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Abstract; Il[-V compound semiconductors have wide band gap and high carrier mobility, making
them suitable candidates for light-emitting diodes( LEDs) , laser diodes(LDs) , high electron mobili-
ty transistors( HEMTs) and other optoelectronics. For covalent epitaxy of -V compounds on het-
ero-substrates, high quality epilayer can only be obtained when the lattice mismatch between the
substrate and epilayer is negligible. However, van der Waals epitaxy (vdWE) has been proven to be
a useful route to relax the requirements of lattice mismatch and thermal mismatch between the epilay-
er and the substrate. By using vdWE, the stress in epilayer can be sufficiently relaxed, and the epi-
layer can be easily exfoliated and transferred, which is useful for the Ill-V compound-based novel
devices fabricating. In this paper, we reviewed and discussed the important progresses on the resear-

ches of nitrides vdWE. The potential applications of nitrides vdWE are also prospected.

Key words: graphene; van der Waals epitaxy; -V compound

Wk H B : 2020-06-02; 1T HER: 2020-06-12

HETR . FEEEAMAHR(2017YFB0403300,2017YFB0403302 ) 5 [H 5K [ 4RI 2454 (61974140 ) ¥ BHIH H
Supported by National Key R&D Program of China(2017YFB0403300,2017 YFB0403302) ; National Natural Science Foundation
of China(61974140)



900 K ot

41 %

¥R

1 3]

TEHUL G W ARG H 28R N 7 T
S MR A B 2 0, nE BT iE
R KW E T vk 4E, Hodr -V 1k
EYRE SRR BT GaAs GaN %§) 50 % kS
PRAPELCIN Si Ge) HHLLA & B @RI R 6%
R ER R IS SO TR OGRS
TR R R TR A A TR 2 S
IR /NR 0,18 eV (InSh) , KT % 6.2 eV
(AIN) , i Hal k3855 - VAL & 92 TR G 4k
R 5] LS AR BRAGE LR, W AlGalnN 14
Z i Y InN(0. 64 V) .GaN(3.4 eV) (AIN
(6.2 eV) R E T LISLIATEM 0. 64 eV 6.2
eV FESE I T, SC PN 21 40 21 55 A1 1y 4 ik B 2
TR R Ol H BRI S A0 A R Y
MRS, SR, ZERT IS A7 A 1 SE 19 14 52
D58 WP A B B R T - VAR A Y  aE— 2
TR, A ek T AR s 2R BC 5 3 T A ) A
S FEOME R K L AR Y JE RS B0 RO
T, TR SME A= K AR 46 B B | A2 (i
AFTF o vk B R A R i 4 5 AN AE 2 S AR
2 (1 3 A A B SRR AR 4R ) AN
FHMEJZE R B A BRI T - VAL A e
P AT RS A TR T G s SMERT IS 2 ok H
TG, FLRGHA PR, $CR R BRI T TL- VAR &
Yy AR B Ak i A 5 AE R T 3R 88 A v
FA AT P R I A A1 S A AR Y ) R
ATLATE -V AR A 38 B et ] & v 5] A A
HPIE

F M Koma 55 1984 4EH K E/R Se/ Te il NbSe,/
MoS, M EHMA Z2 LIRS | S A4 M 4E B B i I 2 —
T ELA 3 S R VM AE 3 A%, YU AE ARSI IE Al 2 7F
b IS b AR A TR ) ) — Fo 1 2 T =X, HOR [R] 22
ABTE AP E RS IR 2 2 h S e S 25 A 7 —
B, EM-VALE YA B AR SN E o R A
HMERSHIRZEZ G A — Rk 2 2 48 (2D)
MORE, R 2D Ao I ik = 2 S 00 R o5, (075
HMIEE 5T D5 e 2 22 18] BB o 55 55 1) v f A
THEATAHEAE . SMNE 2RI bR A K B B A% HE
M ARG IE M58 2 — 20, R AR A 2 B
1) A S, X AR H B4 TS A R A B ) 7
—EFREE AT DLAZ SR J5 el IS A IR 1T A A

