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Fig. 1. (a) Mobility of Si two-dimensional electron gas with time. Solid squares and circles refer to undoped structure and doped
structure, respectively. The black, red and blue color refer to three different growth methods (constant Ge composition, Si/SiGe su-
perlattice and the graded Ge composition). Inset images show the SiGe/Si/SiGe heterostructures and the schematic band-edge pro-
file. (b) Effect of threading dislocations on electron mobilityl®. (c¢) Effect of Si-channel thickness on electron mobility®. (d) Effect

of the spacer layer thickness on electron mobility!6l,
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JZ A8 TR B 563 A A7 7 192, % i )23 v Ko 1) BB B 25
3| Ge e FBfrh, AR TR AR St — 4
2 REB R R 101 cm?/(V-s) K.

J T g SiGe ZE P )E I AL, A0S/ N R
FHAE Siwf Ik _E 4l A2 i ik A K Ge B HREY
SiGe Z&np)2. DUJRSZERZE Xie 45 940 F FH 4 F A Ak
FEXE SiAHE_E A A AMIETTR Y S 4Geg g AR,
BT AR GIB A0 Ge 25 7URGEH), 4.2 K
AFE RS R Uik #] 5.5 x 10* em?/(V-s). 2002 4,
B KA von Kanel W58 /N 1971 Fi| FH 46 85 (A3 5
A2 ARDTRFE IR 10% /um AR s 24K 7 um
BT AL 2 AT 1 wm ) Sig 3Geg 7 W, F1 bt
BB R PP I SR B AL A B B R 2 X
106 cm 2. FET B E SiGe 28 b 2132 AY — Yi2s
TURIE 4.2 K BHEBARIREN T 8.7 x 10* cm?/(Vs).
2004 4F-, von Kanel 1§84 96 1F — 4 FEAIR 2% vh )2
WAR R E 7% /um, 53 k55 7 URAE 2 K I
EBFEEH 1.2 x 10° cm?/(V-s).

2008 4F-, FL[E Shah & 07 1 H T 386 4 4 i AR
B A K TR SiGe 22, F T AL 2
SAHVIE (RPCVD) A KR, B el I in s
WA TE ST EAMEA K SEEN AR EEINT 5 %
107 cm 2 B Ge FEE, SR G B WD Ge )& 5 5|
0.8, IJa B KEE Ge 8 SigoGeys 2. t2EZ]
Ttk e 2 e B 225 (5 A 2 B2 R 108 em 2, SR HY
T ARKLRE E N 2.6 nm, JALME N 1.9 nm, T 1E
WiAE AR B SiGe B R AHRE R Y. B Tix
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Ga doping spike

(a) Modulation doped Undoped (b)
I g
=
o
0
+ + $!
@
106 - Forward ®
— grading 7]
T =
—‘: 5 [ ] Reverse
105 F
5 0 P O grading
s
<
2 10t
= 10t ® Constant
2 @ composition -
EO () buffer Ge 100%
103

1990 2000 2010 2020

Year

500 nm

K2 (a) AFEBIN Ge/SiGe 5 B4 4k 2 ORI /R IG T B 2%, H i 520 190 B8 AR 520 77 e a3 R R B AL B 45 M L AR 8
FeTN G B | R 53 B3R SiGe 22 vh 2 1] 8 B 4 Bt L 243 TE M A8 20 43 300 i A8 46 3 AN ) 2 R 775 BY; (b) Ge #IE I
[ 72 4% 20 53 A G SiGe 22 #hZ I TEM, 7l A B 46 9% vh )2 S i 1 BF)2 7= A R HER 248 925 (o) St [ 4 43 i i A8 7 i 2k
K B9 Ge/SiGe 28 S5 BRI TEM [ 102 37 4 3 B4 A1 78 300 i 4 2% vh J2

Fig. 2. (a) Improvement of two-dimensional hole gas low temperature Hall mobility of Ge/SiGe heterostructure with time. Solid
squares and circles refer to undoped structure and doped structure. The black, blue and red color refer to three different growth
methods (the constant Ge composition, forward grading and the reverse grading) ®. (b) Cross-sectional TEM of SiGe buffer layer
with constant Ge composition on Ge substrate, plenty of stacking faults inside the constant Ge composition buffer layer and Ge
quantum well®?. (c) Cross-sectional TEM of two-dimensional hole gas obtained by reverse grading method!'?. Dislocations are

mainly localized inside the reverse grading buffer layer.

