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Research Progress of ScCAIMgQ, Crystal: a Novel GaN and ZnO Substrate
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Abstract: Since the beginning of the 21st century, the third—generation wide band gap (E;>2.3 eV) semiconductor
materials represented by gallium nitride (GaN) and zinc oxide (ZnO) are becoming the core supporting materials for
development of semiconductor industry. Due to difficult growth and high cost of GaN and ZnO single crystal, epitaxial
technology is always used as the substrate materials to grow GaN and ZnO films. Therefore, it is crucial to find an
ideal substrate material for the development of third generation semiconductor. Compared with traditional substrate
materials, such as sapphire, 6H-SiC and GaAs, scandium magnesium aluminate (ScAIMgQO,) crystal, as a new
self-peeling substrate material, has attracted much attention because of its small lattice mismatch rate (~1.4% and

~0.09%, respectively) and suitable thermal expansion coefficient with GaN and ZnO. In this paper, based on structure
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of ScAIMgO, crystal, the unique trigonal bipyramid coordination and natural superlattice structure, the basis for its

thermal and electrical properties, are introduced in detail. In addition, the layered structure of ScAIMgO, crystal along

the c-axis makes it self-peeling, which greatly reduces its preparation cost and has a good application prospect in the

preparation of self-supported GaN films. However, the raw material of ScAIMgQ, is difficult to synthesize, and the

crystal growth method is single, mainly through the Czochralski method (Cz), and growing techniques now in China

lag far behind that in Japan. Therefore, it is urgent to develop a new growth method of growing high quality and large

size ScAIMgO, crystals to break the technical barriers.

Key words: ScAIMgO,; self-peeling substrate; lattice matching; crystal growth; epitaxy; review
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Fig. 1 Crystal structure of SCAM (a) and [ScOg] octahedron and [Al/MgQs] trigonal bipyramid (b)
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(a) Type I with Ds, symmetry environment; (b) Type II with Cj,
symmetry environment
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(a) Electronic energy band structure; (b) Density of states of cations
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Fig. 4 Thermal properties of SCAME"!
(a) Cell parameters for SCAM as a function of temperature based on the high temperature XRD; (b, ¢) Length of a-axis (b) and
the axial thermal expansion coefficient for a-axis (¢) of SCAM in comparison to those of GaN, ZnO and AL,Os
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Fig. 5 Optical properties of SCAML”
(a) Transmittance spectrum; (b) PL spectrum under 200 nm excitation; (c) PLE spectrum monitoring at
300-500 nm emission bands of SCAM crystal; Inset in (c) focuses on ~250 nm band
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Fig. 7 SCAM single crystal grown by Cz method*®!

(a) SCAM single crystal with the dimension of $30 mmx59 mm grown
by Cz method; (b) Interference photograph of (0001) SCAM wafer
under the polarizing microscopy
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(a) Schematic diagram of the XRT test setup, and (b-d) reconstructed
(b) maximum intensity map, (c) peak position map and (d) FWHM
map using 201 XRT images
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&, 3R e S, s 10 fis. GaN B 287

a

Kl 10 GaN @k Rz &
Fig. 10  Crystal structure of GaN
(a) Unit cell; (b) Distribution of [GaN,] tetrahedron

TR (3.4 eVE) . G R (130 W/(em-K)P?).
B 73 88 % 5 (52000 cm/(V-s)P N . #F F R
(>10 KV, BidE i AE 758 AN 25 K B e 205 4. GaN
RN 80 1E LLAL G5 7 ORE 5 A ORI L RE 7
M REEREEH . 5UAMBARMLIL, GaN 7£
VPR CR YR 5 AR R T BERA, X
115 GaN MBI A KA 7 LE [ P 4h 5] AR =
W, HBREBFEFRAMER GaN H A KA, 7
B, ELOMFS S 0, AT GaN JEBM £ BT B IR
AR IRALRE . W5 A 55 I A E A A 1T A
PRI, A ISR R B 9 5 Je TS O S GaN
PNV AN ] Bl R 1 —ER 43