e

LVURSTEN 7 E S keSS i SP AL A P i
S ST AISE A AR S E AT LU SEAME 2
JEG 2 18] A it 2 TE FTR G BE A 20K, T HL AR E J2=
55 7 RS2 (15553 O A e A S MIE A K 1Y
MR TN 5 7 A M- VAL S W TE N
AITEHL SRR S S T 2 B T a8 R
D5 TS B A Ay R n] LS B R E A AT
AR T REARRA

JUEETEARSMELE TT- V AL A W S E A K T
I BAENAE & 208 (AR AFTE AR R
SR T . ASCRTHE IT- VA S YriE e
HMIEC A RIFTE ISR I X HR Ok & e AT e B,
SCEREEEIT N 4 A S A X ER S
TEFR IS 2D AR A AR AR (AR SC
2D BPRHINE T4 850 ) (95 585 5 BT Y
DL 5 50 8000 R AR - VAL S W07E 2D #4KH
L HEATE PSR SN I S A K LA A AR AL
B 55 =, K ) 28 RIS A AR SN AE ) 4 7y -
VAL S YA G R T a R B SE PR s B
B2 A PR SN ] 2 T0- V Ak 5 1 7
PR BEE SR,

D ARA Sl IE b = 24 (2D) M

H 1984 4F Koma S5 WHF5E & R LK, ATT5E
FEIR AW A F 559 u A A s AL M ik A 1k
HBYIIMEA K IF A — b S W A E A K L
87 R, EHE| 2004 4, Geim 453 1 Py HE )5 vk
4 R BT 2D MPEHERHEA T AT
FIARET 5] K T AR R BRI %8R .

2D PR —F 2 N R HES R 863 7S Ak
FFmp R, EHAMC SR T ZF 2D
PERL, WA S S R ALT (h-BN) (V% 4 JE B
E¥) (TMDCs) 55, 51&58 =4 (3D) bR L,
2D APBHE A R Z MR 9 BT, 2D MoRHZE N
Ji -3 3 5 A 2 B A 2 () D3 Ao 55 Y
A EAE T X A AR G WA A K Y
FIEE ., 2D MRk i = B, — Ty I A
R B = (AR SNME 2 5 2D MRk 8] i
IR EAER, AR s 2% L 55 A0 L A 1 450
AT ANE A K REARIE AN E R B T 5
— 7 TR B = 25 T30 2D A RL R IfT A% A3
AL AT T R K A R B — s AR
JE R T ANE 2 Sk S AR



45 8 1

B BL, S - VAES YR fEae s e A K 5 0 901

FESEAT -V ALG W4 R G AR A8 A1 JE B A 11
TER I LB A — 2 Z 2 G BIEE N Z )2, N
11 B A IS At AR 34 b, e R ot A 2 T R AR 2K i 55
[ B0, 8 T S PR AT S (AN |

A BIEE AATR IS —Fh 2D AL, ff
HAE R 2 vp 247 -V AL A Y0k R S A 4
FEAE KA FVFL AN AT FLRLA O A, oy 3804 14 il
& RIE k2R, BT A BRI A% s
ATLARES AP, 5 —J i SN i Py 22
b2 F B A B AR R b3 8 A B0 )2,
HIUBRR 15k R B 63 o 10 T e I 38 )2 [ )y
FE SR BRI 5 A S T T S 1ot
JRZSE AR A SR 2 RIVE T, PR AR B A A 0
SEACIIR A BRI VBRI S 0k Sl 2 A 2
PR A 552 AN P38 2 5 700V FH 1 B B 2 o B
Wi, 55 IR HIEG LA B, I CVD i AR
PRSRAERR IR, R 42 8 4 A0 VR ) B & B 1A
(ZH Ni 8 Cu) & B 380 ; i SR SMIE AR Kk
DU RAE M 2y FL25 55 R SiC @ik, Sic R Si
JAF 78 K Ja 1 B N A C B A A BB M
Gl