KR SiGe 2 P2, 2012 4F, iZ/NH il 45 0 9 il
B A s O E RS RTE 12 KiAF) 1.1 x 10°
cm?/(V-s) B9, 2016 4, b ATk — 254 I il 45 24 Al
— S ORI F] 1.5 x 108 em2/(V-s) B0,

Bifi 5 X 0 AE Ge 7 BF 23 R T HURRITF S
MR, SE K BB 4 R B AR T LIGR B T 2%
BT R, (HEBARER S FER B . 74k
A 0 B i g i (14991000 PRIy S UG 4 T LA
5T R B PRI B AR 1. 2016 4F, 1 E
374 Laroche &5 101 Fi F PRl $A 4k 2 SR DTRUR:
FHE 2 o i AR AR K A AR B 22 N AR Ge 5T B
GEAE, FEZS OHRIE R 101 em? BEALET, WE(EER R
KF] 3 x 10° cm?/(V-s). 2019 4F, Sammak %5102 %L
T AR kA K SiGe Z W02, FIH RPCVD
AR AR L B R AR P, ks G
BRIKF]T 5 x 10° em?/(V-s), 257N 1.2 x
10™ cm 2. 7625 SO HL AR, 3 R R A5 B4R
5 P AR T SiGe 22 w2 B & A4k,
 2(c) fiim, Si il Ge =2 8] H) e B (4l 5 B4 78
Ge/Si FLHIX K, J5 2L A8 4 KO ik it = 1

PN DA R Y= e N o G N R A i)
IASRE, (RIS R A REHE i T AR B S AH AR IR
R, 24w T SiGe 22 vh 2 1Y g & 102,
XFT Ge/SiGe i gl — 425 7R, HETE A [F]
LR AR AHSCHE.

3.2 Ge fk%

— 4k Ge YKL A il 85 H2 AR I AR UK T
T8 T MAETH N A K 1Y Ge/Si #% /524K 4L
2| Si I L1 P TE T AL RAE K AR B Ge i
Tk, )i 3 Si eI i P AT e A A K B = 7
Ge TRy 4%

Ge/Si ¥ /5e 48 K 28 T B RS- -[E (VLS)
AR AL 103 SR OVD B4, [ 3(a) WHZEK
RN B, XA R R 4w URLAE S i Ak
), WA TAHR N, fE— R TSR NS
S RPRIE ALE G 4, YIE & A T it AR
AHE, S0 ARTE AR, gk ny R A
B, S0 — s R T AR K, 4 s ok —
ELALF YRR T H 25 s/ 104 g G i
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SRR \i’(

SRR \ VY
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[
fiEfst] et ae 90kE&

50 nm

5 nm

5 nm

B 3 (a) VLS J7 A KA KL iR B (b) VLS J7 iR KA Ge KR B9 TEM 18] 109; (c) 454 BOG e MoF AR VLS A4 K5 i
HA M ERN (5 + 0.6) nm 1 Ge QKL TEM & 17; (d) Ge/Si % /FE 94K 22 (1 TEM 18, Horp B33 Ge 4%, K (43573
Si 72 10%; () Ge/Si#% /7R KL = 43 HF TEM K], 3R Si 52 0 B0 2504 1) (£) Ge/Si % /70 44 K 4 114 8 78 T /s 28 81 L B RB Y I

B 7 )

