Chinese Physical Society
Mﬂ#ﬁ Acta Physica Sinica :

€D Institute of Physics, CAS

SR IZBE B HZ =S4
X H A KT I P bk

Oxide-based memristive neuromorphic synaptic devices
LiuYi-Chun  LinYa  Wang Zhong-Qiang  Xu Hai-Yang

5] Fi{5 &, Citation: Acta Physica Sinica, 68, 168504 (2019) DOI: 10.7498/aps.68.20191262
TELR T2 View online: https://doi.org/10.7498/aps.68.20191262
MHAPZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG H A S R

Articles you may be interested in

KGR ZHOS R AL B AR
Influence of length parameter on the characteristics of nanoscale titanium oxide memristor

WIFE44. 2015, 72(10): 108502  https://doi.org/10.7498/aps.64.108502

HT SR I E BRI B A ST Bt Ok 5
Research on radiation damage in titanium oxide memristors by Monte Carlo method

PrPezd. 2015, 72(7): 078401 https:/doi.org/10.7498/aps.64.078401

ST T HERTREMX ene H D70 225 Al K2 BELAS 9 ) 8 1R/ 80 P R 5 f T 944 14 S B
Fabrication of synaptic memristor based on two—dimensional material MXene and realization of both long—term and short—term

plasticity
YA 2019, 68(9): 098501-1  https:/doi.org/10.7498/aps.68.20182306

BAT G A BE AR R Y A it S A T 8 0 2 ) A LB
Modification of memristor model with synaptic characteristics and mechanism analysis of the model's learning—experience behavior

WAL 2016, 73(12): 128503 https://doi.org/10.7498/aps.65.128503

— G AW O B AR K L A4 o
An improved WOx memristor model with synapse characteristic analysis

YIFIEH. 2015, 72(14): 148501  hitps://doi.org/10.7498/aps.64.148501

A AGKIURLZ DN ATZ AR
Organic memristive devices based on DNA embedded in silver nanoparticles layer

YIFRE4. 2015, 72(4): 048402  https://doi.org/10.7498/aps.64.048402


http://wlxb.xml-journal.net
https://doi.org/10.7498/aps.68.20191262
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.64.108502
https://doi.org/10.7498/aps.64.078401
https://doi.org/10.7498/aps.68.20182306
https://doi.org/10.7498/aps.65.128503
https://doi.org/10.7498/aps.64.148501
https://doi.org/10.7498/aps.64.048402

Y] 32 2 3R Acta Phys. Sin. Vol. 68, No. 16 (2019)

168504

T LEERERRESF

S EICPARIHEZ AR

x| 3% &

W EHE fREN

CRALIMEIR 2, SEIMDEE IR S EOR B M E A0, KB 130024)

(2019 4E 8 A 15 HUkH]; 2019 4F 8 A 19 AU EMEH)

TR AR B AT 5 | RS AE A BELE RE 8 12 22 mT R A R, 0N S A 400 o 28 5 ik e EL 9 ) Mk i 2. T
GIRAAY), HHEE TR, 505 T, 5165 CMOS e 500 L, J2 & e i MR REAZ BHL &% 14F i BRAR
FERE ARSCE e 8 T AW HAC R B AR 7 O M s A7 L), (4% K5 SRS BB . B2 2Rk T
B TR I BH A7 52 B 2 il 25 A DA REASEAU, LR AR LR AL Fv e . I Sl i m] BB 4 | 2 36 5 o) Rk
A RIE HE— A 43 T AC BB S fih 2 AR AR SCTRUN | A L SR AT ORI R 22 5 Ak Uy THT Y
TEAENTH . B e 45 i B SR AR ) A BELA 22 5 i A AR SC 08 ) il 8 R 7 1)

KR Ak, 1RSSR, ACRIBLIE, S filfs Ak
PACS: 85.35.p, 73.40.Rw, 85.25.Hv, 84.32.—y

1 5

Wil 5 B AR B R N, A B B Y AR =
THEALEEA v b 328 5 77 At 2 22 ) B0CHE A% i T I
F A REFEAIRACR ML A REIS K15 BAF iR S5 4k
HE R —, FEHAT R T8 B 2% )
AF, A R B A DR, DR & S S e #R1F
PRI RS, S N TR RE U Y BB S
Jr ). B4 ARt L T oo —— 1B AR, FLRHAE
AT B i 2 FL g 1 2 2B shAS AR AL, TR LA B A7 i
FALFR YRR, B AR & 8 N T 28 58 fih 1 AR
VEFE. TCPHAR A F B | LAY | RS 1 5 O e
TeVRHFIof M. 1971 48, S EIH R 2210 v Fil 43
W ER D BB T R T IZ B A S, R
2008 4F, B H R ( Nature) 2438 ERIE T
AT BLAR R AL ZR 1 2. A2 B A I B AS A5 1k
U5 HL A 0T BB S T2 B T 5 1 3 FL 41 22 3 DRy
SRS B, F A BRI AR T, AT ) 4 o A 2 A8
1) <7 TR0 A L #8% FT BELAE 22 1) <RS0 A2 B 2%

uil%

+ fEVEHE . E-mail: ycliu@nenu.edu.cn
©2019 HEHEFS Chinese Physical Society

DOI: 10.7498/aps.68.20191262

T AR5 R Rtz e 15 B AR, T
G E B TIPS A YRl Ca2t B
Foh 2 B BEVC AT, @) 12 T N T2 fik
L.

H R, A2 BH 5 BT 3R 1 ok A R A5 B
R e e L IR N <o |2 R etz N N TRV E |
Gy A B RIS AR IR BRI T 22
Sty R R BLH BOR BN WS, iR N R BT &
HEA D (SRR < 100 ps)B4 | FET 2
I (> 102 k)0 S TFEML (< 60 £3)67 B2 FH
i, REMS S IBIR G I E i B G, NI
RARBUE /N EATRE T R G2 4t T ok it
% 1 55— T, AZ R A8 F AP R e 28 28 ik Y
TRt BEAR AL, A A 2% Re ), LA
BN BH AR REMS AL — AP 2 5 i ) AR T RE. 5
G INEE A 2 R T i 2R B — A~ 28 fl A
Fb, /0 T RERE, BRAR T HEBRBETT A0 B Je bt TN
KRB AL HAT = SR, (AR s — i
SR N 7 AR LD e 28 2 A T AT RE.
[, 2B AR5 P02 2 fi AR AR LR R B T

http://wulixb.iphy.ac.cn

168504-1


http://doi.org/10.7498/aps.68.20191262
mailto:ycliu@nenu.edu.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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 68, No. 16 (2019)

168504

TCRRARAR B B HLEAT O, AR E T e sy 2k
ARG AN S BT BN R, AR T H
IR 22 5 M. AT, R HTIZBH At el 22 58
fi 4y~ > D RE BRI TS B, 4552 [ N MIESE
Bz R, SR 25 il D BE © g2 B AR
UL, T Fe I TS T 2R (STDP) I K /g 58
flah vy SR 01 A M 22 ML 0 R A T RE 0 4, O RE
U F) HITZ BEL A% B 1 22 0 28 85 Jy S B X732 T
ﬁ% (12]

L BH % AT LA SO — e 1 i R 5 AR,
FOR BHAR AR T 0 PR REE L T | B IR MR
A3 JEUSRE. TEIe P i 3 2 = o RUAZ B AR, I
AR IR /9 B s 122 i R RE S 5 A= W)
Fflrp Ca 8 11T RS W E LIS, A1 Bl TRT B AU
MR MR 3. S 1 R AZ LA RO PR RE AN T AE
ok, WA mVERRIZBEATRMAR R, — E ORI S
B2 J AT, A7 2 MR R 48 gl e A SR

BEL 28 5 fik, B AR TOHL 6 J SR ALY | BURAE S

BRAE A PLARLAE . ST LARR, —4Epr ket
AT B PR R BOIE SEAE D RER R A PR ST R A
HER NV, —Se S HIBOR e R G A
LB % B S5 B2 12 B R 2 Sl ) A= Ty g D190,

FH L AAZ B AL R, 4 A AW HA 5 10 |

B A 2 DIREREIE, T 5 R RETRAEROAR T
S LR ALRL. R IRAE AL Sk, R
A5 TR AR T OERS, B ORAEZUMI A B AT
DA i AUt 25 5 A TR A, B Y AR
rPEREAZ LA F A BRAE A RE. AR SCERA T HATEE T
SAACHRLRL I BEAT 2 fil g O ) BEAL AR L L REARE

(a)

TiO,

Current/mA

I I
—1.0 0 1.0

Voltage/V

Bl 1
109, 175 P 28 A 25 4 s 2 ] 1)

(b

Current/pA

(a) HE T Pt/TiO,/Pt 5K i) 8 5 RUNCBHLALAT Sy, 4 1 g e 11 445 Fy s T 1

UL TT 1), I B T L BH AR 1R e AR S AR A
8 AR — AL BOR FIOIG 5 A% 22 4540, 5 T ) 1o

=N
AL,

2 AT BAT h BB ATHLH
1ZBRER 25 i F B SiRME

TCRA, $ TAERE, AT 43 R g AU B4R A
B ARUZBE A . BT AU BE 25 1 BHL A B 2 R TR 1) 4
i 2 B O ARk, BAT BEASAH B 5 4 91> F BEL
A E LA AVRBHAS . 25 L =3 2055t R AL
(0™ RN 1 AR, TTROEIZ IS AUZBH AR VT
A5 5 9 PEAFA U718 A 1(a) BiER S — > SR Y
Pt/TiO,/Pt 456 I BHAS X AE AR 10 -V RETE, 4%
PERESEAEIE 0] (Tura)) AR R T, SE8le (%) BH
AMIE () BELAS 185 A% 21 B AR 7 it i 2L 45 4
B AT R R, B R T — ARG R A AR Y
R —.

RLALL A T2 BH 25 1) PELAS RE 68 il F 413 2
SERUARAE g A BELE R LA B e o e, 1 i 2 A AR A,
IFREE IO R RARES. W 1(b) A PA/WO,/W
SE R RUZ BB -V bk 1), HOph R A e 2
A2 S il A F R AR AL, RO & R385 B
RE IR AN SRS AR . ZEZ5HE |, P A2 RH
ARG At AEARL: 1ZBEL#5 B4 TOU ARG | v ) 446 25 J22 RIS
P 5 A4 0 5 il P 2 Ml . 2 e ) It R 5 f5 A
AT R . HA 9K ROEE A2 R, e A
IR EYIM A R G S Al R R, R TR
FIRUIZ B RS RERS AN T A2 5 fe, 1 17 15 ) 26

2.1

) 84

Si subsirate |

-15 —-1.0 -0.5 0
Voltage/V

0.5 1.0 1.5

B (b) HT Pd/WO,/W L4544 1R 11l B2 B £ 12 BH

Fig. 1. (a) The digital memristive hebavior obtained in Pt/TiO,/Pt memristor. The insert is the corresponding structure diagram of

the device.? (b) the analog memristive habevior obtained in Pd/WO,/W memristor. The insert is the corresponding structure dia-

gram of the device['?).
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Fig. 2. (a, b) The in situ TEM images of Ag/ZnO:Mn/Pt memristor. (¢, d) EDX spectrum collected inside and outside of conduct-

ive channels2,
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Fig. 3. (a-c) The in situ TEM images of Pt/ZnO/Pt memristor under the voltage sweep with differernt time. (d-f) the correspond-
ing I -V measurements of Pt/ZnO/Pt memristor under the voltage sweep with differernt timel??.
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Fig. 6. (a) The structural diagram of the bilayer a-InGaZnO memristor and a schematic illustration of the synapse between neur-
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Fig. 7. (a) The I-V characteristic of Pd/WO,/W memristor. (b
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Fig. 8. (a) Schematic diagram of the memristive model by modulating Schottky barrier. (b) the potentiation and depression of

Pt/SrTiO3/Nb-SrTiO; memristor obtained under positive and negative pulses, respectively!?].

W 8(b) FT 7R, #8141 i S e 7E 1F il ik b F 3%
SEmen, fr g kol R SR, BARAE AZRAT R,

3 TR R fb 2 A 40 3 R AE
3.1  EREESE

PR T E i 28T 2 (R AH B R AR, BAT
MRRIAE S AL SR . 258 Ml 32 0 B TR
FAF BAZIBRIRCE, Refs 35 H b R I 25
AR, IF ORI 2 AR AL RPIRES . A2 B2 i BEL
RERS B I 28 F oy i & AR AR I T BRI A i A8tk . 0
K 9(a, b) BTz, RCRH &2 St i ik s / 4 e 49
18 LR B, A P A 2 i S 1 3 ek D 2L
FEWK PR, 284 003 40m B AT LA i 1% 22 1) it
Tk b & eAE , anlE 9(c): A1 EV i —3K,
SEMYIE (1) BRFEMES, B (). X e
LANEAL AN A Wy 5 filk BA AR R, Tin HLoy
TCBAARBEAULE P 5 ik i) 27 > D g Pt 1 E B ILAl.

3.2 REAATEEME

P 228 5 fiph 1) B R 2 — S H B S il AT 9
PE: S Ml A% i 3503 e AR G iR B 55 1 A I 4, 4%
TCAZ I B ) 0 AT L4325 Sy Ja I AR 5 fik w98 e
(short-term plasticity, STP) Fl4 s 72 2 fish 7] 33
P (long-term plasticity, LTP)B>=34. STP X} h F
2 i 1 3% 2 52 0 RS ) R O B0 55 5 T
LTP DX T 5 fih i 45450 A el A8 . i o A AT %
FEEHCI A EEAER, oA REAEHS B KAk g
ALERIE B, M5 Be e I iC 12 i il 28
RENGIE Mok AL, X PIE T AN AR
T2 B B A KT B AR ) A A
321 JEETT#E M (STP)

PR MAESE SRR , AR SRR A2 I0E
AR Ca?t, 3K 28 Ca BEAE L MF 5 filh 115 3 i 22
32 SRR, 2 T S0 2 A S P AR . 5 A ]
JE B PIAS R LRI, 26 0™ A 1 % A

o .

