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Fig. 1. Schematic of band diagram of spin LED!.
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Fig. 2. Schematic diagram of electroluminescence measure-

ment system for spin LED.
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Fig. 3. Schematic diagram of time-resolved photolumines-

cence system.
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(a) bulk material with degenerate heavy- and light-hole
bands and (b) a quantum well in which epitaxial strain and
quantum confinement have lifted the heavy- and light-hole
band degeneracy!.
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R HETWNRERS e AR ARG FRE RO —

Table 1.  Spin LED based on spin injector with in-plane magnetic anisotropic.
F BEE A LEDZiH Po/T ik fi i
Fe InGaAs QW 2%/300 K ZhuZ1l 2001
Fe/(Al)GaAs GaAs QW 32%/4.5 K Hanbicki%) 2002
CoFe/AlO; GaAs bulk 21%/80 K Motsnyi%.2 2002
CoFe/MgO GaAs QW 52%/100 K Jiang %1%l 2005
Co/AlL,04 InAs QD 15%/1.7 K LombezZ52U 2007
CoFeB/MgO GaAs QW 32%,/100 K Lu%#l 2008
Fe/AlO, GaAs QW 18%/80 K Wi 2010
CoFeB/MgO GaAs QW 25%/25 K Barate%:18 2014
CoFeB/MgO GaAs QW 23%(Sputtering), 18%(MBE)/25 K Barates12! 2017

4.2 EFHEZRRMHBETINE

IR B e A S g A T TN ], AR HE Gk
BN, 5 BRI 2 Ty ) i RE 3 B A e
N it B A7 e TR 7 [R), A RT LAAE IR ) )
M B = A R R R SR I AL R, A 8 BT,

s 1<

Spin aligner tﬂl

Active region

K8 AR A Y Faraday M3 Jy 278 2 1
Fig. 8. Schematic representation of a spin LED under the

Faraday geometries!!.
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PEH) MnGa, FeTb, CoPt S:4E K [ EH A, i
il 7 A T ERE A 0 5P FERHAERY spin LED
(B IR A Z L3R 2).
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Fig. 9. Schematic Spin LED device structure of the LED
with Tb/Fe multilayer (a) reported by Gerhardt et al.?!],
Circular polarization as a function of the applied magnetic
field at 90 K (b), they observed P¢ of 0.7%.
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F 2 ETIAR I SN ATET AL A TR R
Table 2. Spin LED based on spin injector with out-plane magnetic anisotropic.

I JEE A LED%f# Pe/T SCHk )
FeTb InGaAs QW 0.75%/90 K GerhardtZ:2 2005
MnGa AlGaAs QW ~3%/20 K AdelmannZ29] 2006
FeTh AlGaAs QW ~3%,/300 K Hovel 420 2008
CoPt SiGe QW ~3%/5 K GrenetZ&P7) 2009
CoPt GaAs QW ~2.5%/20 K Zarpellon %% 2012

Ta/CoFeB/MgO GaAs QW ~20%/25 K, ~8%/RT Liang 4§ 2014
MgO/CoFeB/Ta/CoFeB/MgO GaAs QW ~10%/10 K Tao%10 2016
Mo/CoFeB/MgO GaAs QW ~9.5%/10 K Tao¥B 2018
Ta/CoFeB/MgO GaAs QD 35%/9 K Cadiz50 2018

A T R F AN S 000 ELRE S 17 544 Ta/CoFeB/
MgO H BéTE A i i 3 BE A& A (Kl 10 fir
R). M TR R, T CoFeB AR E Y
FEM fb 2, IF H BT F 211 CoFeB J&E B th 45
(%9 1.2 nm), 7TEF#3 T & 2R (10 K)13%
M T 8% B i Ak fb . TR BfFE T
T BEHOR Poi ke, R IRAE TR B /N T 100 K B, P
BE IR R 3G I m A, R R T
100 K J&, PodEAaTARE . 8 R BT E] 40 BE
JeE K MR CaAs 2 SRR T B 80

T s LA S B i HRESBIR I ) -, Ani&] 10 (c)
iR, R F RF 5 BUOCI AR Pobifi R AR
TR a5 —38. t P = Po/FIiTR MY
THEAH T B AR P SR TR, A
& 10 (b) AT LA 2, AT 1 P B RE A 1k
FEARGRARRE, H AR N 16%. XUl P
BEWR A2 A E 22k A T GaAs 2B K& 1B
P BT AR B2 981k, T A BETE AR AEAR IR 25 K F)
L FE N EA R GaAs P FRETFBHOBEF A
ER A FEAAAE,

100

Ps/%

I L L L L O
0 50 100 150 200 250 300
T/K

& 10

i 3t P 1 (] 7

(a) 5T T /%45 7] 57 Mk Ta/CoFeB/MgO iy 11 HE HE A (14 5 & 't — 1 8 45 ¥ 7m 3 18]
LA P R A6 /N B TEM B R (b) il AR 04 150 i i A A 28 B T8 AR TS (o) IR F IR T R R 7 A dim LT

600 1.0
{08

400 | .