HAT, 7E% % A+ R EAMNE GaN H ARE N Ak
2 AR T MRS ME . BT GaN Al F A 2 8]
FAEBK R A R S Ik RECRES, SR
FAKE GaN A8 E R 2 T Rl 2 R 3 A 4,
AP GaN A (R B AP, ik,
i 5% SR T /IR #0222 50 UG T P Aok S 2 i ke bk i)
A RS IEFEEMNA IR —REEH LT
K2 DA 5 A ZERDRHP) A A% UEAD . Ik R 3T
Biy #CFRILES; 2)4T A R i 2 A2 v S
Aev INTHERE . AU RSTE. R 1 AFFIR
MR REXT L o 5 HoAh 5 WL GaN #h 243 JEAH L,
SCAM AENE M HIA MBS GaN A 85N S A%
SRR (1.4%) 5 PIBIK I E(9.7%) 2% 270, BNy A%
KEA R T GaN BIWIE A%, 1/ B R IK 2 i
A Py /N GaN A A8 7] o

Ak, SCAM A ScO, s M AIMgO, 5 2 HH
SR, BA HRESKEH, Hik SCAM 7
c [ H1(0001) 77 7] B A 1R o i A FRASE M o IX B B T-7E
GaN K IR HISFEH AN SCAM # B & H
R/ GaN AMEE, 54 HRE AT BRI H, M
T FEARAE P2 A . 1 25 fE# SCAM W R EH &R A
WAL 22 S AH TR (Metalorganic chemical vapor
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Table 1 Common substrates for GaN and ZnO epitaxial layers

Crystal GaN Sapphire 6H-SiC Si GaAs SCAM
Space group P6;me R3c P6;mc Fd3m F43m R3m
a=b=0.319nm a=b6=0.476 nm a=b=0.307 nm a=b=0.324 nm
Lattice parameters ¢=0.519 nm ¢c=1.299 nm ¢=1.508 nm a=b=c=0.543 nm a=b=c=0.565nm ¢=2.515nm
p 0=$=90° 0=p=90° 0=£=90° o=L=y=90° o=L=y=90° 0=£=90°
y=120° y=120° y=120° y=120°
Latticeh GaN 0 16%°"! 3.3%°! 16%!* 20%*! 1.4%")
mismatch,
Adla ZnO 2.2%!%4 18%!%) 5.8%!%! 16.6%°" 22954 0.09%"%!
Thermal expansion _ _ _ _
coefficient, o aa:“gé'jgﬂ a“:agé'[gg] aa:a3 31~[%9] 0=2.55170] 0=5.73171 aa:al g ;'37]
(~300 K)/(x10°%, K1 o o o e
Melting point/K 277084 2326[74 3100 168007 1500t 22208%
ge&nz)‘f("@ngfgié A=2.20 2:=0.231%%1 =437 =137 2=0.551" 2:=0.0621"
Growth methods HVPE MOCVD  Cz KY, EFG PVT Cz LEC, VB Cz
Cost High Medium High Low Low Low

Note: KY: Kyropoulos method; EFG: Edge-defined Film-fed Growth technique; PVT: Physical Vapor Transport method; LEC: Liquid Encapsulated

Czochralski; VB: Vertical Bridgman method

deposition, MOCVD) /5 i il #&— 2 £ 2 um JE 1) GaN
VAR NI, AR5 7E GaN/SCAM Rk _F &AL
S AH44E(Hydride vapor phase epitaxy, HVPE)7% ]
#%— /)2 320 um [ GaN #fiX. 7£ HVPE A& KA 4T
FEH, GaN 2 H SR SCAM A& - B 7% 43 &,
WE 1), AT B R T R0+ R T 1,
FAJT R AE B 85 E AR 5 B 3R T 160 pm kb EH T c [711)
B SCAM #E, Wi 11(b) AR TIE 4 &5 H
1) SCAM )& S n] EME R # R B H AR K GaN
JE, a0l 11(c)Fion . HARBLIA ) SCAM i Jv AR A
JI A # B R SCAM &b A Y 2 W A DL &
Nomarski A A 11(d~g)fi~. @idxftE
SR B SCAM. 4 i S AR A A0SR FH ) 38 1
SCAM 4 Ji& AR B ol &0 AR 2510 SCAM A1
RMEAFAE— B TR ik JLRCK I & 0, ASF)
TR EEMANE TAE; 7] B SCAM AR HA
J&F VT . N7 — 0 KA X Fh E A H M
SCAM #fJ&, Ohnishi 255 H] AFM i & 3 2 [fi i
BERZ, W 11(h) f7R o« 4F 20 umx20 pm X P, H
PR RS FE (RN 0.08 nm, 3 B i J) H 5
SCAM RHARF Pl Kk, SCAM #)E24
K B GaN A HE 5 (10 5t A 3 14500000,
i T, SCAM M JE H ) Mg Afase, 29 Hidt
A GaN R A B, FRARAME I i & . & G
AMIEA KA A, I MOCVD. 43T H A E (Molecular
beam epitaxy, MBE)H T-AE KR ER &, AEHTE