5

168504-7


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

#) 32 2 3R Acta Phys. Sin. Vol. 68, No. 16 (2019) 168504
5 0
(€) 2.5 . ©+5V 100 ms
L 0.5 w@ 0 =5V 100 ms
2.0 °
-1.0
3
L5 = 2 s &
20 £ : k@
O] @] 1.04
-25 o
-3.0 0.51
0 40 80 120 160
Voltage/V Voltage/V Pulse(#)

B9 LB AR L M i R

(a), (b) P HL - R 265 (o) TERELEAYBE IR AR K o T, fe 4kl & BT/ R 7

Fig. 9. The nonlinear transmission characteristic of memtistor. (a), (b) I-V characteristic of the device measurement under positive

and negative voltage sweep, respectively. (c¢) the continuously increase/decrease of device conductance under positive/negative

pulsel27.
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Fig. 10. (a) PPF behaviors obtained in memristor: the change of PPF as the function of the time interval.?!l (b) the PPF measured

in the synapse between Purkinje cell and granule cell. The insert is the EPSC induced by two extracellular stimuli*?.
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Fig. 11. (a) STDP behaviors obtained by the memristor.?*7
(b) STDP behaviors measured in hippocampal neurons of

the rats!!.
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Ebbinghaus Forgetting Curve.
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Fig. 13. STM-to-LTM transition obtained by Lu’s group. (a, b) the response current of the device under pulse stimulus. (¢) memory

retention data recorded after different numbers of identical stimuli (dots) and fitted curves using the SEF (solid lines). (d) charac-

teristic relaxation time (7) plotted with respect to the number of stimulations (N). (e) schematic of the structural change to the

memristor during the transition(!%).
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Fig. 14. The “learning-experience” behaviors, and the dynamic model of device operation. (a) Nearly linear increase of the synaptic

weight with consecutive stimuli. (b) the spontaneous decay of the conductivity. (c¢) re-stimulation process from the mid-state. The

inset illustrates an oxygen ion migration/diffusion model of device operation/®7.
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Fig. 15. (a) Habituation and dishabituation behaviors in biological systems. (b) schematic of stimulus trains used for the measure-

ment of habituation/dishabituation and the measured device current changes under the application of stimulus trains/®/.
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Fig. 16. (a) Prototype of the Pavlovian conditioning. (b)
memristive circuit with electrical US and CS to mimic the
Pavlovian conditioning. (c) the experimental results under
the conditions of different intervals between conditioned

and unconditioned stimulus.
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Fig. 17. (a) Evolution of images during the learning process for the initial, intermediate, and final states based on Digital resistive
switching (D-RS) and analog resistive switching (A-RS) behaviors, respectively. (b) hybrid ANN composed of A-RS memristors and
D-RS memristors. (c) accuracy as a function of number of epochs for the hybrid ANN at four different A-RS proportions(®.
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Fig. 18. Sound localization based on space-time processing. (a) Schematic illustration of binaural effect. (b) schematic structure of a

HEN; (o) WML H
J5 B0 R G il 5 P 2 0 L

2 x 2 SNN to detect the sound direction from the ITD. (c) experimental sound waveforms of left and right ears, (d) corresponding

axon potential of the two PREs, and (e) vint for the two POSTs with their corresponding difference. (f) measured and calculated

Vint as a function of sound azimuth revealing analog information about the sound propagation direction!¢7.
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Fig. 19. (a) The memristors crossbar for logical circuit. (b) IMP logical circuit. (c) NAND logical circuit/®.
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Fig. 20. (a) Schematic diagrams of the fabrication process for the transferable Pt/WO,/Ti synaptic devices using water-dissolution

method. (b) the pictures of devices that are transferred on flexible printing paper, glass dome hemisphere with 3D surface, pectin
and PDMS substrate. (c) the obtained STDP behaviors of the devices on different substrates!™..
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Fig. 21. (a) Photoresponsive characteristics of the ITO/Nb:SrTiO; heterojunction artificial optoelectronic synapse under pulsed light

stimuli. (b) photoresponsive characteristic of the heterojunction under a light pulse pair. (c) the variation of PPF index with the in-
terval of light pulse pairs(™.
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Fig. 22. Mimicry of human visual memory using the ITO/Nb:SrTiO; heterojunction artificial optoelectronic synapse. (a) The detec-
tion and memory process of image encoded by light wavelength. (b) the detection and memory process of image encoded by light in-
tensity. (c) the detection and memory process of image with low stimulating frequency.
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SPECIAL TOPIC—In commemoration of the 100th anniversary of the birth of Kun Huang

Oxide-based memristive neuromorphic synaptic devices

Liu Yi-Chun' Lin Ya  Wang Zhong-Qiang  Xu Hai-Yang

(Key Laboratory for UV Light-Emitting Materials and Technology, Northeast Normal University, Changchun 130024, China)
( Received 15 August 2019; revised manuscript received 19 August 2019 )

Abstract

Memristors are considered to be the potential candidate for simulating synapses due to their high density,
low power consumption and continuously adjustable resistance. Metal oxide is an ideal choice for fabricating
memristive devices with high performance due to its advantages of oxygen migration, easy adjustment of
components and compatibility with traditional CMOS. In this review paper, the memristive behaviors and
operation mechanism of oxide-based memristors including digital-type memristors and analog-type memristors
are first introduced. We mainly summarize the cognitive functions simulated by analog-type memristive
synapse, including nonlinear-transmission characteristic, synaptic plasticity, learning experience, and non-
associative/associative learning. Then, the potential applications of memristive synapse in pattern recognition,
sound localization, logic operation, flexibility/transferability and optoelectronic memristive synapse are
introduced. Finally, we provide an outlook of the future possible studies of oxide-based memristive synapse in

the relevant fields.

Keywords: oxide, memristor, memristive mechanism, synaptic emulation

PACS: 85.35.-p, 73.40.Rw, 85.25.Hv, 84.32.—y DOI: 10.7498 /aps.68.20191262
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Fig. 1. The efficiency development progress of yellow LEDs.
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Fig. 2. (a) Schematic structure and (b) in-situ interference
curve of GaN based yellow LED on Si substrate.
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Fig. 3. Schematic of grid patterned Si substrate with GaN

film grown on it.
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Fig. 4. Fluorescent luminescence (FL) spectrometry of yel-
low LED quantum well: (a) Without prestrained layer; (b)
with fixed indium content prestrained SLS layers; (c) with
three steps of increased indium content prestrained SLS lay-

ers.
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Fig. 5. (a) TEM image of yellow MQWs structure with V-
pits; (b) schematic of hole injection enhancement by V-pits;
(c) dependence of external quantum efficiency and voltage
on V-pits size of yellow LED with 20 A/cm? at room tem-

perature.
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Fig. 6. The showerhead structure of self-designed MOCVD
for yellow LED.
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Fig. 7. SIMS profile of yellow LED structure grown by self-
designed MOCVD.
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F 1 EDLLED #F (5 1 mm?) SRR BBROLE R

Table 1.

Electroluminescence results of yellow LEDs (size 1 mm?) at room temperature and continues wave mode.

FESh A E /Aem? H/mA BE/V EREK/nm B /am EIER/mW AMETFRER /% SETIEACE /% AR /Im W

1 10 2.10 571 36.2
A 20 200 2.43 560 36.8
1 10 2.09 577 37.8
b 20 200 2.41 565 38.6
1 10 2.08 582 39.9
¢ 20 200 2.40 570 40.3

10.1 46.3 47.9 283
143.3 32.3 29.5 182
8.9 41.6 42.8 248
128.7 29.4 26.7 164
8.1 37.8 38.8 200
113.3 26.0 23.6 139
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TR TR OGS . = 300 K B, A4 B I
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A Ry HEEAE Y 65%, T | 28t LED X L 9 He
250 90%,80%. # )t LED %% droop ™ & &
BLHS5 T In 4500 R SR e HL . ARIEAE i
B7E 20 A/em? L% T, RO 26.7%.
HMEETFRCE 29.4% RN EFR0% 42.1%, AT H

K9 #5% LED &5 B

(@) A So0mA

A mA

~ 350 mA

/ \ 300 mA

{ \ 260 mA

/ \ £ 200 mA

- ] E 150 mA

= \ £ 100 mA
g ® 75 mA
. = 55mA
—g = 40 mA
= z 30 mA
= ] S| 20mA
i) 1 18 mA
- g 15mA
7.5 mA

3.5mA

1.8 mA

0.7 mA

0.3 mA

. 380430480530 580 630680 730 780 | 0.2 mA

/ B 0.1 mA

| = T T T
480 530 580 630 680 730
P Kemm

BOE B H BOERER (70%), F W] LR AR T2
MR BB A A AL

2.9 BXMENXLED KA

I JUAEK, LED JBH S g 1) gt $2 1 7
FHR, K iEefe R 2eku B NG R T
V2 TR, EOCRCEDE LED (19 B, S TG O
/DGR LED MR T 8 R #E, 45 LED
TR R TBE 7).

FET AR A 2 i A S ' (455 nm) |
FE (490 nm) , &9 (530 nm) . FHE (570 nm)LED
MR AELLE (629 nm)LED, FRATHFH] H 3L (0
FDGLED, 528 1/, mifidg (97.5, Ry = 96.24)
Rk (2941 K) . 8 BARCE (121.3 Im /W) &
PR L 4l LED MR, k3] 1752 HKF, Bl 10(a)
S G EE E . [RIEE, A< BRI O D LED
52056 LED Fe s, il 7L (1761 K).
WAL LED SElR, HOY56E 141.9 Im /W,
JEiEan & 10(b) Fias; A T 4806 LED % N4
L KT R SMNEAT IR N, AN 11 s,

1004 (b)

100 K

i 120K

P 150 K

/ 200K
/ 250 K
20 7 300 K
350K

METHR%
& D
< T i
-
N
¥
o
-~
(s

1073 102 107! 100 10! 102
HLL % /A -cm ™2

() FEIRA R HL I T 2 00ta% s (b) 28 2% FL U P9 4k 7 00 h 2

Fig. 9. Electroluminescence of 565 nm yellow LED: (a) The room temperature emission spectrum at different current; (b) the in-

ternal quantum efficiency at various temperature and current density.
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SPECIAL TOPIC—In commemoration of the 100th anniversary of the birth of Kun Huang
Semiconductor yellow light-emitting diodes

Jiang Feng-Yi! Liu Jun-Lin Zhang Jian-Li Xu Long-Quan
Ding Jie  Wang Guang-Xu  Quan Zhi-Jue  Wu Xiao-Ming
Zhao Peng Liu Bi-Yu Li Dan  Wang Xiao-Lan

Zheng Chang-Da  Pan Shuan  Fang Fang Mo Chun-Lan

(National Institute of LED on Si Substrate, Nanchang University, Nanchang 330096, China)
( Received 8 July 2019; revised manuscript received 15 August 2019 )

Abstract

The development of semiconductor light-emitting diode (LED) in the visible emission range is very
unbalance, as the power efficiency of yellow LED is far below other colors. Based on the GaN/Si technology, the
authors and his team made a systematic research from the aspect of material growth, chip fabrication, device
physics and equipment design, resolved the problems of epi-film cracking, high dislocation density, large strain
in quantum well (QW), phase separation in QW, low QW growth temperature, low hole concentration, light
absorption by substrate and light blocking by electrode, successfully made a breakthrough in fabricating
efficient yellow LED. The yellow LED chip achieves a power efficiency of 26.7% at 20 A/cm? with 565 nm
wavelength and efficacy of 164 Im/W, and the power efficiency goes up to 42.8% at 1 A/cm? with 577 nm
wavelength and efficacy of 248 lm/W. New LED light source with multi-colors and without phosphor was
developed based on the efficient yellow LEDs, opened up a new direction of pure LED healthy lighting.

Keywords: Si, InGaN, yellow light-emitting diode, metal-organic chemical vapor deposition

PACS: 85.60.-q,85.60.Jb,81.15.Gh DOI: 10.7498 /aps.68.20191044
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R RAEE AR R SRR TR RE

Table 1.  Anisotropic optoelectronic properties of low-dimensional semiconductors.

AR TENE JeV M FEEE/cm>V s e o7 588 B T EEE S50
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Al 15 (R2) 60.7 (257, zigzag) 10606 (257, armchair) [14,30]
Bl 1.3—1.7 100 (3.2 eV) (31]

23.1 (27, DS-chains/7[)14.8 (F T, &

ReS, L4 (HHH) DS-chainsJ514]) 10° AW (532 nm) ~4 32,33]
ReSe, 11712 10 1.5 mA-W (633 nm) 2 (633 nm) [34]
MoTe, SRR 110 mA-W ! (1064 nm) [10]
WTe, IMREE R 4.9 (514.5 nm) [35]
GaTe 1.7 0.2 (Z77) 10* A-W! (532 nm) (36]
TiSe 0.73 1.48 AW (633 nm)  2.56 (633 nm) [37]
SnS 1.3 20 (215828 sigrng/ Marmehair = 1.7 365 AW (808 nm)  1.49 (808 nm) [38,39]
CeSe 1':1)’47((12{;;’;?‘) 4.25 AW 2.16 (808 nm) [40]
GeS, >3 2.1 (325 nm) [41]
GeSe, 2.74 3.4 (450 nm) [42]
0.83 ({Ahtk

CeAs 2.07(@1%? 4.4 (808 nm) [43]
0.51 ¥
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0.98 ¥ o .