0.6 8
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Fig. 10. (a) Schematic device structure of Spin LED and HR-TEM image of CoFeB/MgO PMA injector; (b) temperature dependence
of Py without magnetic field and with 0.4 T field. Temperature dependence of Pg is calculated by Pp = Pc/F from the data
without field; (c¢) temperature dependence of 7g, 7, and F factor deduced from the TRPL measurements.
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Counts/arb. units g

B 11 3Bk 400 °C 5, B A 3 B #E 4% 16 5 P B9 Ta/CoFeB/MgO (a) Fll Mo/CoFeB/MgO (b) F Jig i A i & i HR-STEM-
EELS ¢t 1Y 25 [B] ST R 43453 B

Fig. 11. Chemical characterization of spin-injectors annealed at 400 °C. Dark field HR-STEM images and corresponding EELS map-
pings and profiles for (a) Ta and (b) Mo injectors annealed at 400 °CP!.

(d)

~16.86

2}
£ )
g 2 . ot
g £ 7 |
5 & |+
~ ~
= 2t |
‘%D g Bexi =0 |
=2 Po= —35%
b B o uteld . 8
1.3970 1.3975 1.3980 1.3985

Energy/eV

12 (a), (b) FETHEE 10 2P Ta/CoFeB/MgO £ A HEHE A4 InGaAs/GaAs #it T s spin LED ) TEM K H 2544 7R & &,
(c) InGaAs/GaAs fit ¥ 5l AFM &5 (d) FR3% T 9 K WIS 1 25 35% H 80U 618 i i St i fb 22 2

Fig. 12. Spin LED device with p-doped InAs/GaAs quantum dots and polarization resolved electroluminescence of an ensemble of
quantum dots: (a) High resolution-transmission electron microscope image of the injector Ta/CoFeB/MgO/GaAs; (b) schematic

structure of the spin LED device. A single layer of InAs QDs is embedded in the intrinsic region of the p-i-n junction of the LED;

(c) AFM image of InAs QDs; (d) strongly polarized single dot emission at zero applied field®.

2018 4, Tao %5 B | B A I B4 ] S PE 1)
Mo/CoFeB/MgO V£ H g A, 8 i F1 Hw 73
P A ST S (HR-STEM) M Hf, 1 RE R4 2k %
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2 B EE ELRG A ) R AR AR R ZE R R A
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MgO 1 CoFeB JZICE 5 Mo LR A SAHEY H#
(& 11 R, B L 2 P e LA Tt s TR ok
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R B R ALIRES. 2018 4E, Cadiz %5 B2 Fi] ] E.
3 /G4 10 3 YER) Ta/CoFeB/MgO 15 b H g
WA, FIREAL T spin LED 4 T8 X (45153
KM p M InGaAs ¥ 55, FEZ W T W2 55t
T ~35% B4R Gt (anfEl 12 R, X2
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H i 1 ARCR Y3 S fi45 spin LED 1Y
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FH ™ HBEEAA /2 spin LED 5 A5 N2
. ST BG4S 10 SR Y e T A S B 5
o, ARORIR R AR RS = A e AR B 3t
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Fig. 13. Schematic of the monolayer TMDC/(Ga, Mn)As
heterojunction for electrical valley polarization devices. (Ga,
Mn)As was used as a spin aligner under an external mag-

netic field“3.
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SPECIAL TOPIC—Terahertz spintronic optoelectronics
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Abstract

After more than 20 years of development, semiconductor spintronics has become an important and
interdisciplinary research filed of spin-based physics, materials and phenomenon. Spin light emitting diode (spin
LED) is one of the fascinating topics in semiconductor spintronic, and it is also one of devices in which the
radiative recombination of spin-polarized carriers results in luminescence exhibiting a net circular polarization.
The research of spin LED involves the studies of materials, structures, and spin based physics in spin injector
and active region. The spin injection, spin transport, and spin detection are key factors for understanding the
spin based physics in spin LED. Here in this paper, we comprehensively review the current research status and

the latest results. Finally, we also discuss the future research trend.

Keywords: semiconductor spintronics, spin LED, spin polarization, spin injection
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