SCAM #IJEE_EANEAE K GaNU ™2 [/ 1 SR FH AR T A
K IEXTT LA SCAM N4t 3R 15 = i i GaN [
FEREE,

Jik O UT A (Pulsed laser deposition, PLD)$
AR F KOG Bt GaN B0 £ S 878 A K T
ST 1A R DR A LA A v 1 A B OB e T L
FEBAR IR N AT ANE A K . 2016 4 Wang 2505
Hd PLD HARTERBARIEEE T DAL 0% H 5 40
RAIE SCAM #E _FAEK T B f 1) GaN b L i
AR R, Sl A S B TR S PLD &
i) RF S8 P RERREME, BIKEDN
5.32x107" Pa. KrF BOGUE (A= 248 nm, = 20 ns)fAE &
N 250 mJ, WOGEEMEJEEDY 10~40 Hz, 1£
SCAM #}Ji& _E AR EAE K2 300 nm JE (1) GaN i,
NT IR A K, GaN SMEHRIE 673~
823 K MR FAEK, HAMAE 723K FAK
[ GaN A1 A& ¥ 55 1) &5 it o 2 R SR THD R 3 450 18 3 B
HRA . Wang SR AT 7 0% 2 5K X
300 nm J& GaN AMEEMRFIRTIZ . FRp B
ghim R, KIS BOLE S %E N 10 Hz
HnEl 30 Hz, RMS 2 HUHL RS B 5L A2 B 745 53 I\
37.1 nm 1 1.40 GPa F£fik%] 1.5 nm 1 0.51 GPa, i
GaN( 0002 )[fi AT(10 12 )fi (i) XRC 21 55 73 5 M 1.8°
A1 2.3° R F#F] 0.18°F1 0.40°, X b4t TR B, FEE
J6E AN 10 Hz 38 1 2] 30 Hz, GaN | 4iE 7 5 5
ARG, YPOLEENRGE DS 40 Hz



236 T ML K 2

i %385

“

-

Razor blade
®) (©)
Substrate As-separated SCAM Reused SCAM
© .
Overview

Nomarski
microscope
image

4

11 SCAM G i ot

Fig. 11

SCAM substrate reuse process

[58]

(a) GaN film is naturally separated from SCAM substrate during the growth and cooling process of HVPE; (b) Separated SCAM substrate
being cleaved with a razor blade to prepare the reusable SCAM substrate; (¢) GaN film grown by MOVPE and HVPE being performed on the
reusable SCAM substrate; (d, f) Photo and Nomarski microscope image of naturally separated SCAM substrate; (e, g) Photo and Nomarski
microscope image of SCAM substrate cleaved with a razor blade; (h) AFM image of SCAM substrate cleaved with a razor blade

100 nm 100 nm

—100 nm —100 nm

Helght 0 Height sensor 2-0 Hm Helght ) Height sensor 2.0 um

10 nm 20 nm

—10 nm —20 nm

2.0 ym 0 2.0 pm

Height sensor Height sensor

B 12 AEHEEEEMZEE SCAM K EAEK~300 nm
GaN SMEHEE(¥) AFM {55

Fig. 12 AFM images of the ~300 nm-thick GaN epitaxial
films grown on SCAM substrates with different laser repetition