GeAs, 62(1?£gj ) 2.5 (%57, a)L.3 (357%, b) 2 [45]
ZrS, 1.79 (4 230 m A-W ! (520 nm)  2.55 (520 nm) [46]
TiS, 1.13 2500 A-W ! (808 nm) 4 [47]

a-MoO, 2.7 0.06-0.09 (HLF, )0.03—0.04 (LT, ¢) 67.9 AW ! 5 (254 nm) [12]
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Fig. 1. Characteristics of black-phosphorus(Reproduced with permission, Copyright 2016, American Chemical Society): (a) Atom-

ic structure; (b) typical polarized Raman spectra; (c) band structure of trilayer black-phosphorus and theoretical polarized absorption.
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Fig. 2. (a) Optical image of the polarized-light detector with the circular electrode, (b) polarized photoresponse along armchair and

zigzag orientations under 400—1700 nm illumination of black-phosphorus (reproduced with permission’?, Copyright 2015, Springer

Nature); (c) polarized-light detector based on the black-phosphorus/MoS, heterojunction(reproduced with permission®, Copyright

2018, Springer Nature); (d) polarized-light detectorenhanced by the plasmonic structure(reproduced with permission?”); Copyright

2018, American Chemical Society).
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Fig. 3. Crystal structures: (a) ReS,(reproduced with permis-

(a) ReS,P%; (b) WTe,l™

sionB?, Copyright 2015, American CheIIllC‘ll Society); (b)
WTey(reproduced with permission/™, Copyright 2016, RSC

Publishing).
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Fig. 4. (a) Schematic of polarized photoelectric test(reproduced with permission®!, Copyright 2016, American Chemical Society);
(b) photocurrent and absorption of ReS, in the polar coordinates(Reproduced with permission®, Copyright 2016, John Wiley and
Sons); (c) polarized photoresponse of ReS,/ReSe, heterojunction(reproduced with permission™, Copyright 2018, John Wiley and
Sons); (d) polarized photoresponse of WTe,(reproduced with permission®!, Copyright 2018, John Wiley and Sons).
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Fig. 5. (a) Crystal structure of GaTe(reproduced with permission®, Copyright 2016, American Chemical Society); (b) STEM im-
age of T1Se and (c) photocurrent of the polarized photodetector based on TlSe (reproduced with permission*”, Copyright 2018,

American Chemical Society).
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Fig. 6. (a) Crystal structure of MX (reproduced with permission®], Copyright 2015, AIP Publishing); (b) crystal structure of

GeS,(reproduced with permission!*!l, Copyright 2019, John Wiley and Sons); (c) response times of SnS along different directions(re-

produced with permission¥, Copyright 2017, Royal Society of Chemistry); (d) polarized photocurrent of GeSe, under the 450 nm il-

lumination(reproduced with permission*?, Copyright 2018, American Chemical Society).
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Fig. 7. (a) Crystal structures of GeAs, SiAs, GeP, and Si;
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permission*’l, Copyright 2018, John Wiley and Sons).
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John Wiley and Sons); (c) crystal structure of KP5(repro-
duced with permission®, Copyright 2018, American Chem-
ical Society).
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Fig. 9. (a) Polarization-resolved absorption spectra of GeSe(reproduced with permission(*), Copyright 2017, American Chemical So-

ciety); (b) absorption spectra of ZrS; nanoribbon under polarized light in different directions and (c) polarized photocurrent of ZrSs

nanoribbon under 450 nm and 532 nm laser illumination(reproduced with permission!*’l, Copyright 2019, John Wiley and Sons).
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Fig. 10. (a) Polarized photocurrent of GeSe under the 808 nm laser illumination(reproduced with permission!’”), Copyright 2017,

American Chemical Society); (b) polarization-resolved absorption spectra of GeAs, (c) polarization-sensitive photocurrents plotted

with the linear-polarization laser of 520 and 830 nm of GeAs in the polar coordinates, and (d) polarization-dependent photocurrent

mapping of GeAs device under 30 mV gate voltage and the linear-polarization laser (reproduced with permission(*, Copyright 2018,

American Chemical Society).
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Recent progress in polarization-sensitive photodetectors based
on low-dimensional semiconductors”
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Chinese Academy of Sciences, Beijing 100083, China)
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Abstract

Polarized photodetection technology has good application value in the fields of remote sensing imaging,
environmental monitoring, medical detection and military equipment. Polarized photodetectors based on low-
dimensional materials can use the natural anisotropy of materials to detect polarized information. Some two-
dimensional materials have strong in-plane anisotropy due to their low-symmetrical crystal structure, such as
black-phosphorus, black-arsenic, ReS,, GaTe, GeSe, GeAs, and TiS;. These anisotropic two-dimensional
materials are appropriate for the working medium of polarized photodetectors. Numerous researchs focused on
polarized photodetectors with different materials and device structures and our works are introduced. Polarized
photodetectors based on such low-dimensional materials have realized a broadband photodetection, including

ultraviolet, visible, and infrared lights.

Keywords: photodetectors, polarization, low-dimensional semiconductors, two-dimensional
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Fig. 1. PL spectrum of the GaN sample at 1.5 K. Three
peaks, namely D'X,, SX,, and FX, are the main struc-
tures in the PL spectrum. Their first- and second-order LO
phonon sidebands are clearly seen and located at lower en-
ergy of one and two LO phonon energy, respectively, due to
the simultaneous emission of one and two LO phonons. In
addition to these distinctive structures, TES and FXjg peaks

can be also resolved.
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Fig. 2. Experimental peak-intensity values of various ex-
citonic luminescence lines of GaN at 1.5 K. Huang-Rhys
factors of various excitons are simply determined by the
peak-intensity ratios of the first-order LO phonon side-
bands and their respective ZPL lines. Clearly, the coupling
strength of various excitons with LO phonons is very weak
at 1.5 K. For example, the Huang-Rhys factor of acceptor-
like surface-defect bound excitons was only ~1.37 x 10~ 2
suggesting thatvery small amount of lattice relaxation oc-
curs during the radiative recombination of various excitons
of GaN at extremely low temperatures. However, it is worth
pointing out that such concluding point may not be valid at
medium and high temperatures because the interactions
between exciton and phonon could be a strong function of

temperature, especially for free excitons.
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Fig. 3. Variable-temperature PL spectra of the WS, mono-
layer semiconductor. Double PL peaks can be well resolved.
The red-shift temperature dependence of their peak posi-
tions is clearly seen. Note that the red-shift dependence of
peak positions of the two emission peaks may be due to the

exciton-phonon coupling.
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Fig. 4. PL Peak positions (filled squares and circles) of the
WS, monolayer semiconductor vs. temperature. Solid lines
are the fitting curves with the bandgap red-shift formula

due to electron-phonon coupling suggested by O’ Donnell
and Chen®l.
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Table 1.  Values of the three parameters adopted in the
fitting to the temperature dependence of peak positions
with Eq. (8).

Peak E,(0)/eV S (Aw) /meV

1 2.0610 4+ 0.0004  2.1046 + 0.0972  38.7739 + 1.9522
2 2.0225 £ 0.0006  1.3664 4+ 0.0691  29.0564 4 2.4535

4 TG ET AR & T
H-EHE T

T BAT RAFRDCHARFE PR E T, aiToHL

HA TR R RAEL, R0 | T ATTRIRESE %
R 3839 fe i A G HL - (BT )-A5 - B F IR 4E
FERA S5 AR AR F AR o %) 52 e S 52 1) E 4451 2
Gong %5 WOIRF5Y T —4EE5 5K B S P i 775 7 1
YRR T RO CRLEZR M52 T Taru 45 1Y A5
NE 7R HFETCHL CsPbBrs 44 i P FE SR L -7 F
HAEH, gl T ROt A 1R,
Saran 4 2 fU RIS R ], FEAREN & TE LG P90 i
H, B KOG BE R Frohlich A1 7-LO 75 F .
YERIT 8. X et oe 20, L+ ()75 F A
YERXT T ICIe A HL- TR A B 4 T LA 4
e B TG A R AR A 5 L A R AR A A
B2, A B TR A HBIT S . 36 TR0 AAFIT 45
UL R s s s pL, AT B X T 2l e AL
CsPbBry 2K i v 19 & EHLHI AT T IR AHY
W5 34 %6 - - BAEHITE CsPbBrs 44K
fm 8 A SEHLH ) E AR RS T — LR T
ABJAEL Han, FATAI A RS LO 71
B 14 B - BT DR 7 AR DX B R B Y T )N
175 V% 252 7 2 7 1 1Y) PR 4 R B30 A i 1 4
B i R BB AR T E T LA — e R
AT FRATR T A P e R 2R
YEFBLEI A, A T35 TR L6 TS 2 kAL
il A B — 2 A T TR S e FRATT T AR Y
ZER

5T BIr FH A 4l JCAHL CsPbBry 44K & A2 FH Fr
HEA (hot injection) b2 77 I B & Bl HAK 1Y
G 0 BRI 405 AT 2 A AR SCER [45). A2 R
PL i 2 7E—28 [ IR 09 = 0 oG 1
SERLY, T S AR AR SEE S R IR AT A R
I3 2],

Kl 5 Jr7n i CsPbBrs 40K fi i =S A )i
FEF AR PL 5 (2SR, 520 2840 B
k7 (MBO) BRI Bl 2. MBO £
e, 2 Mukamel S A1EE 110
KRR T O E A W12 3 3 iy Ak
MBS R T A . 2006 4F, 1EE S5 &1 17
FSMZ T BRSBTS
PR BRI PG &G AT, ZERL 2 T LLGE
RN A e R N F R AN Y S o 1)
OIS, 2R RN, TR GaN, ZnO
FENRIEREEGAETG, AT DBER Ry — A ERE H 5
fntR LO 1 (FIRIK, primary oscillator) B
BT, IFZ B ARSI (1) an o 1% SL i 7

166301-6


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

) 32 2 3R Acta Phys. Sin. Vol. 68, No. 16 (2019) 166301

) EEHE, IXFI Mukamel 25 48] fF 2 & i 15 i 73
TR R = BEAR L FRA TR 2 BB ) 5
TR E R R TSR R OGS ZEEE TSR
Gy B B TR B AT BEREAS A A, W — S
PRECE TR 5] R 5 149

PL intensity/arb. units

2.40 2.35 2.30 2.25 2.20 2.15 2.10
Photon energy/eV

T=20K

PL intensity/arb. units

2.40 2.35 2.30 2.25 2.20 2.15 2.10
Photon energy/eV

T=35K

PL intensity/arb. units

2.40 2.35 2.30 2.25 2.20 2.15 2.10
Photon energy/eV

Kl 5 CsPbBrs #12K b b #£ = A AN [ i BE T i i 45 11y
PL 3% (= BB ), Sc MH B B T i 7 5 288 1AM
A 2B PR T (MBO) B8 it 5 i fie i 48, % &
IR G A TTF 2R SRR, S22 FIAH
Xt TRT BRL 1Y 22 B A B4R T R A B 0 S AR A A R T LA
RN PN )

Fig. 5. PL spectra (open circles) of the CsPbBr; nanosheets
measured at three different temperatures. Solid lines are the
theoretical curves with the multiple mode Brownian oscil-
lator (MBO) model. Agreement between experiment and
theory is satisfactory if considering the complexity of many-

body interactions in a solid system.
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Fig. 6. Huang-Rhys factors (solid triangles) of the CsPbBry
nanosheets in the low temperature of 5- 40 K with MBO
model. Solid line is a linear fitting curve. Note that the
Huang-Rhys factor of excitons in the CsPbBr; nanosheets

interestingly decreases with increasing the temperature.
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Fig. 7. 77 K PL spectrum of the diamond flake grown on
diamond substrate. It is clearly seen that two sharp lines of
NVY and NV - as well as their respective phonon sidebands
for the two quasi-localized vibrational resonances. Down-

ward arrows indicate such phonon sidebands.
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SPECIAL TOPIC—In commemoration of the 100th anniversary of the birth of Kun Huang

Huang-Rhys factor and its key role in the interpretation of
some optical properties of solids”

Xu Shi-Jief

(Department of Physics and Shenzhen Institute of Research and Innovation, The University of Hong Kong, Hong Kong, China)
( Received 15 July 2019; revised manuscript received 14 August 2019 )

Abstract

Huang and Rhys published a quantum theoretical treatment to the light absorption in F-centre in solids,
which has been widely recognized as the first detailed quantum-mechanical calculation. In the Huang-Rhys’s
seminal theoretical treatment, they derived a dimensionless factor to characterize electron-phonon coupling
strength which was named later as Huang-Rhys factor. Since then, Huang-Rhys factor has been generally
accepted. In this short review, the physical nature of Huang-Rhys factor and several application examples in
solids are introduced and presented in memory of the hundredth anniversary of Prof. Kun Huang. Due to
limited publication space and my personal understanding on Huang-Rhys factor, only several cases including
GaN, 2D WS, monolayer semiconductor, inorganic CsPbBrj; perovskite nanosheets and NV centers in diamond,
in which the extremely-weak and medium strong coupling between electron (exciton) and phonon occur, are

discussed in this short review.