AR ) A B0 il & A A ek i AE -V
b YA 1 4E v )75 B AR AR 1) A SR S 5
B ES, fE BB AEEABET,SIC EEES
JSCAT AR 10 D 1 T AR A o 5 s 1) A B
JZ B0, 7 2017 4F Xu ZERGHFSE A AT B 4
H SiC #IEFAE Si BTl # T 22 A 50, JF
76 RS M HE AT T AIN A A AE A= 05T I
CVD G A S0 7E AR S wd IS 5 R4 IS Y
U AR H GE R 38 S T RS A B R, AnAE 2013
4F  Hong 556 CVD k& B2 A B In % 58 5
e 17,2018 4, Qi ZE NN Cu 95 | CVD
HEARN A REEEEEE AR LY, B
THENi 8% Cu &85 EH CVD BEFT 7 2845 11
HIG PO B2 E s s b e DU
FETE AD GE S S bl i CVD 7 B A A R
2012 4, Choi SF7E i FAFE_FETURT — 2 Ni
JZIFHE Ni LA BRI B, I PRV TR 1ok bk
25 Ni J2 R A B ;2018 4F, Chen %5 H 175
WA T A A P 3 g R A R 1) T BT o
TAHBE X E A H R R LS A
ML T BB B A o AR | [R]I RE e T TR
FIE RS A B A SB[ E, o] LA

R A BRI R R

bR T A R I 2R V2 A BRI A )
PIEE Ab2ERR M (A SRS s R T A e
FaE ) Wk THSE B s I A T- VAL B Yot 7
PR 45 BIMEAERS T 1 000 °C F WA i, 7] LA
R - VALY K R R . T4k, A
IR A B E N % v 2 T S BT AIN  GaN |
InAs GaAs -V LG WAMEAER, A EE
ey 8] A E AR S S TR X
HA RS R e LA e i T
AR 37 B AR (T, O NAME 2 R ES
W7E 2010 4, Chung S84 AN E A K (i FH Y A 25
WVE A E R AR BE GaN I — A 55 % % H br 4t
&b, 45 ok LED™ L & @ JE 40 Ga.,
Al SR SRR ITE A H AL, /] DIFE A SR
PRHGERS . FEAMNE A K P % 5 1 & B B,
JRE TR PR RS A I T % 22 R, 9 HonT DA
R ARSI AEE A= K JIr 75 A4 ] 2200 21 2019 45 Chen
SR A BRI Z S A B TP IR R G
TG AIN SMEJZ | 55 4% G2 40 Ak J7 CAH L, A1 ZE B
] o] LAd b 509% 7 A1 80 2 5 R 22 155 A A
HAEF 1A R E 2 0 R | 0 I S il 45 G
B I - VAL A 9 I 1 AT 5 4] i _E pEAT A 4R 3t
TAEF, A BT RS R4S A R e, $h e
- VALS RN 5, nd: @l iy e &
PG B T R D S e 3 A i o 5, B
WP B G R 5 O R U e R 2R
BRSSOk IR DU 2 1 i A 2% D
HEMRKBPEH, 2010 4, Chung %5 5K Hl £ 4
1) GaN FE#550 LED 0 nli6 /% 2 748 B 598
R L, IF HARSR AR TRy 52 ™

A B 2 T /D R R R R L T AR
AN FERT  AFLR] -ty o T A 1) R B R Y
R T B T R AL 5 3D AR X A 8 W
TR, R ARG S T -V AL &9k
BRERSAZ | 3R i B 5 SR T - VAR5 W A% B Bt
FAZ R D AR T 5 el G S SF-2H G S SE
JE DRI T X A AR AT — S b B i
FEETRCEAN, 805 0,) db U BB £ 0 7F
A 2 AR YR A R G I L SR T 2 T
P, A2 2 52 1% FiF 9K 90 A W BRE R 2010 4
Chung %575 8 56 B PR FE 5 A S8 dd 2w A K
ZnO DK EEAE NG 25 GaN HPME AR K IR A% A7



