A P P I BOR A E R R T N A
R I R B RO T, ZEORBEREA I A/
TR A, XL a R E G ARt AT
DS, BHAFAER B 7 (a) BTos. Bh4b, Xt 23 4F
BEAT 7 e R A AR R R T B A, IXRE T DL 2%
M DB T AR R ST B AR, AT B bR

522 e AT

EmpIE

B(p*
( N N N N N N N J
c-Si (n)

HU/mA

I AuSb AuSb

(b)
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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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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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