Keywords: phonon-electron interactions, Huang-Rhys factor, optical properties of solids, luminescence

PACS: 63.20.kd, 78.20.-e, 78.30.Fs, 78.55.-m DOI: 10.7498 /aps.68.20191073
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Tl LREREERRESF

V-VIR EMFSE RS %
BHFSMRER

1, % 4

TRF ARXHE FH

= Bt

(WA R REAPRHE R G S0, UM 310027)

(2019 4E 7 A 15 HYF; 2019 4£ 8 A 12 HEMEHH)

2SR S A AR AR BB A W) B R R A F N A5 5 T — LR A R TR L 5 AR T R B RE
VST, AR A BT BRI 8 R B A RSB RS S AR LA, IV- VIR AL & 928 1 5 B 25 AN AR £L Mg A i
F7 0 HA B BT (B, T0 ELAEFh D SR AR e R 1 2 S RIS R 1T ISR TE . U E A
TELL CdTe/PbTe ALK IV-VIE L5 2 S 0 e B S bR BT vk B | b B8 — 4y 7. 1%
TARMIE BIE N T IV-VIFR AL & 2 S 1 S5 B4 5 (9 LG B . ik — P R R T, 2% — 4 TR R AT
XL A S A I S T L 3 3 I K B SRR TR B AR SR BELR IR T AR IV - VIR AL 5 1 2 A
S AS e TS IO A R B 1 el V- VIR AR 5 W S A S B2 L B T — 4k L T R L
HPEAT T4 RIRTHEZ el T RIE MR R G T RS P, IR0 M T B M R LU AR B e A
T3 T AT 55 SR e, R 1 B T 4k v ORI 10 rh 200 B R 2%

KA V-VIL &Yk iR midl, —4id 7, KBro sk 7, /MR &%

PACS: 68.35.bj, 71.10.Ca, 68.65.Fg, 73.40.—c

1 5 =

AT RSN, T SR H A & R T L b, SR
SEH MR I B T — KA & R iR
AR HE T ANt SRR, i, o5 i A
BTG T1E BRG] F InGaN/AlGaN
S JUT 45 1) 5 BE WO RO T (light-emitting
diode, LED) iy AZ&75 2k T v fig 52 ny 66 Bl [\
B, ATEERAFE S w2, En TIRZ 8
AL WNTE Si/Si0, FLim & I TR
0V (quantum Hall effect, QHE)!, 7 CdTe/HgTe
It B S R B RO ) AR LRI
T, SIS R AE RS R Wb R FRAT T A 4 A%
AYRHT AT, LLANTERG i s I M AR R R bk

DOI: 10.7498/aps.68.20191074

PR H AR S O BE 5 1 T A Z a5, V-
VI G AL & 2 R B 4 B4R I ik 5 s o
20 th2g 30 4AEARHTE, B FAES LR, fMEE%E
T IR AEFE PbS 2L s 7. th FIV-VIiEfL &
Yot SR A AR, 2RI R AR
#| PbSe Ml PbTe 41K I 7. FEBE S (1) JL4E (1],
BHIF A BLUZHEAR T AR — BE AR T It
LRI ST B U E Al = A A (IR S o B ST /N
(molecular beam epitaxy, MBE), 3R 15 /& it & 1)
IV-VITGAL G 2 SR AR B, A e ) —2e5¢
T IV-VI{L &Y S R 4l B 5T 3 i S ok
f145 % PbTe/Pb, _ JFu,Te & £ £1 41 600 1 ) 2
ST, T PbTe/Pb, _ Eu,Te kR iy s 21 4b
WO 10, DL IV-VIGEAL & P02 AR 5 T 45 34 i
AR 11120, HE A 21 T2 LS, A8 £ ¢
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FEEE T IV-VIG AL & W2 2 R AR 2 A 2R 1 M
HrJi H Pl Koike 45 19 £ 2003 43 i1 MBE 4}
FE A K S B AE [100] U Y GaAs fE 1 L
CdTe }Z& 2 1) PbTe/CdTe S 5 25 B M55,
R S — Rl A 25 R G C I S g b, B
MEER A mE B, Hoh PbTe J& T &AL A AL T4,
i CdTe J& T INEED A, PRNEORAN R Y fi A 45
FPRAIE T S A S T8 B, DA R T RA A A
RS RY STAE . A R S, [100] H ) Y
CdTe/PbTe/CdTe i i iR K JE W& T #% 7E CdTe
SR PbTe &5, % TRt T B
PN, XA GIE T A
X T2 2R 110 S5 O S T 25 ) N P PR R AT T R
1 B 10 RSB0 B 5, 45 R R B R R U2
(110), (100), (111) =7 S 2 Bl 4 = BE X FR (14 22
75 /NI, HAEAL S CdTe R e 4 14,

ARG AR 2 AL R T I S A 5 TAE
A& T RATHATN VLA Y2 TR 5 54 1 it
A7 5 40 B0 A W BFSE . AN 9 BIF 5T AR B T
[100] B ) A4 IS B AMEAE K PbTe/CdTe (K 5,
4% PbTe/CdTe Hiig +BFFI Nk T CdTe HLJiE
() PbTe f ¥ . fEAAM B} PbTe Hr, F A BRAL
FAEMWX LA, B LA UARES 2SN, A
&, FUA [111) BUm 59 PhTe {4545+ HA 9\ 15 g
4, HAR BRI BT AT B 9\ ) B A58 4o Ak b 8
g E) 0050 PR, HET [111) BUA A PbTe R 4E45
FRPLE, FATT4R T A [111] B CdTe/PbTe
SR EE . Of B, B TSNS F9 1% PbTe 1
(111] J i) L TR T 2 R S5 1, 7T DR B 4 5 A 1)
CdTe 78 [111] Jy 1) b & 1o B) BE R SE A8 A2 B 19, X
55 [100] HIn] A9 5 BT 45 BOR AN IR] . A S 3= [m] ot 1
AR IRATTAE & 8 CdTe/PbTe(111) 5545 )
T B 7 4, FRATT3E A MBE SMERTS T
B CdTe/PbTe(111) 554k, I Hilid X 5
G HLFRETY (X-ray photoelectron spectroscopy,
XPS) WFFE T % 5 T2 AU (s B o 19, AT Tik
7E CdTe/PbTe(111) 5 Bi4h FWL S 3] T 1 & 19
PbTe IG5, T 5 50 25 1) S AN 72 Hh i 3]
T RAEVEH . [FIF, 7F CdTe/PbTe(111) 554,
S EARBL T R TR EE | E LTI 2DEG,
T ¥ %% 2DEG WIE ML, FRATEE &5 — 1
PR R 5 B4R T CdTe/PbTe(111) 5
AT PO AR (18091 E— 2P A o8 B, AT b vk

1) 2DEG REE AT %057t A T R S A% 4R sl i i Ak
RN, T B PR IR BB i BE AR KA, S s
TR TE PhTe AH O 14 A o, GUBA AR 4 1) 1
FHHT S RO SO R 2, IR E R,
CdTe/PbTe(111) F1H ) 2DEG BA K7 v HL ¥
RGMERT, EA AT BE UM SRR P, F TR
TN, FATAT LA R a4 A Va8 T
1) 2DEG HL 7RI, X HHIEET CdTe/PbTe(111)
S BT 1Y R L AR RS R K (high electron
mobility transistor, HEMT) B&xE T JEfith 2. i1,
FATHFH T HTF CdTe/PbTe(111) 5 i % 2DEG
(4 1o B LL A F BRI 2. DL X Be S5 IR R B
CdTe/PbTe(111) R4 MACERMIV-VITEIL &
2 R B HA AR B BT, BT LU R
FHATPIT-, EHEA TR TR

2 CdTe/PbTe(111) 4 R 8 5% i &

2.1 CdTe/PbTe(111) RRE M EKFNL
FRAE

BT A ER MY MBE R8¢, A0
PLAE K i A CdTe/PbTe(111) BE k. & SeqE
i i PR BaFo(111) %€ EAME—JZ 1 pm J5&
f PbTe #ifiE, #4 fEH B —)2 100 nm JE )
CdTe W, Hrfr PbTe il CdTe #RIA £ A1
WO B AERE S AR R, T8 I L S S R fE
HLFATET (reflection high-energy electron diffraction,
RHEED) #£47 2 . B 52 848 19 RHEED it
B2 BUR I ARAUAE BaFy(111) 45 1 /M E ) 8
it PbTe KR, 1 HJS2E(E PbTe WK M
GRS K CdTe B w3 R WARH T2, ail#l 1(a)
M 1(b) Frzw, WHIFATAFH) CdTe/PbTe(111)
A I SRR 3 A% 1. CdTe/PhTe(111) 5
J 48 LT Y 1 53 PR AR 2285 IE R4 A S T R
%% (aberration-corrected scanning transmission
electron microscope, AC-STEM) K437 it o i 7
1 G TR B4 T AT RIS SR A Y B, %
B AT AR A Y S B 2 HLAT S8 6 ST, A 1(c)
Jii7n. CdTe/PbTe(111) Tl 4S5 A &K, fRK
FEBE B T IX PIARLRL SRS BRI, 0 K
35K 0.6422 nm Fl 0.6647 nm, FHHEKECR/NT
196119, X THAFREFFRY A 047 5. BR T BaF,
FHE, BATILE 2 1E Cd, _, Zn,Te #HE LK
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AR B Kt CdTe/PbTe(111) 554,
FHIR A e AR 5 R, OB A R AR AL T
i, X B EEES], & 1(b) I il B 4
1 T PR ] A 2548 (SAL BRI e AL 7
SR R AR B SE A A AE R, 75— 2 IR A
A5 R E A R I A F A

(c) c A AL AL L L LA

TRRTRRRRTYNS
AR AL LLL L LY
AR A L A Lok ol oholo
SRS

y’ '.IH |11

Reconstruction fringes of CdTe

* | [
|

Bl 1 (a) 4 KA1 BaF,(111) % Ji§ b A9 PbTe 3 5 2 1 #Y
RHEED 77 5} & #% ; (b) 75 PbTe W i ¢ T 4k 22 4= K 1Y
CdTe SMEJZ ) RHEED IR, & bR i) 77 16 24 L 4
NG5 )5 (¢) CdTe/PbTe 5 J5i 45 5t ¥ AH 22 87 1E 49 16
B4 T R R, I B e 1 T B S A DT A
TR E & CdTe/PbTe 5 545 1A% 32 S FiL 45 Pl 4 1921
Fig. 1. The RHEED patterns of (a) PbTe film grown on
BaF,(111) substrate and (b) CdTe capping layer grown on
the PbTe film surface; (c) aberration-corrected scanning
transmission electron microscope (AC-STEM) image of the
CdTe/PbTe heterojunction, showing the arrangement of

atoms near the interface. The inset below is the low-magni-

fication TEM image of the heterojunction!!?2,

2.2 CdTe/PbTe(111) R/RE&HEE R EH
FE—MRIBHR

J9 Y H i CdTe/PbTe(111) 5 5 45 1Y 5 1 45
Hy, AT B AP I TE R 5 R i B bR
FSKIL T 7E PbTe(111) FAMEA K CdTe B9
P RR 1O ZERR W], FERJZAMEA K TSP
B — Pl B A Y S TE 25 A8, AR RE )2 23 A X IS
[111] BhE%e 180°, FRATARZ M EE FHIm. X MR
) 2 ST A0 T B 25 T B T B3 7 AR AN ] A Fe
T4, DI SR — e 25 () SR 2.

WA 2(a) FizR, @B JIE R AR T CdTe
SR PbTe & 7 KB LA CdTe/PbTe(111)
S L, PbTe MY fH RIS CdTe HYAH N & 2 AH .
SEATRY. DA R AbnR B (100) &b A,
ATLVE Y, PIE-PAT, UL Z SR Z [R5 AT

gl fH&, 24 CdTe 7£ PbTe(111) FmLIZ )24
KA Kt 0L PbTe &7 A ARH. 347
TESS — 1k IR SR A A A vl 2 7E PbTe(111)
TR IR Cd Fl Te J5 5% A K oo FE R 1745
P, 25 RFLIATCIE PbTe £ & Pb R F& RIS &
Te J& %1k, FH S LIE A 2(b) AR
FUTE . BT VS G S, & 48 AN E Y CdTe 23 L
[111) 77 19 A e sl — A A B, i {4 CdTe il
PbTe WYAHN i EAN-F-FAT, 0& 2(b) Hr gL
P PRI (100) fb I SEASFR-TAT, R AEE—
JE I (2arccosy/2/3 ). X — SARE 5 B, TP 1R
4K CdTe B, WIS PbTe J2& Pb R & k1) # 0,
M2 LSy e —)2 Te 5T, XERN
Pb fl Cd Joik HEIE b8, Te R F7E 5 L
5 Pb I I8 W& T B2k 1 A Al ik 45
¥4, T PbTe(111) [ HIRIFEAHSE, BT AR AL
B Pb Z b A5 T— > Te &1k . A5 Cd i
T25 Te J7T 2 VAINBED ShIRSS FI AT i,
I TG 8 & 7E Pb 2 Ik T 38 J& Te Z¢ 1k 18 - A 4E
CdTe, A5 RN iZJe L2200 . ML T & 2(a)
T AL S5, HHA S5 R AT LU AT R b O A
Ib CdTe INEER™FI PbTe 5 AL AN Y % 45 0 LA K
TRRRHF BEHEERY. 4N, 6] 2(a) 1, PbTe(CdTe)
1 AN AR TR (S8 ) HESRT B, T AE S 1 Ab
MY SIIE) MIARIR A AHIE], $ f Cd—Te $#
1 Pb—Te gL R Bl k. 7211 2(b) ML 454
TN FEALR SR T HEIE (S8 ) FERA R I
AR, AR AR S S5 e ™ E . X — 8 -
RILUE H, S5 F e SNE L R v B AR 4544 T
BN BATETEF T X WIFP A 145 44 1) G B
FIRZERE, 25 R R, LSS AH THIFL 2548
FERE AL e B A0S . XU R KB R Y T
CdTe FEIK ) PbTe 1w (B % B i 45 44 2 B
AR SE e PR A A A, 1T CdTe/PbTe(111) 5 5t
G5 U 5 S5 R 2 AT A A R R B AR
. SCBR L, 7€ MBE 80 4 J& A ML {2 <A DL
1 (metal organic chemical vapor deposition,
MOCVD) 53R A A K Fi v, AR AH 2 280 1
WAL RN A, LInfE GaAs FAMEA: KA GalnP 14
FZ g RN [ & 23 FeA T ik BSR4 2
) 3 L 2 5 4 8 8 4 375 S L A5 T 2 T IR 52,
& 1(c) H AC-STEM & HJ 7 it 1 B 30 it HiE
AT LA FATRIBALL S5 2R W) &, PbTe Fl CdTe(100)
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Al
0,014 -

B 2 (a) Wit T CdTe £ 1Y PhTe £ F Sk & ) CdTe/PbTe(111) IEHLHE FL 454y, T 25 P12 SR & W 2 AT 1Y, i (8
RELRARRN M (100) f T ; (b) i i 7E PbTe(111) F M AME CdTe 15 2 BYFLHE S0 45+, 15 75 W )2 F AR89 (100) & A — Ak A,
HOBELITR; (c) Cd JEF R IR TE PbTe FIAIE K I B R ZIE, 22 BN, A7 & AR A 5 (d) CdTe/PbTe(111)

W0 TR A, MR AR K T, SR AR S e

Fig. 2. The CdTe/PbTe(111) interface structure of (a) PbTe quantum dots embedded in CdTe and (b) CdTe layer capping on the
PbTe(111) surface, it should be noted that the former is non-twisted and the latter is twisted, which is indicated by the relative po-

sition of the (100) plane of CdTe and PbTe as marked by the white dashed line; (c¢) the resconstruction of the first Cd layer on the

PbTe(111) surface, the left panel is top-view and the right panel is side-view; (d) the electron density distributions at the twisted

CdTe/PbTe(111) interface, the ionic-like and covalent-like bonds are indicated by the dashed and solid lines respectively!!?].