902 K ot

¥R

41 %

LR E TS E A GaN S 2018 4F,
Chen SF7ERFFE i RUACSE B8 T IR b 31 A 38 0% ok
P R m AL 2F I SR S R AR R T
GaN AME L ; [F4F, Ren 25Xt Si 4 L #L)2
A AR NH, TR AAR B, SEBL T AlGaN 40K
FERYAE K WA, Chen AR R A& T
TR A7 R EAT AL B ST s i AIN JHE I )
HNEAE R AR A — BRI A R AT LA
FHAT 308 F BPBREG , WS | 6 B il 055 R IR A% AL
SR RN 1 W B A%, e A5 ) AR A%
B AR B ANE R, G0 2012 4, Choi 4%
A I BRI N BRI fRE R ST DT RE In HA A $
SR R A BRI R AL A TR M O HR T S BT
GaN FIAMEA K | A —setffseda i, A B0
FERERS 3 R 2 R AT 3k G b 5 | AR 48 4 Bl s,
XSGR AT DI A AL s . 4 2017 4,
Li SR A 4 Ab R R IE 5 B 2 )2 1 B IR AR N
WAJZTE c TIEFEARE LT T AIN fUFMEAE
K 1%, fE 2019 4F, Wang %5 38 1f 78 i &
Si0,/Si #5128 Ah B () 5 B A1 B0 2 51
BT AlGaN 4HKEEFy K

BT W A BIm g w2 —4E WS, & MosS,
MR AE -V AL A 2 1 S 8 A K P R 25 o )2
BN, B TH S GaN 1S L/ 5 R A
1% %% 0.8% ,WS, K MoS, #9535 A B4 Al L
TR 8 it Tt 2 T 7] R T o2 AT 71 S8 J22 110 46 S 3
JE, 2016 4, Gupta EFEHNUAF B R WS, 2 Lt
77 38, GaN B 1y MOCVD A= K2 2017 4R,
Zhao SFFERL ALY Mo #JIK E A=K T InGaN/GaN
YRR LED™, 2018 4F, Yin S5 54 b 4%
AERP WS, ZZh)2 Pl ki T 76 AIN
WG AME  Jf 5 22508 T DUV- LED 4454
R

FH AT UL, A 3 SR I 7E N Y 2D AFBHE
G2 AE -V AL G Wy pE e oh Gk v 7 25 % L
BN, T G EHE - VAL & Y 7E A 580
AN

30 M-V b i 6 BN Lt is
s 9hsg

5 ARSI ANE A R PR, - VAL &)
TEA7 S 1385 YR AR A ] £ S PR 75 2
2o T 7 TR A R R A it A A B A5 I

RGN A R SRS E AN B2 S
TEHMNETERT IR Z SAME R Z 5] A T 2D M EHE
MR, 2D R WG, — I —
Sl S ick B O (S I O e ) S 12311
Ti] AR e 5 300 i — s 52 W5 o5 — 7 T, 2D AR
AR} [ B R b PR 2 6 AINIE J2 4 R B A
ARA—EMRAER, BT, 2058 2 40k sE
P A0 LT I- VAL A Y s AR SME A T A5
I IARPRFEE A A B A B A2 B TT-V
B B R R e R

b SCHTIR A SR 22 vh 2 AR A G
I BERRS R — AR R = R
HHRIRIAZAL 13 /D, — T 240 A B A AT
AR AR 28—, & B R U0 Ga In S57EH
BIRRI AT R A, 0T DATE A7 880 2 1m0 1 i s
R 50—, A B AR 2 M 1 55U B AR A BAE
FHANEJZ AT LU S A RS s 585