I'ateS[SS]
(a) 10 Hz; (b) 20 Hz; (c) 30 Hz; (d) 40 Hz

I, RMS 2 0 A B2 ABR AR 82 743 0 38K 2] 6.5 nm
A1 0.98 GPa, GaN( 0002 )i FI(1012 )] XRC 21 57

EHRF) 0.8°F1 1.2°0 XL RUF L EROLEE
AR, GaN Fi& N . 1£ 30 Hz HOGE B
RTAEKK GaN F& TR K EET LN
SCAM #Ji b GaN A K AR 2 0% 1) it 0 3
TRAE 206 FT R I 18], TG s R 450 A%, 1 GaN
HMEEREDCHT o AL AR 9 1 SR 45 L A
H R, ATIERAT = 45 5 5 1) GaN AME . 7E
SCAM #HJiE FAEK R FIE GaN AME X T &
PERE GaN ZF A HE S Lo
2018 4F: Zheng 2%V ] PLD 4 R 7E SCAM(0001)
FHIE A E~300 nm JE 1 ¢ 1] GaN L, Fid
PGS RATIR KOS R, A RObEH] T GaN A E il
H%E’JW P, WEE EWETT TR ) 2B . AR
IBKF SCAM #fJ& EAK I GaN ##(0002)

il (10T2) ) XRC 2 5 %73 il )9 0.02°F1 0.04°, HA
RAFR 4S5 S, nl& 13 Fros, B R & Re 54T
i (Reflection high-energy electron diffraction, RHEED)
FF 4 o 7 48 (Scanning electron microscope, SEM)
BE— B 1 GaN SMEE I . & M EE R 4
3% 5 W7 . 7B (High-angle annular dark-field
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K13 RS FIR K SCAM #fJE_E A K ) GaN A1 4E i iz (5¢)

Fig. 13 GaN epitaxial films grown on SCAM substrate annealed under different atmospheres

[86]

(a, b) RHEED patterns for as-grown GaN epitaxial films on SCAM annealed in (a) hydrogen and (b) ambient atmosphere. (¢, d) SEM images for
as-grown GaN epitaxial films on SCAM annealed in (c) hydrogen and (d) ambient atmosphere; (e, f) Surfaces of GaN epitaxial films after
molten KOH etching for (c¢) and (d), respectively; (g, h) Schematic structures of SCAM annealed in (g) hydrogen and (h) ambient atmosphere;
(i, j) HAADF-STEM images and schematic illustrations of (i) Ga-polarity and (j) N-polarity GaN, where the bright spots in the HAADF
images indicate Ga atoms and the dark ones indicate N atoms with insets showing the simulated micrograph

scanning transmission electron microscope, HAADF-
STEM) #E ff 31 % s Y J5L 7 HF 51, BEHERER VAR
FESR IR A IR K SCAM A€ L/ GaN 4f
IERE R . AR TR K SCAM A A
KK GaN RA Ga tk, 1055 IR KK
SCAM #} i _EAEK 1) GaN B A N Mt . th4h, Zheng
I % R 77 R EE 18 (Density functional theory, DFT)
FYBER T SR A s AR 1 10 8 AR AR R AR g 22 L
file BRHME THTIFER M-0; &1L (AV/Mg
M)A O-Sc Z LT (O M), XLEERME SCAM K
HIR O A Ko TH L B Ga BRPEAT N AR M ) GaN

W Bt BE 2 B Ga Wt GaN B 32 BAE S /S5 R KR
SCAM A& _EAEK, 1M N A GaN B 3= B 7E R 853
AR KH) SCAM # )i A K, BN J5i+ 55
] TR B 7E Al/Mg T SCAM 44K L1 Ga J&
T, S5 Ga B, T Ga i F e HES
76 O T B =/ N JEF .0 SCAM #1K, F=4
N AR XA A KA T2 GaN A1 4E 3 i
0 A % T il 3s T 25 PR B AS R AR P 1 GaN
R EAEER X, HImHTRERER Ga
Wtk GaN FAH T3R8 & s F I B R ARSI N
W1k GaN %%,
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4.2 7ZnO EESME