AT 1) J& F IE 45/ 70.6°(2arccos/2/3 ). [AIET, FRATT
W% R B T HLEE LR A e, JB k [111] B
il ) CdTe/PbTe/CdTe T Bk & o 31522 7
IR PbTe &1 1 HY.

TEEL S b, i TR A RN B 4544
M H3ES, 23R TSR, WE 2(c) FivR, 24 CdTe
A K 7E PbTe(111) M L, Al — 5T 2 A [F )
o] TCAE Y PUAN S oy, A — SR At = S
TN m . 55 —2 Cd s+ m i A
0.01 A, JINEFZIE, MEZHTEAR, X UL 7EH
FHUE FIERLT 2 x 2 Y. XAV E ISR AL
PR R RN BET S5 R 7E S E A A 5w 4 45 . AE
Kl 2(c) H, X4 CdTe £ PbTe(111) 2 i 4 K B,
3/4 1 o B Cd JEF (B ) B8k bros) [m
R KK S PbTe 1 Te £ 1k i _E /Y Te JETE
HCAALENZE R, Wi T 1/4 B9 BALE R Cd i T
55 Te T URSL AR FFIN B 2548 . 76 PbTe (Kb K
H1, Pb JEFFl Te Ji I iU 5 1M7E CdTe {4
MR, Cd TR Te JEF IR LA 4. AH L
K41 KL PbTe fll CdTe, fE CdTe/PbTe 5t kb
(14 B SEEAN B TRT St FH 25 PRl Sh M Mokeatig,

Sy FLIE AL H Pb—Te F1 Cd—Te SEH 858 71k
B, [ 2(d) 45 T A B B4 S T R Y
HLF% 8, W LUE ), ARG A Cd R 2 )
EREEINY Cd BT (o f0E) TR Cd—Te #HH:
fh Cd JRFHAE 2R BT, XOlR: T Akt
FALERZE A RN L5 R R 58 4, XD 3 4 3501
LR S WAE ] 1(b) o RHEED EIRE G By
L.

2.3 CdTe/PbTe(111) R/R&Z 1 2DEG

FATIFFE T L% CdTe/PbTe(111) 5 JF 45
AL AR, IR S ALY B T i R B | il
AN 2DEG, Hal Bl IR EETE 2 K 1535
A7 20200 cm?/(V-s) fil 4.5 x 10" em3; 7 77 K
s} 435047 6700 cm?/(V-s) F1 9.0 x 10" cm 3, X4
TR RBE L 7 5 T CdTe (R RMIRIR T A £
(Fx KA 2000 ecm?/(V-s))24, Fe {1058, —LEIV-
VUG R AR ES F R AT E 1Y, SRl AU AR
%W A (pseudo-Jahn-Teller, PJT) F1 il 29,
i 3 J5 T X 4 A bR B4 B (pair distribution
function, PDF), AfTW%¢5] PbTe 76 % I T A2
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TR 1 SN AR AL, RS 1 R 2 B
ST A 30 A S A N A A X R P X
HHE AT A 2L F 2l il 1 P k&9 29, 1%
PbTiOy, H PR B AT IS HL X 3 1 P> &
F. XTRE PbTe HEIMZE I LR T &
AT E . CdTe FRM R JR 1) 2 2% i, B
A IR B (29 1.6 eV) Fl sp® 2L i iY
INERRT 2548 RT28 [RERT S5 R AE [111) J7 ) EAFAE
A5, RO P S0 AE S Y. XA R
W R AL M E R HZ —. N TR
CdTe/PbTe(111) 5 B4l i il B 8 — 4 1<
(O SRR R HLEE 45 F Y L AR I, FRATA T T
R BT, 450K, /£ PbTe(111) KIf

7 N N N

3

DOS/states-eV~1.cell~! DOS/states-eV~1l.cell~!

DOS/states-eV~1.cell~!

0.6L

0

S id

A KA CdTe 9K E AR S A H IR B, 558
B ML 25 R — 2

AT T AT T bR, S5 5 BR R
ALEMRFTRE PbTe FPAHAERY (111) ShIAEIEE (1.87 A)
FE S TERE AR AT SR AR AR ], FRATIFRIX RS54 A5 4k R
“RMFB RO . K 3(a) 45T ALTH AL PbTe i
TE V) B2, 7 T b R 7 3 o J2 [ 98 B2 i [T e, 3%
T 45 SR BoR CdTe 78 5L ifi Ak (1) 45 F4 i AR 7R
WU, K2 AR T2 G 8K E R bR 254 . Gl
15 PbTe MBS HESR B, AT LAY
- A JIRL g o 22 1) 68 Bk g AL . Gl 3(d)
& 3(e) Frar, 5B PbTe X I #&SAHL, 18
CdTe/PbTe(111) F AL H)— K4 Pb 6s &M

(d)

0.2

Pb 6s

0
—-0.4-0.2 0 0.2 04

Pb 6p

ST

0.3]

[ ()
| \/
—0.2 0 0.204

Te 5p

—-10 -8 —6 —4 -2

0 2 4
Energy/eV

6

(a) 417 F 1 BT A9 PbTe(111) & i Al BE, 21 (BRI Te, R BRI R Ph, MR A BERIC K Cd; (b) B F il 30 MR 25k

B PbTe 7 i HL T B R PR 48 ; () 5L 10 B 3T B9 PbTe 7R A B TR IR BR 48, (d) Pb 6s 25, (e) Pb 6p 231 (f) Te 5p A HIHLIE 4> PEAS %
B, W (2R Q3 PhTe ik bHRE, AL RL G R MR A IR FHHERA CdTe/PbTe(111) 5 ML HY PbTe 219
Fig. 3. (a) The inter planar spacings of the PbTe(111) layers at the twisted interface; the electron localized function of PbTe (b) 30

atomic layers away from the interface and (c) at the interface; the orbital-resolved density of states of the (d) Pb 6s states, (e) 6p
states, and (f) the Te 5p states for bulk PbTe (blue lines), and the PbTe layers at the twisted interface before (black lines) and

after (red lines) relaxation!'s.
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AR AN S RS B T A TR, i TIRL R 2y
8 eV ALHY s B85, X5 GeTe B# GeS 7i NaCl
AT B AR BEARAR L PO XA —2k, Pb Y s Fil
p PUB sy, i R EEE LIS T
Hih. FrA, fE 54 PbTe M &AL ENEE 1 2154
FasE, HWatse Pb s? P06 HL 1 S AR AT S SR A
B PO SaA& T [111] J7 [l AH B 25 BT
JEoR BRI E . FEEL 3(d)—(f) H, FRATHEL AL m
TR R A B R, FTLUE LGN T
i g BR85S T Pb Al Te JR¥ p #E AOAH EAE
M, g T P s Ml p BUB RIS, XFIECR
o Pt A T A T P S AT T e . AN 1A 3(b)
L AR R A FRAR DX 7R, X PhTe HL a8 b5
BT RN, 7 & S 7, PbTe #£E 1K
BEEE, 82 906 FL -1 BE R e Po &5+ S [l L 2
B KEBA 9 5 P54 Te p FLIE AR FE Te FHES
A FE AR BKOE . (H2, 7550 BT i )
SR EANARAAR R, W& 3(c) s, s? P L 2R
37 Po B T894 BT 3k 0 B 7R A T R
PbTe MELENZEFIITHE Ph 2 I HL XS 9.

FATA van de Walle A1 MartinB% 2 {59 5
P T CdTe/PbTe(111) B — FLiH 4 [y, 1
Hh i T 2D PR B E R T 2 e B By
BR. R, F AT S XPS il CdTe/PbTe(111)
HLEL R A H B (valence band offset, VBO),
It HAIH PbTe Al CdTe WA BREUHE, T35
WP (conduction band offset, CBO)M. 1EUNFE 1
R, THEASREIE VBO L it XPS U515
B A EE R /D, X2y XPS HAED &7 PbTe
(111) FHAERKAR R CdTe FriE sl 5 B2 5 i
AT B, XA D0 H AR P TS AR HL 70 S
SRR 2 AT . i, Teie eI A
FlE S AR 2 B AL T VBO AR CBO 2k
WIAR/IN.

ARAERY CdTe FH#H 2 HA B B Y 2 4

# 1 CdTe/PbTe(111) FtIHT B iy #IE T H AN
SR A

Table 1. The VBO and CBO values of CdTe/PbTe
(111) interface obtained by theoretical calculations

and XPS measurements.

LV e g A S £ (16)
VBO/eV 0.030 0.135
CBO/eV 1.380 1.145

AR ORI, Bt CdTe/PbTe 1 al LA7E i o
5 AR 5 1) H 37 AT ACAE CdTe A HL TR (444
AL PbTe 15 ISTE DU A 319 L 55, #E CdTe/
PbTe S4har, Wy [111] J5 1) 59 ) A v e mian i
RVUAS LS R FEAE AT, K 4(a) 451 T 1HEAS
F|F) CdTe/PbTe(111) F B2 T [111] FY REHF 45
M, BRRERA N E S, [111) IR L S5 3 T
T EHIX (BZ) BT AL 5 =AY LA (bRidh
LY PSR T s, i 4(b) iR, CdTe H itk
T2 (APCITe) i CdTe B S 1 T H 555K
BB LT . FEE 4(a) H, Ml FIR e 4 i i o
S FH A €0 FD 2 o 1Y) 05 2RI S 2T SRR Ll
L/ BT B S LT A5 A CdTe Mral vl BT A 3
TS B 37 JE CdTe ¥4 difls BARRE . & 4(a)
S5 T PR R T T LR MR H A T
W bR BT 77, A5 M PbTe 1cl fil cL'45 £
W) o 80 ¢ BLUINM CdTe 2¢0BE1 b 7. PbTe
FIH TS a F ¢ JLF-4 38 Ja 3 4 0 55 o A 4 29
i, UL TR AR &R . SR, CdTe 19 b 2
KA 437 T 5 1 B AN 2 R S, 3 1 B
CdTe ST A M —E W HA &R, wryh -+
Wi TR AL Cd A Ph o B T AL i Rl
By, FLEAL Cd M Pb Y s, p &% /R T 4(c),
ATE RS0 LA HFFRER A CdTe HAE T #HY
Cd 4p, 5s &1 PbTe #1421 Pb 6p &. Kl 4(c)
S g A R R e B, AT LA #] CdTe B
WHIREFES 518 4(c) BIIEBRBUN 45, TR
B A 7R A MERR R B B OB T
2DEG.