T SC LT 8 A B8 0 2R 1 b2 0 T A 3
AT T R, PR A 3 BR84SR 44
TEA SR W M B 5 60K, X EB
S5l AW RS TR B 2 A HEAS, WK R, i
B H R SCRTE W B R 2 v 43 2 sl R PR R
P B A5 1 A R R A I 2 T e AR Y P T R 1Y
FEARPTRE I — 3 RE i, Bt Ut , X F [l b
A I TR UL, 2 A R A g 1) i 7 2 AL 5 A
RETEIZAN R ke AAAE ™

XFI-VALE Y5 A BmIR R WE 2% g
B WU A 205 2 T 7Y T BE e 5 AR RHER G e (B
JR T 45 6 LR B ORE B BT R IR g i) 1Y LEAE
(E,/E.) , XA~ HAE BRI Bk 5 X A -V AL &
Y25 Dy 1A s dis b B A% o B2 3L 2D “F1i
AR R 7% 5 3 1k 7 A AR A E Y 5 AR
PRI CHE SR BRIz AN 3B %
BIRTFAEASBGRIMTIEHR 2, ABKS 3D
TRPRAH L, L A B REAIC, T A B8l T
RS AR, R0 D T A A A8 0 2R 1T () 3 A8 i R
WAEARL B K, XTI AE A Yok Ut A
G 1AL A B LR S BTk
TR E FNIE ) U A 0 B 1 W ) R B DL K 2 R R
T B BE AN BTN, 7 WA J5 7 76 A1 B 26
T W B R 5 TR R &2 R B v, 5 U 5 51 & 3D
SR AR AR T L B r AR il PR X
F B B, S T AN AL A W AN [R] T B



55 8 3] Weo Bt 45 I- VLS PRI iR s E A K 5 ] 903

REG TR | n] LB I3 B M 16 7 AP SE AR K 2%
(i

£1 I-VHANEREERHMN E,/E, 5
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Binary Bulk cohesive  Adsorption to bulk cohesive
materials energy E /eV energy ratio E,/E_
GaAs 6.7 0.41
InAs 6.2 0.42
GaN 2.2 2.77
AIN 2.9 2.17
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Fig. 1 Film prepared by van der Waals epitaxy. (a)GaN epilayer on 0.6 nm graphene covered sapphire substrate. (b)GaN epilayer

on 7.9 nm graphene covered sapphire substrate, the inset is AFM image of GaN epilayer. (c¢)SEM image of GaN epilayer on

Zn0 nanowall. (d)AIN nucleation on sapphire/graphene substrate and bare sapphire substrate. (e) AIN nucleation on bare

sapphire. (f)AIN epilayer on bare sapphire. (g) AIN epilayer on multi-layer graphene/sapphire. (h)GaN epilayer on sap-

[8,17-18,30]

phire/AIN and sapphire/multi-layer graphene/AIN. (i) AIN nucleation on sapphire/graphene .
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Fig.2 (a)Schematic depicting the plan-view TEM observation. (b)SAED patterns of InAs/S-SLG. (¢)SAED patterns of S-

SLG nanowires grown on amorphous substrate. (d) TEM image of the c-orientation nanowire without any dislocations.

(e)SAED pattern of the nanowire. (f)Nanowire morphology under optimsed growth parameters ( pressure of 10 000 Pa(75
torr) , temperature of 1 090 °C, TMGa flow of 35 mL/min, TMAI flow of 3.5 ml/min, NH, flow of 15 ml./min) 16,311
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Fig.3 (a)Optical images of light emissions from the as-fab-

ricated LED on the original substrate and transferred
LEDs on the foreign metal, glass, and plastic sub-
strates. (b) Room-temperature EL spectra of the LED
transferred onto a plastic substrate. Optical microsco-
py images show the light emission at different applied

current levels of 1.7 to 8.1 mA™®.
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Fig. 4