ZnO J& T I-VI i st 344k, H HISME ZnO
W, BAY GaN fHRI A6 454, J& T P6yme
I, RS EHA Zno 47, HEESH
N a=0.325 nm, ¢=0.521 nm, V=0.0477 nm’ B, zn*
5 O 4L [ZnO Y iR, WS ¢ A H R EHAR,
K] 14 7 « ZnO & — e DL s sl (M R 2245 K)
BB SR, HLARHE G R N 3.37 eVI®,
358 3.8 MV/em!®™, iy T 7248 S 4 s 5 1) I
T, ZnO RRIRK n B GARM RN, zn0 15 R
B B SRR, 2 O R RO )
AR, AR, ZnO DAL R N KR
Re SR E e ERE, AENINERM R S]E T AT
FIE . ZnO W SR BUK S 3k A7 iy 400 ps, 1
SR BERL T (5100 o B TIRIN 4P, B A ZnO
BRI E R EA KL BIERE. IR
Bk 5 AHDTRNESE, [FREZ PR T ik T 5 ROA,
MEE S5 GaN FME &5 AH R R 55 o AH BT FH )
R AR, SCAM 5 ZnO I f i 2B AU A 0.09%°),
HAIK ZBOR 2407 RN ZnO A EFHE M
kl. £ SCAM H it i _EAME ZnO HeH I 712
#& MBE 5 PLD iR,

1999 4F Ohtomo 2051 Yk 338 8 FH O 2 T 3R
AN E(Laser-MBE)H AR/E SCAM  # & b R AR 4E T
ZnO #WE, HA )R M ER KRN
(0001)200//( 0001 )scam~ (1120 )200//(1120 )scam, H.
WA WS B AE AT Ho A S D ) B, A 15(a) s o
ZnO [ db 2 dh, ) a0 P 2l (Ae) 5 T A S il
(Aw) 7 WK IRTE SCAM 5 E A+ _EAMEAEK
ff) ZnO(1011)&4 T A1 0002 )T ) XRC g5 5
AKIEERECCRME 150, o)fin). EKTE
723 K LA ZnO/SCAM 1] Ap 1 Aw 1H 51T
X%, o H/NF 0.02°0810.01°, TIAXLE 623 K A K (HE
i FAREI 2] Aw VRGN 24 ZnO AL = A

@ —

K 14 ZnO S A S5 R &I
Fig. 14 Crystal structural diagram of ZnO
(a) Unit cell; (b) Distribution of [ZnO,] tetrahedron

KR, EBEAEEEENWEIRKEZN Ap
A Aw H, BEEIRETEE, Ap A1 Aw 16T, (B2
KT 0.09°F1 0.04°, Kk, TLLE HHTE SCAM 4
JEE b B AR KR AR R 673 K AT LLERTE BA ik
AR A AR 2 25 R BE) ZnO . AMEAE K ZnO
R MR TR B Ak R 5 ) A
P, AR % A% BRI TR S (~10" em ) A i 7 iE
P2 (~100 cm®/(V-s)). X EEA0 T4 E Al 2 2 7
JREEMLL L p B ZnO $24E T WTREME. 7EMLZ A,
Laser-MBE i A 5 SCAM #1 J&&_EAME ZnO )
TR T . 2004 4E Tsukazaki 25 P92 iR fd
Laser-MBE $ RTE SCAM A4 Ji& L AMEA K HTFiT#
R RS 2% ZnO R, JFRIREREE
I il (Repeated temperature modulation, RTM)+; A il
i p 24452 ZnO R, 15 R0 Ik AE K S8
FNEB A SE MR PE R 28 A RE, B2 ok 1Pk k2 @ i
Ak p B ZnO B4 K T2 R $ s 23 IO FE

I e SR A FH 45 B8 ARl B 401 SR A1 4iE (Plasma-
assisted-MBA, PA-MBA)H R 4K ZnO A FH KR
1. 2017 4F Wen 257, 2022 4F Trinkler 254 4k 5%
Fl PA-MBA £ AR7E SCAM H 5L 41K R AEK T
ZnO i, BhAME S PLD AR A K ZnO
ARG . 2002 4 Tsukazaki Z5°F| F PLD # R1E
fASULAL) SCAM 1K FAK T &4 mERN Zno
W, JFBN Ga R FAENEE, N JEFENZ .
IR Bl Ga B 241 ZnO B . w4l ZnO ¥
AEEEIR, 7T LUR U Hu % ) Ga RN (45 249K FE, it
MARZE ZnO MK p B35 2% . SRTIFE & F A H
PUTAT p RS HMIE S, XAl HE2E T8 78 A
KA M, WH KR N-Ga-N (e &9, 75
ZnO I E 1 N AEN A AMEF O, FTRESTE R AR
SE I Ga-N HMEXT .