Xof AS ] JEEJE f) CdTe/PbTe i 47 2 /K
R, HMY PhTe MG N p RIS H, 78 PbTe
FTE 1) CdTe I3 2 B L BEAR K AY2F
Ak, AEZN B0 CdTe wWiAs i 1 Hi FHAR
/NG n RL SRR R RIS R R iR B B
& CdTe BRIV IMER ETF, CdTe JEREH 350 nm
I, 2R T E R 1.27 x 10" cm 3, 24 CdTe Wi/
| 30 nm B}, 2RI FIURBEERG A 9 x 101 cm 3,
Kl 5(a) B, SRR RN B s L RE LS A R
SERTHL IR, X B AR 1 B A S A A iR
FH TR, CdTe (B BHER R 77 K TR
It 2000 cm?/(V-s), 1 H B FHE HAT 1.0 x
10" cm 3. FRATHY LS HEAFE 30 nm JE (¥ CdTe
o 7T K IR R AR AT IAZY 6700 cm?/(Vs),
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Kl 4 (a) PbTe(111) I CdTe WA REH E5H4; (b) 75 (a) AR a, b, ¢ ol 4 2510 V- 24935 s ECT- J7, 46 181 S — 4k A HLIH X F0
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Fig. 4. (a) The band structure of the nanoscale CdTe film on the PbTe (111) surface; (b) the plane-averaged wave function squares
of the a, b, ¢, and vI states labeled in (a), the inset is the 2D BZ; (c) the DOS of the Cd and Pb valence s and p states at the inter-
face of the CdTe/PbTe (111); (d) the plane-averaged ESP for the interface A formed with a 6.7 nm CdTe film on the PbTe (111)

substratel'sl.
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TATEITISE BT AT 521824, PbTe WL KM
A FLH HICRR AN ] RE A F - BRI AE S T RO Y

PbTe #4524 (FZ2FRATHEIS T3 45 1 B R Ry
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FE AR AR B 4028 T PbTe AU/ B3
%0, f T PbTe(111) K8 4% 2 v 1 (8] BE oy 58 75 46
1], X5 CdTe(111) FHEZEAAEF AL, BT LATRAT]
fi 1% PbTe #4 4% 2 (19 A i1 # %5 CdTe A [
(ef9Te = 10.2). &l 5(a) HAYIEE S A ¥ TR 2
) CdTe/PbTe 7 1 2546 Fl T % FE 40 A1, ‘EAR
TR T 45 5 25 X — 4k i TS AT AR 2 Y
BT, B F 0 A 5 50— PR B R 0 25 SR A — 2
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H— B S S ECE M . X TR R — S
1, PbTe fl CdTe FI##E NN TCIRIE R, WA K
PES TS R A IR, X CdTe 99K
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25 (A9CTe) Gl T BT, 145 CdTe fEik A
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Fig. 5. (a) The electron concentrations in the CdTe/
PbTe(111) heterojunction with different CdTe capping
thickness measured at 300 K, the inset shows the band pro-
file and the electron density of the CdTe/PbTe heterojunc-
tion calculated by a Shchrodinger-Poissin solver; (b) the
electron concentrations and mobilities in the CdTe/PbTe

heterojunction at different temperatures!'®.
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Fig. 6. Magneto-resistance R, and Hall resistance R,, in
CdTe/PbTe(111) heterojunction. Quantum oscillations are
observed at high magnetic fields. Plateau-like features are
observed in R,, at high B fields, where R,, displays a strong
minimum. Inset: dR,,/dB versus Bcosf at three selected

tilting angles of the magnetic field?!.
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Fig. 7. (a) AR,, (obtained after subtracting a smooth back-
ground from R,,) as a function of magnetic field, the ar-
rows mark the Landau level fillings; (b) Landau level fan
diagram, the line is a linear fit to the data points, the inter-
cept at 1/B =0 is —0.34, close to —0.5; (c) the zoomed re-
gion close to 1/B = 0 for sample A (SA), data from sample
B (SB) are also included, in both samples, the intercept at
1/B = 0 is close to —0.5121.
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Fig. 8. (a) R,, measured at ~ 1.5 K, quantum oscillations
are clearly seen; (b) after subtracting background, the oscil-
lating part AR,, is presented with the Landau filling factors
marked by the red triangles; (¢) Landau fan diagram linear
fitting demonstrates that the intercept at 1/B = 0 is —0.52
+ 0.07%,
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Fig. 9. The output characteristic (a) and (b) transfer characteristic of the EDL-FET based on CdTe/PbTe(111) heterojunction; (c)
the schematic diagram of the EDL-FET structure; (d) temperature dependence of sheet resistance Rg at selected gate voltages®?.
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Fig. 10. Gate-tunable SdH oscillation in 2DEG: (a) Magnetoresistance measured under perpendicular magnetic field at 2 K with
various gate voltages; (b) SAH oscillations versus 1/B after subtracting the background, showing systematic changes to the oscilla-
tion amplitude and period with gate voltage; (c) a Landau fan diagram for SdH oscillation at different gate voltages®?.
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Fig. 11. (a) Raman shifts for an epitaxial PbTe reference
sample, multiple optical phonon modes dominate the spec-
tral profile; (b) raman shifts for a CdTe/PbTe(111) HJ
with 30 nm CdTe capping layer (green line), the inset is a
Raman spectrum for a 50 nm CdTe layer on a BaF, sub-
strate. For direct comparison, the Raman shift of the refer-
ence PbTe film is plotted in a red linel.
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Fig. 12. (a) Comparison of three typical MIR PL spectra measured at room temperature for a CdTe/PbTe single heterojunction
(SH), a PbSrTe/PbTe SH, and a PbTe single layer; (b) MIR PL for CdTe/PbTe SHs with different CdTe growth temperature
Tcqre; (¢) integrated PL intensities derived from (b) and electron densities of the SHs measured by Hall effect versus Tggr,, the

square symbol represents PL intensity from a PbTe single layer; (d) schematic representation of CdTe/PbTe for plasmonic enhance-

ment of MIR emissionl!".
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Fig. 13. (a) Top-view and side-view of the CdTe/PbTe heterojunction photodetector; (b) the photoresponse spectra of the photode-

tector under different bias voltages at room temperature; (c) implusephotoresponses under laser of different wavelengths; (d) time-

resolved photoresponse.
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Recent progress on V-Vl compound semiconductor
heterojunction two-dimensional electron gas”
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(Department of Physics, State Key Laboratory of Silicon Materials, Zhejiang University, Hangzhou 310027, China)
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Abstract

Semiconductor heterojunctions play a crucial role in exploring novel physics and developing advanced
devices. Due to the characteristic electronic band structure, such as the narrow bandgap and the large spin-
orbital interaction, the IV-VI compound semiconductor heterojunctions are not only of great importance to
infrared detectors, but also arouse extensively concern in the frontier fields of physics, like topological insulators
(TIs) and spintronics. Most excitingly, the two-dimensional electron gas (2DGE) with high electron density and
high mobility is revealed at the interface of the typical IV-VI compound semiconductor CdTe/PbTe
heterojunction, the formation of which is attributed to the unique twisted interface of the IV-VI compound
semiconductor heterojunctions. Further researches demonstrate that the 2DEG system boasts prominent
infrared photoresponse and is of Dirac fermion nature. This review presents the major progress in IV-VI
compound semiconductor heterojunction 2DEG in the past decades. First, the formation mechanism of the
twisted heterojunction 2DEG is discussed based on both theoretical and experimental results. By molecular
beam epitaxy the novel lattice-mismatch heterostructure CdTe/PbTe with sharp interface was obtained and
first-principle calculations revealed that the alternately changed atomic layer spacing played a crucial role in the
formation of 2DEG. High resolution transmission electron microscope image of the interface clearly
demonstrated the twisted interfacial structure and showed that the interfacial Te-sharing bonding configuration
provided the excessive electrons. Second, we show the transport properties of the 2DEG under the condition of
low temperature and high magnetic field, and the unambiguous n Berry phase of quantum oscillations indicate
that the 2DEG is of Dirac fermion nature and demonstrate its potential for realizing two-dimensional TT and
spintronic device. Moreover, the 2DEG exhibits quite high mobility, making it candidate for high electron
mobility transistor. At last, the high-performance mid-infrared photodetector is displayed, which is built based
on the typical IV-VI compound semiconductor CdTe/PbTe heterojunction. The most exciting feature of the
detector is that it is able to achieve high-speed response with satisfying detectivity while working at room
temperature, which could be a complementation to state-of-art mid-infrared photodetectors. In summary, the
IV-VI compound semiconductor heterojunctions are of great significance not only in fundamental physics but

also in device applications, and this review could provide the researchers with the main results in the field.

Keywords: IV-VI compound semiconductor heterojunctions, two-dimensional electron gas, Dirac fermions,

infrared detectors
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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-
ate at the opposite interfaces which leads to a charge accu-
mulation schematically shown in the left-hand panel. (b)
the BZ of bulk Ge and the folded BZ of GaAs = Ge =
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.
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B AR MEAS, 5 InN AR [E RS2 Ge (]
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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

167101-6


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

) 32 2 3R Acta Phys. Sin. Vol. 68, No. 16 (2019) 167101

£

S 0.1

=

33

=]

sy 0

S

g Tensile

N

(_‘3 -0.1

[¢]

o [ p—
o 1 2 3 4 5 6 02, 3 4

Germanium bilayer/N Strain ratio/%

Bl 6 ANIF Ge )2 GaAs/Ge/GaAs[111] f FBFH B, (a) NZEZE A7 50 BRI Ge J2IE R 2, 4 AN BURF)Z DL 4 A BUREF 2 7
FBFIE % 5& 3% Fim Ik B I L. 22T (b) Syt FBFRE B LA B N B FL 3 KB Ge J2 IR NG AL 2 R . (d) V1 P 7 X RE B
Y.

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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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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SPECIAL TOPIC—In commemoration of the 100th anniversary of the birth of Kun Huang
Theoretical progress of polarized interfaces in semiconductors”
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1) (SKLSM, Institute of Semiconductors, Chinese Academy of Sciences, Beijing 100083, China)

2) (Center for Excellent in Topological Quantum Computation, University of Chinese Academy of Sciences, Beijing 100190, China)
( Received 16 August 2019; revised manuscript received 18 August 2019 )

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
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Fig. 1. Evolution of integrated circuit technology nodes:

from 90 nm to 10 nm.
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Fig. 2. (a) Effects of tensile biaxial strain and Ny, on the hole subband structure; (b) schematic diagram of the interpretation for

the effect of biaxial tensile strain on ju; of electrons and holes!'7.
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Fig. 3. (a) Low-temperature electron and hole mobility versus N for Si and s-Si with different amounts of strain; (b) TEM photo-

graphs of Si and s-Si (10% Ge and 35% Ge) Si/SiO, interfaces®’.
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Fig. 4. Electron transport models in Si and Ge nMOSFETs with different crystal faces/20.
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SPECIAL TOPIC—In commemoration of the 100th anniversary of the birth of Kun Huang

Progress of the study on carrier scattering mechanisms of
silicon/germanium field effect transistors”

Zhao YiV! Li Jun-Kang!  Zheng Ze-Jie?

1) (College of Electronic Engineering and Information Science, Zhejiang University, Hangzhou 310027, China)

2) (Zhijiang Laboratory, Hangzhou 310000, China)
( Received 28 July 2019; revised manuscript received 14 August 2019 )

Abstract

As the feature size of Metal-Oxide-Semiconductor Field Effect Transistors (MOSFETSs) continues to
decrease, large numbers of new problems appear. Techniques such as strain project, new channel materials and
new device structures are considered by academics and industry to be effective ways to continue to improve
device performance. In this paper, the scattering mechanism of carriers in the device channel is studied from
three aspects: strain technique, new channel material and new structure device: (1) strain technique: Biaxial
tensile strain can change carrier distribution among different energy levels, which affects Coulomb scattering
and Coulomb mobility. Furthermore, from the TEM image, it is found that biaxial tensile reduces the channel
surface roughness for Si nMOSFET, leading an enhancement of electron mobility. However, no such similar
phenomena were observed in pMOSFET. Based on this, a new method for calculating the mobility of MOSFET
surface roughness scattering using TEM image has been proposed. (2) New channel material: In the germanium
(Ge) transistors with different crystal faces, the scattering mechanisms of electron under high field conditions
are different. The phonon scattering dominates the Ge(100) transistor, while the surface roughness scattering
dominates the Ge(110), (111) transistors. This result is quite different from Si MOSFET. Therefore, a unified
model for the scattering mechanism of electron in Ge nMOSFET has been proposed. In SiGe transistors, alloy
scattering mainly play a role in the region with relatively small effective electric field (Ey). The strength of
alloy scattering would be weakened in high field and could be decreased by reducing the thickness of SiGe layer.
(3) New structure devices: In ultra-thin body germanium (GeOl) transistors, carrier transport is influenced by
high- k /channel interfaces, as well as Ge channel/buried oxide (BOX) interface. As the Ge layer thickness
decreases, carrier distribution is closer to the interfaces, which intensifies Coulomb scattering and surface
roughness scattering. As a result, the mobility in GeOI transistor decreases as the thickness scaling. In addition,
the distribution of electron in different energy valleys changes with the thickness decrease in Ge layer, which
affects the scattering of electrons. When the Ge film is lower than 10 nm, a part of electron in the L valley will

move to the I' valley, causing the decrease of electron effective mass and increasing the electron mobility.

Keywords: carrier scattering, strain technique, new channel materials, newstructure transistors

PACS: 73.40.—c, 73.22.—f DOI: 10.7498/aps.68.20191146
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Fig. 1. (a) Crystal structure of (Ga,Mn)As, in which de-
pendent charge and spin doping by Mn?* dopant; (b) crys-
tal structure of Li(Zn,Mn)As, in which spin is doped by iso-
valent (Zn,Mn) substitution while charge is doped by con-

trolling Li concentration!'?).
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Fig. 3. (a) Crystal structure of BZA, in which spin is doped
by isovalent (Zn,Mn) substitution while charge is doped by
(Ba,K)substitution; (b) distance of nearest [Zn/MnAs,] tet-
rahedra (4.20 A) in Li(Zn,Mn)As; (c) distance of nearest
[Zn/MnAs,] tetrahedra (2.91 A) in BZAI,
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Fig. 4. (a) Temperature dependence of resistivity of
(Ba,K)(Zn,Mn),As,; (b) temperature dependence of mag-
netization and field dependence of magnetization (inset) of
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Fig. 5. Results of muon spin relaxation measurements: (a) Time spectra of Li; ;(ZnggsMngo5)As in ZF process; (b) the volume frac-

tion of the magnetically ordered region in Lij (ZnggsMnggs)As, derived from ZF and WTF spectral’?; (c) time spectra of

(Bag.g0Kq.20) (Zng oMng 1 )9As, in ZF process; (d) the volume fraction of the magnetically ordered region in (BagggKg.29) (ZngoMng )oAs,,

derived from ZF and WTF spectrall7.
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Fig. 6. In-situ high pressure properties of (Bag 75K .05)(Zng9sMng 5)2As:: (a) As K-edge XAS near edge structure (black curve) and
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Fig. 10. Crystal structure and lattice parameters of (a) superconductor (Ba,K)Fe,As,; (b) ferromagnetic DMS BZA; (c) antiferro-

magnetic BaMnyAs,17,
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Abstract

Due to the potential applications for spintronics devices, diluted ferromagnetic semiconductors (DMS) have
received extensive attention for decades. However, in classical -V based DMS material, such as (Ga,Mn)As,
heterovalent (Ga3*, Mn?*) doping results in lack of individual control of carrier and spin doping, and seriously
limited chemical solubility. The two difficulties prevent furtherincrease of the Curie temperature of the M-V
based DMS. To overcome these difficulties, a series of new types of DMS with independent spin and charge
doping have been synthesized, such as [ —I[-V based LiZnAs and 1-11-V based (Ba,K)(Zn,Mn),As,. In these
new materials, isovalent (Zn,Mn) substitution is only spin doping, while charge is independently doped by
heterovalentsubstitution of non-magnetic elements. As a result (Ba,K)(Zn,Mn),As, obtains the reliable record of
Curie temperature (230 K) among DMS in which ferromagnetic ordering is mediated by itinerate carriers. In
this review, we summarize the recent development of the new DMS materials with following aspects: 1) the
discovery and synthesis of several typical new DMS materials; 2) physical properties studies with muon spin
relaxation and in-situ high pressure techniques; 3) single crystal growth, Andreev reflection junction based on

single crystal and measurements of spin polarization.