Fig. 3. (a) Schematic diagram of nanowires grown by VLS method; (b) TEM image of Ge nanowire grown by VLS method['*);
(c) TEM image of Ge nanowires with diameter of (5 + 0.6) nm prepared by laser ablation method and VLS method"”; (d) TEM
image of Ge/Si core/shell nanowire with black Ge core and light gray Si shell'®; (e) high resolution TEM image of Ge/Si core/shell

nanowire showing a crystalline Si shell'®}; (f) schematic diagram of cross-section image and energy band offset of Ge/Si core/shell

nanowirel!9,

F R (TEM) EnE 3(b) i, 4 e Bk
() EARTEE T ORI ELAR, 1Tt 4 e ik 57 3]
il TR, EAE—BAE 100 nm AL, 1998 4F,
Morales il Lieber!" 5k At be i AR FEAL T 4
JE& FIURL Y AR, SEBL T B R /A 5 nm [ Ge 44
KL myh %, & 3(c) iR, 2002 4E, Lieber fF5¢
INELIOL I FRAE R ITTESIRT Ge/Si 1% /5240
Kl e, A&l 3(d) IR, Ge &R EAEH 26 nm,
I 3(e) B4 HE TEM KA %, SiFE Ml Ge #%
SV R B SR AL, OB T s R BT D) SRR A+
El 3(f) B, Si7efll Ge BN REH 220 0.5 eV,
Ge 25 B IR I TE Ge B, &5 B R4 R
1000 cm?/(V-s)19 BHSFISLIIFT R, Ge/Si#%/
FEYN KL ELAT T T 58 1 e - R A A A
FH [86:106] QA g PR 24 217 3L Ge/Si# /5%
YK L £ 1 DU F S AR R I R4 e
PE, SCELT HL N P AN i A R 2R 5 R ) O
P 0081 Jig st 2 6 1A T 2K 0.6 mst0%)) 3B AR ]
73K 180 ns!1ol,

IR Ge/Si % /5eKRLART] Tz 658, 2
SECABAEAE L PN RME. B 5, kit Ak m M
R A, T B AL 3) Siool SOT 4
JE AT AR A O B T AR T RMERE, B
ARME MR AR B HR, VLS A=K 75 R 4 8 ik
VER AT, IR L P AATE SR TS Iy, S g F iy
L2 PR T 12, DL AR R TIZ T Ge/Si B /74
KA R RS — 2P .

WERY Ge 5t 522 A 20 B R A Ky
Stranki-Krastanow Az K AR 2 113]) S F 401 S AN E
AR ITETE Si b EARTF TN Ge it 748, F
£ 1990 4F, Mo 45 M4 5 7€ Si(001) 4 i b 52 2]
THRE/NF 100 nm IHZE Ge &, 115 Tersoff
H1 Trompl''? J5 I 33 A4 J2= 7Y Gee 5 P BB ZE K A
H Ge HT£8. 2012 4F, Zhang 45 W £E Si(001)
IS L IRl Ge J2 LU SGR KTk, SEILT K
JERTGE 2 um [ Ge T FLAYIMNEA K. ATk A
S FHAMEA R T, #E 570 °C 44F T L 0.06 A/s
M RPUR 4.4 DMETZIRER Ge i=IHZ, TR
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JEEERE/INT 570 °C BHE L =i R R Ge & /1l
FIRE, WK 4(a) IR 1 BB (AFM) Kl
TN, AR A T AT A = 4egh . SR W IR
FEAKE] 560 C IHBR AR K, SR NIE 4(b) Frs i
T AR K B 4156 Ge 1 T28. Ge 1 TZIM KT
4 {105} fb T A, BRIl -1 PR (100) J5
], JIGHCAHEIE (I 4(c)), Bkim A =M1 (E 4(d)),
MRENR A R 11.3°, FRZ IR P2k, T 407
YIRELM 1.86 nm, @5Ekh 1:10, KEEATIA 2 pm,
RIK 5 FE AT 3k 1000, B6Ah, BT LUE T Ge 21
JEREKH T Ge f T BRI BE. J34b, ]
DIERCANIE 4(e) FRi LIE Ge 872k, FSIHE
FEH N AR ST B9 {105 } 4 1 B A AR AR i 22 TH g,
B E R LI B F R B Ay 1,