ZnO R 1AM E A KA AT DS I SAH IR R 3K
2, WA LB b S R . A SRR
(Chemical solution deposition, CSD)$; A A& i i ig ik
BRI R 1 77 20KV AT DA DU B A A R I
T 95 Y I 50K 7 A0 Ak B 3o R o mT LA 40 A BT 75 4
Ak, HAbHE R, FEE BRI Z
i Uk 2H i, A5 FE B AL R S ) AR K R AE B A
JE Y AN E S 010 2002 4F Tsukazaki 2502
BB CSD I ARTE SCAM(0001)H _E STl K
Zn0 #HE . B 5H ZIRE: KL &M Z B RZ ) 2-
HA AU 2 T T DR AR VA Ve SR 7E SCAM A1) |, 7%
IR 573 K TN 10 min J5, i) 773 K 4%
FF 5h, BE/ETE 1123 K MIRE FIRFE 12 he BIfE
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Fig. 15  ZnO films grown by laser-MBE on SCAM substrate!®”!
(a) Schematic illustration of the crystal structure of SCAM consisting of alternating layers of wurtzite AIMgO, s (0001) and rock salt ScO,; 5 (111)
layers; During epitaxy of ZnO, the wurtzite layer of SCAM is interconnected with the wurtzite layer of ZnO; (b, ¢) In-plane twisting (Ap) and
out-of-plane tilting (Aw) of epitaxial ZnO films on SCAM and sapphire substrates as a function of growth temperature; 1 A=0.1 nm

EREE T, ZnO 5 SCAM # R Z A1 %A KN 4
4E ZnO VEETE FLIH AL k%, 7E SCAM 4 Ji (1) 2% 1E T
gk A K, [ZnOL) VU HATE SCAM 41 df 7R 11
AlMgO, s K ILZTE ks K, RESLLFEEN 450 1)
B,

B 715 SCAM H 4 Ji§ B AME GaN. ZnO i,
2009 4F Katase 25" F§ PLD AR 7E(111)YSZ ¥
FAKTAEFRFHFETT N SCAM &2, If
KRS I NEIE, Bt MBE HAR4K GaN
EE . GaN A SCAM/YSZ #1 i FAMNEA K, AME
K N (0001)Gan//(000)scam//(111)ysz A1 (100)Gan//
(1120 )scam//(1 10 )yszo SR IR ) SCAM 221 /23
5 GaN [P ) fm ok AR KRR E T ORIE X GaN
JEFIAME . 2010 4F Katase 251 ®ILL(111)YSZ #)& L
HME ) SCAMAE 22z, FIH PLD £iR1E SCAM
FAMEA K 300 nm JE ZnO #H . SCAM Z& 1
JEHE5E T 4k ZnO A, B0 T AL S 2R R
TER, BIMELEART 973 K BIRE N A K ZnO 3
WHAEIR LR M M LR R, K SCAM Lt E [
FERT UK B & ZnO .

5 HiE5RE

L A GaN F1 ZnO 5541 & A4 KA LE, SCAM
AR B A 5 AMEZ kg KRB AR L/, Geig
LIS RS HMEJZE E R B G M E AL, o R %
A SR B 34, BHAEA K B % GaN Jyii A
A R HI T35 N 7. B AT AR SCAM
A 2 i) 0 75 4k SR NI T 3R AF T

SCAM J& T Z Juid niE e, JroRH I AR be 4
B A PR ROR, HURONE 8 7y 2 i R 4T 7 32t
—PRER. HECKRAN S @R SCAM g AR T
SR REAK, HIRER D, SERTEAREA L
BeHAZEW, FE N IE D) EPH R SCAM A iy A K
WONESWER, TR H AR BAR LW AN, 2
SCAM I A7 A A0 B, B0t AN R B
FOREFEEEMERTE, RBERGT . a4t
KR R Rah R R, i A 5
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