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Fig. 1. Schematics of spontaneous polarization (a) and
piezoelectric polarization (b). The orientations of piezoelec-

tric polarization can be tuned by external strain.
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Fig. 2. Schematics of GaN/InN/GaN QW (left panel) and
the relative band alignment (right panel).
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Fig. 3. (a) and (b) Band structure of a GaN/InN/GaN QW around the I' point for 2 and 4 ML of InN, based on first-principles
DFT-HSE calculations. The green lines represent electron states, red lines light-hole states, and blue lines heavy-hole states. (c) cal-

culated energy gaps as a function of the thickness of InN layers for polar ([0001]) (blue squares) and nonpolar ([1010]) (orange dia-
monds) GaN/InN/GaN QWs. The thicknesses were scaled to the thickness of 1 ML of InN in a polar QW and therefore correspond
to the number of InN layers in the polar case. The inset shows a ([1010]) QW with two InN layers. (d) polarization field as a func-

tion of number of inserted InN layers calculated by DFT-HSE (blue squares) and based on theoretical polarization constants (or-

ange circles). The blue and red block arrows in the inset show the polarization direction of GaN and InN regions.
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Fig. 4. (a) The energy level varies with GaN/InN/GaN quantum wells width ; (b) the energy band structure of 16A GaN/InN/GaN
QW obtained from the eight-band Kane Hamiltonian, the red line, the blue line and the green line represent the electronic state E1,
the light hole state LH1 and the heavy hole state HH1, respectively. The inner illustrations are the wave function distribution of E1,
LH1 and HHI at the wave vector k = 0; (c) band structure of the Hall bar obtained by solving the effective six-band model. The
left and right insets show the density distributions of one Kramers pair of edge states: on the left the spin-up state at k; = ~0.1A1,
on the right the spin-down state at k = ~0.1A"1; The middle inset is schematic of an infinite long spin Hall bar with a width (along
y) of 1000 A. The thickness along the [0001] growth direction (labeled as z) comprises the InNN QW plus two 200-A -thick GaN bar-
rier layers on either side. The yellow lines show the helical edge states, and the green arrows show the spin orientation. The short
black arrows indicate the polarization induced electric field; (d) rashba spin splitting (RSS) of electron (green), HH (blue) and LH
(red) subbands.
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Fig. 5. (a) Schematic of the structure of an ultrathin Ge
layer sandwiched by thick GaAs layers (the upper left-hand
panel). The upper right-hand panel amplifies the atomic
configuration of the GaAs/Ge/GaAs quantum well contain-
ing four bilayer Ge. Notice that the Ga and As atoms loc-
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GaAs QW along the [111] crystallographic direction. (c) the
charge accumulation at two opposite interfaces obtained
from the first-principles calculation. The red and green
isosurfaces describe the positive and negative charge accu-

mulations at opposite interfaces.

BT ELE AL, GaAs/Ge FLIH S H 5L
14 58 2 DT R A3k — J7 AR Ak R B GaN/
InN/GaN & TR 54 K.

3.2 GaAs/Ge/GaAs WIS ERBFLEMNEHE

R4 GaAs/Ge/GaAs B il Ak 37 i R U5
Y GaN/InN/GaN & ¥ PR [E], H A7 i 5
FEATSATLEAEL, 29587 10 MV /em 5524 GaAs/Ge/GaAs
I B AT B e A BRSO S AAR Ae 3 e A R E
W& Ge JZIERREIM, AW BH 1.6 eV A TR
0 eV(WLIE 6(a). (b)). HAP, GaAs/Ge/GaAs it T
BFIR T Ge BPRIAS B (Y 0 RS PR, 1A FR W
ARSI ERAN. BT GaAs 5 Ge kY58

RVCHT, FATAT LU 4824 | HUY ) 555 200 1
B0 T AR g, ST N B SR 2 AR Ak
Yy, WIREBR A, ) W 2x s Ak, 2 hE
BRI . X 1% JEEIN R AE, 27 B 19 28 1b 2 2k
P, HASBYERIZE 0.13 eV A4 (WE 6(c)), X
HSIRATATREE T Ge WJZIELL SN )T B, %4k

Wi 0-1.6 eV B, MERRBTTH L e B BOLH
NG R B GaAs/Ge/GaAs T

3.3 GaAs/Ge/GaAs EFHRIHFME: kp
HipRE

2 GaN/InN/GaN & FBF R4, Flz:
T GaAs/Ge/GaAs = TBf k.p #HISHIAEZ
B AR MEAS, 5 InN AR [E RS2 Ge (]
B AR RL. S T o 2 A R A R A
NI A RE (R S, FRATRII & T o )47
BB R = kop B RIAL B, =4 kop 12
RUTT DUAT RCAE A A B DX e e 1) il R o
PRI B 254 .