Keywords: newt type of diluted magnetic semiconductor, independent charge and spin doping, high Curie

temperature, heterojunction based on single
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G AR L ALk AR A R | L dE AL (BeO). HALEE (MgO). EALEE (ZnO) K& 4, A &
K I T 454 A8 (ZnO 60 meV, MgO 80 meV), % OG2E1E 25 (ZnO 300 em ') LA K38 58 1) 7T 4 B (ZnO
3.37 eV, MgO 7.8 eV, BeO 10.6 eV), HA SE3 5 Hb K VR 58 S0 ik BEAR B (B OGS 10 AR 00 325, () it 2 B AR A%
GER M HLAT GRAT L AT L AR FAT L ARKT) R ER A0 T) & B s SR AR IR i B A R 2 — . AR &
20 A MBI ST iR, ZnO 3 pn [ 45 T 58 40 B BOCROG D IS TR R D (R BE A B R B, AR T
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80 meV), B IEEAIEEE (ZnO 300 cm ) DL AS
TE R AT BR (ZnO 3.37 €V, MgO 7.8 eV, BeO
10.6 eV), fl ik SEBLER A SR 20 A M B AR I {E
HIL O G A i S AR (R — 422, 78
A (EFRIKREAL ) IERAERE, @
AT S E TN T R T e A8~ AR B L
RIRAT BB S AN IR I 58 20 £X. SR, 550
7 (o PR SR T J it IR B 1) 0 2 A L )
Bl 5 TARAAAE B0 A I . R IR 2 2 Ay
B (E,) 2R, BEZ R BIANTR . A AMERLY
J L A FR A SR L 2R VRS Y TR R, 3ok SRR S e
LR e = 78 SRR 5 T ek SR L e g, ©
SR T AR TEAR A AR R ) EE R
PRI S R DI, BEXF 4ot S
B A R0 — B PR RETT & R SERE. Hl, @k
PR AR B AR I A S BT B ORIE SR A T
99.9999999% (Hf. &k Si 4l & Lt 11 4> 9)1. Tk
TIRIEROCER A B PERE, GaAs BRIES SR (JE il
i EPD) BLE KT 102 em 223, SeAkiip G
PRI BN A, X FL A M RE A R4 AR BT 2 Xt
FAOG IR B S o= ot B B 9 B4 ol Bk b e s P .
LR, 5 2 7 S B X 48 v 4 o i ) Atk 22
I, A RIS B IR TR A, 1TSS I
T L R R M RR I % . X — 5 FE GaN HIBFSY
DR R EIAS I N W G, B AR 22 b 2 AR
BB, fff GaN HME R A 45 & iR 3 1T K
TR EE R EE T, WIS T p & GaN By i #5244,
FETF T WG RO AR, IS DG RREA RCh
Al fig, HEI S0 T XL G BRI Oy B, TR,
2014 4F 35 DL 7R ) 3 22 22 $%2 7 Tsamu Akasaki,
Hiroshi Amano, Shuji Nakamura ={V#l2#% IR
WA 2 ) A DTk 0L EUR ) BE A A B 3
R, il i 5 I 0 R S T RCA 1Y 32 F (il
F) BMREHA BB WIRA, R R E R FA
HAE (26 meV) JoiESEBIN 4 R RESL b A As 7T (H
) BRGEAL, BN, B (Mg) B2 EREASHE AL
B (AIN) H 252k 630 meV, fit: (07t 32 RE 25 ) 2 K
320 meVI. [Al0, &% ik A7 7E T 58 480 2 k45 ¢
R A AMERON A ) KA, DR T R
JEASHIRLHE . X SR T [ A B R R JR vEAR F
SR A FR T L [ TR A, R H, E T LA
ZnO AERM T REY) R IRR p BB
TSR, PRI, BEX SE AR 2 AR T B AR 1Y

FER PR B 5% B R 48 2 S Db AR 2R AE 0 o iy
T X R P DG [ st L A T e R S 45U 11
Bl2EHT U R

A SCHE I\ R B AN A K| A% S R
p B2 SR AN BRI = AN D7 TH AR LL ZnO 2
R 1R A S s IR sE 25 3L, B E
TEXTAH DAY TAERIREYE, [ B2 AR R A TR 251
FCUEA BRI RF B, [RIR 8 B AR X L 24 R
PR BRSSP A . SRS 2 I
B3R ZnO K MgZnO, BeZnO, BeMgZnO F4 #h 4k
A AR, AR g B o e O [ B M A A R R
F-Bt, VLI H E Tk B0 25 s K 5 3 #8
MEARS IR 2% 5t LA S s e AR SR 25 51, AR K
B AZR BT S S BREE TN T B ZnO s ik
A FHRBE R T RESR R, PR S1ES F AR B it
TR 5 B R, (] H A2 32 78 A5 B Al 2
5ok AT RE YRR 56 4 W0 EMEA ZnO 7E
p B At B T B 22 AN ISR B 2
55 G5RIBIRIM AR AR, e 5/
FAESH p MBI ART k. &5, AR
PR T REALY) - TR p BB IS iR e &

=N
A 5.

2 mERRESEEK

TR 2 T O 4B A% I L A AR B F 5 A
BT, 3515 ZnO WA 7 kA%, tL 4543 F Ak
#E (MBE) . & &AWL SAHUT (MOCVD) .
36 ik o UL B (PLD). # #5 I% 51 . JR 7 )2 Ui
(ALD), U SKIG AE T . TR A 7
T il L, AR B EA AR MBE HAR 17
HMIEAE A A DCEE L. B T IS 2 A S A E
M F A (sapphire) S HI[E] FTAMER ZnO H it
JEE. B AR ARk G A% S TIC S5 IR T, e o BRAR A A
A2 ZnO i, (H o TR A B B 3L b
PERVF 224 B T IAEAE, SMEA K 25 5 ) L2
P, SEMORF T p BB AR, M, TR FAME
PR FEATS ELA F R L
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HET, ¥ %A ZnO SFIRAMER)H R,
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+ZAER PRE, R E T R 2% v 2 B R
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BB N 5y, WFFEHI, Chen 5FIH MBE J7k
[EilEE A (0001) #JIE L, i@t 5] AHE MO 1R
A% K vh 2SI T ZnO WY i A K
FEFRAT T B 45 TR ) ZnO HL i IR O &
LT 7 R A K b B B Y I 5 i R H T A G
(RHEED) % Ah o R 19 s 45, HRH 1 A Ak 2k
BC T = A I T3 AR 5% i 23 X R iAo Al it —
S A RIR ZnO b2 K&, R8T

:

AlLO; (1 100)

ALO; (1 210)

MgO (1 10)

L 4
A B
1 '

MgO (1 10) MgO {11 2)

a0 d

*Zn0 (1 210)

ZnO (1 210) ZnO (1 100)

Bl 1 ZnO AMEA: Kt A v 22 vh 2 1) RHEED £k 4% & {4 3
At (a) 5B TG M % A (0001) #1E; (b)
T A B B MgO 2% wh 23R 1 (c) MgO 28 wp 2 TF4h =
A R A (d) HEZARIE ZnO 28 v )2 A4 KA MgO I
(e) 1B K5 Y ZnO 28 vh )2 3 B -8 — 4k 3% i )

Fig. 1. Evolution of RHEED line image of buffer layer dur-
ing epitaxial growth of ZnO: (a) Oxygen plasma treated
sapphire (0001) surface; (b) MgO buffer layer surface in
two-dimensional nucleation stage; (c) the MgO buffer layer
begins to grow into three-dimensional islands; (d) thin lay-
er low temperature ZnO buffer layer grown on MgO; (e) an-
nealed ZnO buffer layer exhibits a flat two-dimensional sur-

faceldl.

4SRRI ZnO I, THER T 30°HY I N i 2R
A B REAR TR AR A R, (A AE
(0002) F1 (1T05) FE42E M 262 16 4 58 (FWHM) 43
IR S 13 1 84 arcsec(larcsec=0.01592°)110], % [&
#| ZnO By SR H B o = 0.325 nm I 54
B SRS H B ¢ = 1.299 nm B 1/4, B, 78 o T 5
A EUT BT Ia) ZnO AMERT, IR T AbAs R B R
1% 0.08%, Ff HLAEZAT I b 1 _1 AME AT L)kt G lie
W A6 G g %) 7 AR O T AR A 4 R T A
ZnO M. Fons 55 M2 AE o K 5 A 1R
TSRS /N T 0.4 nm AT Liu 25 03 1%
FHIZAME i Be &, JFRIH &R ZnO 22 vp )2 E—
o REHCAR BLIY RE M, A4S T R A s TR B Uh
1.5 x 106 e 3 5 T 5.

FEAMNEAE R R, 5 — G IR R o T
6] ZnO WA (Zn Mk i . O Mt ) =2 18] 14
PE2E S, DS R 28 i AR TP B
FRH IESE M. 27 S Al IS b A AE A= R R, A
I8 IR bR A IE J2 8 58 SCRNZE S PR i S a7 0]
PR T ) ] BE A7, T B I W A, AT
SIABLRE. BT, i RS Fh R A B AR, AT
PATE ZnO A=K 0 4G B BE ol & 78 S e AR K Hp AR R
SEIAR PR AET TR, )2 MgO T A5
T e A BT ZnO MR TR AME, Kato
S 0 gk — 2 R I, ARG AR MgO 2R R,
AT LA HAE I R RE R SE B 2 ZnO SME 2
A PERS ], JRER AN AT 2 B, sbAbh, ) 2R AR
AR, B TR RTE R E AR AR, T
DA BN 4 J A T 1) O A P TR B S AR L o
Hong %5 5 3@ it O WA Ga #tE: GaN i Jic 1
PHTHALER, 35458 T HA 3.5 nm JEHY Ga,04 i A
2, SEELT ZnO SMEE T O B E — 45l [
A A Zn B RO FAL BT R BHAE T GaN 1y 3%
A AL, ST Zn B X — . Park 4 10
7 cHEFEA FHAMET 2.5 nm JER CrN #)2,
SCERT Zm MR —E K, IR O A ik
B A 3.5 nm J& Cry04 )2, ST O etk
F ¥ — A IE A K. Xie 45 U7 #E (0001)GaN/c [fi
WEAME AR L, FIH Zon R, 5
BT VEMTBENS Y ZnO/GaN Fhim, Wik 3 B,
UE T ZnO AMEZH) Zn MYy —A K. B2, il
GEop R REABAEERFB, BT M
ST IR B AME R ZnO R 4h 5 IR RS E TR
TIE, Rt —2 R4 H 2 AR B T IR S LR,
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s Mg Zn-polar
e Zn
Qo0
O-polar Zn0
Rock-salt MpO
Wurtzite MgO Wurtzite MgO
(Wetting layer) (Wetting layer)

O 0 0O 0 ©O e-Sapphire
(a) (b)

c-Sapphire

K2 ZnOTE cH¥EE A EETHIIRER  (a) BE
1 nm i MgO Z& i)z (b) JRERT 3 nm 1Y MgO L)z 14
Fig. 2. Schematic diagram of atomic arrangement of ZnO
on c-sapphire: (a) MgO buffer layer with a thickness of 1 nm;
(b) MgO buffer layer with a thickness greater than 3 nm!'.

BF-STEM image

ADF-STEM image

(b)

Kl 3 ZnO %5 GaN S5 At i STEM [E1%, iliid Zn H
P, Ps T IBIBENS Y S, FRAE T ANE)Z ) Zn AR — 07
Fig. 3. The STEM image of the hetero interface between
ZnO and GaN, and it is protected by Zn beam, which ob-
tains a clear and sharp interface and ensures uniformity of
Zn polarity in the epitaxial layer[!7.