(a)Dark field image of heterostructure with g =0002. (b) Cross-sectional STEM image of In Ga, _ ,N/GaN MQWs in the

as-fabricated blue LED. (c¢) Light-out power of the as-fabricated LEDs with and without Gr interlayer, and conventional

process derived one as a function of injection current. (d) Electroluminescence ( EL) spectra of the DUV-LEDs with and

without graphene interlayer. (e)Current-voltage curves of the as-fabricated DUV-LEDs with and without graphene inter-

layer. (f)Normalized EL spectra of DUV-LEDs on graphene/sapphire with currents ranging from 10 to 80 mA™?")
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(a) Schematic illustration of the micro-LED. (b)STEM images of MQWs formed in the graphene dot region( top image )

and ELOG region( bottom image). (¢) Cross-sectional STEM image of a GaN micro-LED. (d)EDX intensities of the in-

dium content and QW thickness at various QW regions. (e) Magnified optical image of light emission from the micro-

LEDs. The inset shows magnified EL images of an individual GaN micro-LED at dark condition. (f) Optical image of

GaN micro-LEDs wrapped around a 1 mm diameter paper clip. (g) Low-magnification FE-SEM images of GaN micro-

LEDs under bending radii of 0.6 —0.8 mm. (h)Room temperature EL spectra under various bending radii. The inset

shows a light emission image of the micro-LEDs at a bending radius of 6 mm. (i) /-V curves of the micro-LEDs under va-

rious bending radii"*"’.



8 M

BRoO3E, 2. I1-VALS YAt S E A 1 5 0 909

EA—BUR B LED FE M 3 KR 32 &0
WAL LT WS, ETXTRL LED P50 32 R RRAE
Chung R HEAT TR (B 5(h) (1)), 45 5%
L0, S AR BN 11,8,6 mm B, &G
RIERPIEAR AL B 5 R M AR L JL-F A4S (H
e R ICHREEAT FTI/N, R -V il %A B AR
fbo FHIERT LA A SR % 5 15 il 48 B9 3 LED B
G R RERLAT 1 HL AT DhR 32 W i s ih 45, 22
PEARLT

WS, 7E 2018 4F, Ren 2575 M2 17 5B J5 4 o5
(4 Si I 25 T 9K LED , I X 47 1 I
IFAE™ M STEM &% v ml L35 B 4t 7 %) n-
AlGaN/MQWs/p-AlGaN JZ2IR &5 (6 (a) ), H
HETBEE S —2, A FEEW AT UL (B 6 (b)) ;
AR PL AR 7N, BR A F 325 nm Ab 1Y & B IE
A AEARTR T 38 1T OIS A7 F 334 nm (931X
ROV, 3o B R B TR IR R 2R

(b)

20 nm

IQE 24 2.6% ,7E 50 mA HL i i AT AT LU %)
% LED ZH S (EI 6(d) ), /RE XM YIKE
P T R 0T A% % B e B T B ORI -5t
SER AT SE AL (B 6 () ) ABATEIR AT LA
Sy T A AL 213 AR AR A TR
V/ I L6155 2 ERE WA RS ALGaN GKFEY
a5 G TGO, BTN Rt i A e

XARIE T — eI ME I T A%
PEHIE RSB, X5 T GaN AIN 454 A1 5205 1 E,/E,
BRSBTS G
BN Ty ABJRAT A — LR B AT AR SRR AR, WK T
SR A SMERSB AL SB06/ 1
25 R S AL #2805 XS T GaAs InAs
SRR LB/ E, BONRRL, W38 U5 2
HAENITEAL SN E g BE Rl )8, LA o fu i Ae o
FEJZ A BT, R IR S 380 Pk BB L - 25 4 )
i,

7’ (d)
%

i
‘t .
%

B 6 (a)iA AlGaN #K#E LED B9 STEM B4 ; (b) AlGaN 4K LED & FBFIX 3 STEM K4 ; (c) p-AlGaN & F
BIF DX 4802 R A TS 5 () 4 HE 9 ALGaN 440K BE LED ROEHs o>
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