K 7(a) b =17 k.p BRIG & T BERET &5 44
THE R BT BRI 5 JE 22 A0 2802 [ i ) LAl
LTS (1B, 1) ME, 1)), RLE A BEm LA i
HAS7US (HH, 1) HH, 1)), AR, BT
FHE 25 7 AN R S S5 I St R e v A 1Y 32
B0, SEPR bR T AR A AR S AR
B3 oURIRA . i kp BUSTHE, FRATE el
GaAs/Ge/GaAs T TP R G B fe s % . BUE
BPIRI, 2 Ge JZWEE KT 18 AH & T P25
2 0.5% My AR, KA R OB A5
mE 7(a) Ui, BT SWRERM TN T, 8
H Ge il GaAs AL ATEPLHER G LI/, A2
DASEEAR FMAEAS . NIET 7(a) POAE E A = 1 1Y
k.p BHE TR A, AT A KB A B0 LR
— Y KB Rashba B EHLIERA (~15 meV),
TS5 [ EPLER G EICRIK RN HeTe
RGO LAY 220 B 548 S X BLAT AT 4L
A& 3%, GaAs/Ge/GaAs i1 T B o (13X Fl K 1
Rashba FI iEHUIE RS G /258 LI A ARE5R, Al LA
WAk R IR BN 2 N SRR AR

1E GaAs/Ge/GaAs mF-BFH, HTEA Ty Xf
FRVE 52 25 77T I B0 $h FMH AR S 32 2R A
Tl AE 23 78, AT HCHEARAT B (10 meV)
WIS ZE A, PRI FRAT RS = -7 iy 2 fi e 29 {31 —
ANKLT BHZ P4 kp B, IBFSE A e R
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Fig. 6. (a) Band structures of GaAs/Ge/GaAs sandwiched structures with different Ge portions obtained from the first-principles
HSE calculations. From left to right, two Ge bilayers, four Ge bilayers, and four Ge bilayers with 3% in-plane tensile strain. (b) the
band gap (purple line with diamonds) and the inner polarization field strength (blue line with squares) as functions of the number
of Ge bilayers. (c¢) the variation of band gap Eg = Estrain g-Eg as a function of in-plane strain.
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B 7 (a) M 30 % kp T AKAS A9 B A 18A Y Ge 22 ¥ 1Y GaAs/Ge/CGaAs QW 45 H BYBEHF 4540 . 4 81 R T HL T, T2 /1
(HH) F1%%%55¢ (LH) B9 Rashba H §é53 % (RSS). (b) i izt 5K A% A %5 00 i A58 A4 31 (9 &5t 2k 1Y R 45 1. T RE IR A i1 2% A5 H [l v iy
LRI, PR ER TR FRNRERMBIEASE. A (A 6) A (8 6) 72545 77 k) = -0.01A1 4bpy B Em L
FBE ) B 1 2R B 2 BE 43 A

Fig. 7. (a) Band structures of a GaAs/Ge/GaAs QW structure with 18 A Ge layer thickness obtained from the 30-band k.p model.
The inset shows the Rashba spin splitting (RSS) of electron, heavy hole (HH), and light hole (LH). (b) Band structure of the
quantum wire obtained by solving the effective four-band model. The gapless edge states are shown by the red line. The central in-
set shows the schematic of the quantum wire and the helical edge states. The right (red) and left peaks (blue) describe the density
distribution of the spin-up and spin-down edge states at k| = -0.01A-1, respectively.
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Abstract

The manipulation of electronic structures of conventional semiconductors remains the key issue of modern
semiconductor physics and devices. Compare to limited modulation of semiconductors by conventional gate
technique, we theoretically demonstrate that, polarized interfaces can generate a strong built-in electric field
(about 10 MV/cm) in both polar and non-polar semiconductors, and the polarized interfaces can tune the band
gaps in a wide range (approximately 0—2 V), and significantly enhances the Rashba spin-orbit coupling
strength as well. In this paper, we introduce polarized interfaces in polar semiconductor InN and non-polar
semiconductor Ge, and generate topological insulator phases by polarized interfaces. The polarized interface is
compatible with conventional semiconductor fabrication techniques and shows interesting physics and potential

optoelectronic applications.

Keywords: spin-orbit coupling, polarization, interfaces, semiconductors

PACS: 71.70.Ej, 77.22.Ej, 79.60.Jv, 61.82.Fk DOI: 10.7498 /aps.68.20191239

* Project supported by the National Key R&D Program of China (Grant No. 2017YFA0303400) and National Natural Science
Foundation of China (Grant No. 11574303).

1 Corresponding author. E-mail: kchang@semi.ac.cn

167101-9


http://dx.doi.org/10.7498/aps.68.20191239
mailto:kchang@semi.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