2.2 [REIRIMEEK

AN P 3 BHAR A A S AR R O [ B AY
ZnO HufhatJEe, FEBR T 196 12 A% D IE AT e )
A, AT 5 N E S Ak Bk A5 2 4 ] Z A1,

ISR E Zn/O MPETI LSRR, P25 ) Hh
Pl SME R — AR R LR 20 28 70 4RAR,
Helbig"s! gt M H] Zn 28 IR T7 1%, B4 T 8
ik 20g MR R SE ZnO Bk 41 kL 2 20 it 22
90 4EAAK, Look 55 Y i FHAS ARG R 1 T k4615 1
BEAEIR 2 Pty ZnO #HREAMR, X124 ZnO #Y[F]
FAMEBEE A (HE, S T RIS EE S B B R
) P SRR, Ah G BEAR I SR A B HLAR BT
HEL. WA, HAZR S IEAF (Tokyo Denpa
Co. Ltd.) 5 H AZR L K% (Tohoku University)
K HAR=ZZET. (Mitsubishi Chemical Corporation)
AAE, FIHKIIEE LT ZnO BB ARG FF7EIL
Fefifh EA R T 2 Bty ZnO HL AR IE B2 %
ZnO H A IS LA B I 45 A T i, (0002) $E 12
HthZk FWHM 4 18 arcsec, Z8iB K5 4] 2 1015
L% B2 EPD {UCh 80 em 2, iX & ik ) & K H
(epi-ready) ZEK. SR, 5 LR A ERE R, H
TARBAR RBP4, X4 ZnO 4
Fe AN AT e & A AR R (ppm 2%) YR
WEBIIUE, 146 Li, K, Al Fe 5. JFERIME
R AR TUTR E R, T i — PRk
G AR 22 B et SIS EE e AT A B R T ik
PR 2324, RO AE R BTSN E S5 E T, Ao G A PE i
PEA T OIIE, Bom e # , Zn/O B S LA
DL R e TR %) 3 45 28 1l 1 59 00 v Jo i K A D At
Zit. Kato 55 P20 7 Zn fl M ZnOF S ICK T,
FIHE O WRIAAM:, LT ZnOMER) — 4K
e, A TEARA TN 2.2 x 10% em 3, HIR T
BN 158 cm?/Vs [1#) ZnO H 5. 8 o i —
AT O/ Zn B F B, 7E Zn AR PR A4S AR
HE O BHMEIREE, Park 55 27 3845 (0002) # £2
HH £ 1) FWHM UK 13 arcsec, H. 2% ML RS (Y
0.9 nm B E 45 AR ZnO BRI, 1555 T
ZnO SRS R B, A S R Y 45 5 B
Wk —3 3] THHIE, Tsukazaki 5 28 78 Zn
B ZnO H A IS LA E T MgZnO/Zn0 5 Jii 25
S, ARA T TR R A 180000 cm?/Vs [
Yo ARG, ST B TR R RN, R
I A T AR S . TR
B4 i BUE I RIE T, ANk 4 FT7R, Nakahara
S5 AR Zn Mtk ZnO B RIE B, A (NH;)
A (N) P, LT p A N:-MgZnO WA £, 3K
14T R 2 382 nm, HithThFIk 70 pW K
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e X — RIVETRUY T ZnO
JIE R NI A v 45 o B A 1Y) T R S AL 2 AR 5
feft T HE AL

‘m Jll IIIl

Kl 4 N2 MgZnO MR+ KM%, HREE 7 0.72 nm>)
Fig. 4. Atomic force image of N-doped MgZnO film with

roughness of 0.72 nm/?’.

2.3 BEIMNEEK

RSN B FL T A R 9 SE BROC B A TR
RE T RE AT Bt A E a3, R g i1
B . 5 BT 25 A% O S5 R 0. A G A AT
S B BR T E B A BGE R LU ZnO AR T
% E AL Sk o 8L, B w0 ol i@ Mg, Zn,,
0[30—46]’ Beanl_l.OW*‘r’i‘] PN Belngan_z_yO[M*G?]
)4 4 At B ST BRL7E 50 0 BE R RS BRI B 55,
Kl 5 . 1T MgO M3 F R fb A &
e, Nt w BT, Y Mg & &8
0.4—0.5 B}, MgZnO 23 NS L840 4548 ) 37 7
TRV SR A R, 5L A
MgZnO £ 7 B % i TR 58 A1 B 3 B PN 2 A e iy
FH, [AlEF, MgO HIB 455 B R 80 meVIO, Kt
SR MgZnO VERIRE NG | B A ) e

.

T, B H M. A0 STk [43—45] 7R
MgO B i 4 i [ AME Mg 20 5» KT 0.5 (37 7
MgZnO i[5, Jfid it B F R A% Tl i iR 5
GhEANG, Rz AR R B BFSE T RE TR ). 3
SRS FRATIF TR AR 35 A MgO SAIK I,
FERE T AR T Mg 44005 | sl i i s e
A K n BB I S — R B AL PEE 5T T AR B2,
BeO 1 Bt 10.6 eV, BA 5 ZnO M [F A £ 4F 0
454, L BeZnO 4K %R, HAT L MgZnO A&
TR A BRVE TS R, LR SRR S A R 1
B, SR, T AATERR B LM B 4222 Be(0.96
A),Zn(1.22 )5 BeO HISHEHEL (a=2.698 A; c=
4.38 A) . ZnO /MR £ 1 S5 Be & 27 [A]7E
il (35%—70%) i}, BeZnO &4 AFER, 3 H
B ) 3 B e ALY Be 5 A (50671 PRI
2 Be &ribiflid 10% B, KEEH MY Be JEFH
AR TB] B A B A2 U Zn 47 B9 {15 BeZnO 1Y
A g H RO B L P AR AR AR, A T sk
MgZnO 1943 HH LA B2 BeZnO & Z (1 v [a) 4 43 A A
RS L, BeMgZnO R R IWFIY 325 T ok b
LI TE. HEF], Mg ILH242 0 1.41 Al64, T
PAIAME T A BA BN 242 1) Be(0.96 A)
M5 TR AS. HITELFEED BeMgZnO &4
PRZ i, AT Ll i £ 53E 1Y Mg, Be, Zn 4147 1
B 5 < AR RH B ARE P, ] I SIS Y Bt 5 bt
BRATYE R (5 ZnO g PCRL)Po-oT586162 i A
£ BeMgZnO/ZnO 55 5 Jit 45 AL 4k, 77 LL3dE
Be, Mg FL B I, SCER; A8 A iE J2 7 5 i AR
RN AR Z [ AR, il B kA5 AR A T )
A, SR DOR G SR R BRI — 4 X

O

@

kWurtzite—E
10

1\

Rocksalt-MgO

\ Wurtzite-
6

MgO T

Bandgap/eV

4 [

|

e

Wurtzite-ZnO

R cksalt-Zn&

2.5 3.0 3.5 4.0 4.5
a-Lattice/A

Bl 5 IEEY R BT s W B R

Fig. 5. Relationship between band gap and lattice constant of group II oxide semiconductors.
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Fig. 6. (a), (b) Strain stress type and piezoelectric polarization direction in two-dimensional electron gas system; (c) variation of

strain type with composition ratio in BeMgZnO system![5.
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Fig. 7. Depth distribution of impurity concentration in ZnO
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Point defects: key issues for II-oxides wide-bandgap
semiconductors development”
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Abstract

IT-oxides wide-bandgap semiconductor, including the beryllium oxide (BeO), magnesium oxide (MgO), zinc
oxide (ZnO), have large exciton binding energy (ZnO 60 meV, MgO 80 meV), high optical gain (ZnO 300 cm!)
and wide tunable band gap (3.37 eV ZnO, MgO 7.8 eV, BeO 10.6 eV), which are the advantages of achieving
low-threshold laser devices in the ultraviolet wavelength. It is also one of the important candidates to replace
the traditional gas arc lamp (such as mercury lamp, deuterium lamp, excimer lamp, xenon lamp etc.) as the
source of deep ultraviolet and even vacuum ultraviolet. Although, during the past decades, the ZnO-based pn
homojunction devices have made great progress in the near-UV electroluminescence, but as the band gap
broadens, the acceptor (or donor) ionization energy becomes higher (On the order of hundreds meV), which
causing the room temperature equivalent thermal energy (26 meV) cannot make the impurities ionizing
effectively. In addition, the self-compensation effect in the doping process further weakens the carrier yield.
These above drawbacks have become the bottleneck that hinders II-oxides wide-bandgap semiconductor from
achieving ultraviolet laser devices and expanding to shorter wavelengths, and are also a common problem faced
by other wide-bandgap semiconductor materials. The regulation of the electrical and luminescent properties of
materials often depends on the control of critical defect states. The rich point defects and their combination
types make the IT-oxides wide-bandgap semiconductors an important platform for studying defect physics. For
the identification and characterization of specific point defects, it is expected to discover and further construct
shallower defect states, which will provide a basis for the regulation of electrical performance. In this paper,
recent research results of II-oxides wide-bandgap semiconductors will be described from three aspects: high-
quality epitaxial growth, impurity and point defects, p-type doping and ultraviolet electroluminescence.
Through the overview of related research works, II-oxides wide-bandgap semiconductors are clarified as deep
ultraviolet light sources materials. Meanwhile, indicates that the key to the regulation of electrical performance

in the future lies in the regulation of point defects.

Keywords: wide-bandgap, point defects, doping, ionization energy
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Fig. 1. (a) The device structure diagram proposed by Snyman and Bennett!¥; (b) the Si-LED structure diagram produced by Xu et

allfl, using CMOS technology.
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Fig. 2. Integrated chip of two photoelectric interconnection structures made by a lll - V hybrid integrated laser.
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Fig. 3. (a) Single PN junction silicon source; (b) BJT structure silicon source; (¢) MOS structure silicon sourcel!? 2.
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Abstract

Photonic interconnects have potentials to break increasingly severe energy efficiency and bandwidth density

bottlenecks of electrical interconnect in scaled complementary metal oxide semiconductor (CMOS) integrated

circuits, leading to the emergence of optoelectronic integrated circuits (OEICs) that utilize electronic and

photonic devices together in a synergistic way to achieve better performance than those based on pure electronic

device technology. By reviewing the progresses of Si-based light-emitting device, the schematic of MOS-like

light source integrated with waveguides and the following photodetector is analyzed for its availability. It is

believed that on-chip optical interconnects could be achieved by standard CMOS technology successfully with

the speed as fast as the velocity of light, supplying propulsions for nest-generation OEICs.
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Fig. 1. Evolutionary overview on graphene nanoribbons (GNRs) fabrication.
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Fig. 2. Synthesis of high-quality graphene on h-BN: (a) Graphene domains nucleated at defects of h-BN surfacel'¥); (b) graphene rib-

bon grown at the step-edge of h-BN; (c) schematic of the gaseous catalyst-assisted graphene growth on h-BNBU: (d) the growth dur-

ation dependence of the domain size for graphene in the presence of silane or germane gaseous catalysts; (e), (f) AFM friction im-

ages of grapheneedge alongarmchair (e) and zigzag (f) direction!5.
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Fig. 3. Different methods for the synthesis of graphene on h-BN: (a), (b) Synthesis of high-quality graphene on h-BN by plasma en-

hanced CVDI'7); (c)—(e) synthesis of graphene on h-BN by molecular beam epitaxy®; (f) synthesis of graphene on h-BN by proxim-

ity-catalytic processi®.
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Fig. 4. Physical properties of graphene/h-BN heterostructure: (a) Schematic of Moiré pattern!'?; (b) Moiré pattern wavelength and

its rotation angle with respect to the h-BN as a function of mis-orientation angle between graphene and h-BN[M; (¢) the existence of

moiré pattern and superlattice Dirac points!’®; (d) hofstadter butterfly effectPd; (e) commensurate-incommensurate transitions®7.
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Fig. 5. Different methods for the fabrication of GNRs on h-BN. (a) Fabrication of GNRs on h-BN by anisotropic etching!®; (b), (c)
GNRs with AC-oriented (b) and ZZ-oriented (c) edges are grown from oriented step-edges on h-BNP%; (d)—(i) formation of GNRs in
h-BN trenches: (d) Smooth surface of the h-BN; (e) synthesis of nano-trenches on h-BN by Ni particle-assisted etching; (f) in-plane

epitaxial template growth of GNRs via CVD; (g)—(i) AFM friction images corresponding to the schematics shown in (d)-(f).
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Fig. 6. (a)—(c) Electronic transport through embedded ZGNR devices: (a) Conductance (G) of a typical ZGNR device with a width

of ~5 nm as a function of the back gate voltage (V,
for ZGNRs versus their width (w)!!

wate) at different temperatures, (b) band gap E, extracted from experimentaldata

, (c) transfer curves of a ~9 nm ZGNR sample at different magnetic field; (d) thetypical trans-

fer curves at several B from a ZGNR/h-BN device with a width of ~68 nm fabricated by hydrogen-plasma-etching (~3 k2 contact-

resistance was subtracted)?.
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Fig. 7. (a) Phase diagram of boron nitride with different structuresi®’; (b) optical image of h-BN crystal(®.
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Fig. 8. Synthesis of h-BN by CVD: (a) Schematic illustration showing the procedure of h-BN growth; (b)—(e) SEM images of h-BN
grains grown on Cu-Ni alloy for 10, 30, 60 and 90 min, respectively, the scale bars are 20 pum, and in inset in (b) is 2 pm/®; (f)

schematic diagrams of unidirectional growth of h-BN domains grown on Cu(110) surface; (g) SEM image of unidirectionally aligned

h-BN domains on Cu(110), inset is the as-grown h-BN films(®.
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Abstract

Graphene, as a typical representative of the two-dimensional material family, has received a wide attention
due to its excellent physical and chemical properties. Graphene nanoribbon (GNR) is graphene in a width of
several to a few tens of nanometers. GNRs not only inherit most of the excellent properties of graphene, but
also have their own specific properties such as band gap opening and spin-polarized edge states, which make it
the potential candidate in graphene based electronics in the future. Hexagonal boron nitride (h-BN), which has
similar lattice constant with graphene, normally serves as an ideal substrate for graphene and GNRs. It can not
only effectively preserve their intrinsic properties, but also benefit for the fabrication of electrical devices via
popular semiconductor processes. In this paper, we reviewed the development history of research of graphene
and GNRs on h-BN in recent years. The recent progress of physical properties is also discussed. In order to
realize the large scale production of graphene and GNRs on h-BN, high quality h-BN multilayer is necessary. In
addition, recent progresses about h-BN preparation methods are presented, and the progresses could pave the
way for the further application of GNRs in the electronics. Finally, the research direction of graphene and
GNRs on h-BN in the future is discussed.
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