4 (a) SiAMIK LU 4.4 4 Ge [ F )2 5 Rl AFM
El; (b) Siff K LU Ge |2 LA KR K Z 5 T8 B Ge it F
LRI R AFM KW () F1 () 433102 AR Ge it F2 43
105 0% 18 2 PO IA Be LL R BT TEM [ B (e) i B
LI Ge i F445H

Fig. 4. (a) AFM image of Ge wetting layer after the growth
of 4.4 monolayer Ge on Si substrate; (b) AFM image of Ge
hut wire on Si substrate after the growth of Ge layer with
subsequently annealing!; (c), (d) scanning tunneling mi-
croscope imagel''®! and cross-sectional TEM image of a Ge

hut wirel*!l; (e) L-shaped Ge hut wires on Si substrate.

Si(001) % L AIHIRE B Ge it F2R& & oMk
M H N AR A5 T4R, 5 Ge/Si % /7
KREAHLL, R T 6B AR T BUh & 15 Y LA
GORZ AR T N AE K B RS RIE, HA0KE E
P ERAE Si A b, 5 YATIRE T 2904, NJa gk
FREH AR T A R Ge i FR MBI
=M, SRR ETE R Ge/Si #% /29K L
HigF 2 SORA A, RS Ge 2 F2 gz /X

JLTP- 43 R EE 23 o B8 223 U i /N 1%, 1
BRSO EA B TR AR E K 107 geAh,
MR Ge i FLEA KM g BT LI A liE-
HUEA A EAE R BT822 0 ATE-PLHER A K
FE2)2h 40—100 nm, H g ik 4.34, H ¢ A+
WA T AN EE 7 1) 7 1), HA AR ) 45 1) S B,
SMNINEE TR T g T 517 TR T
LRIFHY g T HUE AT 35 18, HAT, E2EMES Ge
WAL P T EPR EEA Ge 257U T HRE PO,
B A FHHE AT 3K 130 ns. [ Py EBRE R R K 2EER
FESEIFFE /N VS FE Ge T4 7 AR a4 1
T RGEMIRAWITE, FEXF Ge T4 9
TR T S AT, EAE R o A s B
TR T D O T S O TR e 1 R
A 191200 G5 SR AR S BB P s S £ v
28 T CIRAS:, A S e I 38 1 e s 22 ) )3 15 LA
Rt — 25 SR O SR R B B T T ZE LA
FPEPEAFFE /N 21 S8 B IRAE Ge 257 CHEF A S
T g HF k& A REPLER G S W I S
VAT, W T RE R A FR T A S ER i T AR A
A EE NS SR WA, A T H i
5 0 B e TR B LR, LT B IR 1R 4
540 MHz*7.

SR, LA R Ge f T2 A B FE Si (001)
Fmm_FIEREAL R B, ASF T TR S0k
I K. S5 Tam T sRAMNE A Ty
%, Gao 5 W HE Si (001) # K ES2HE THEAY Ge
TR PRSI e AR K O e e R R
TR BRI I B 20 Pl R FE Si(001) A L
24 o IO %) T PRI 254, TR A TR BE 24
70 nm, W 5(a) Fis, Hrp BN MREZER
M FH RS Ge & 72 (100) Shla], LM
()7 T A 203X WG A7 . SR, I 37 R4
FELE AT JE i JeE K 3 nm 1Y Sig 15Geg o5 J2, TE
[T A BT B T A&l 5(b) TR fl—4k SiGe
MR, W AFM &4 s (B 5(h) Th404k),
SiGe Z7 (RSB BRIE, TS -5 2541 dksk
A K 0.6 nm [ Ge ZIHIRNALER K, FEIE SiGe 571
AT AT Ge BT (K 5(c). XE
BET Ge JET4E KTE SiGe 4417 b AT L) - iy ¢
N AERE, [FEE, Ge JRFTE SiGe L4 HIFA 2211K
THE Si LAY s g 12120 X A5 Fl T SiGe %%
W L —ELR I . Ge TR IRTN = AE,
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Height/nm

— Patterned
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— After Si
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— After SiGe
layer

— After Ge
layer

100 200 300 400

Linescan along [100]/nm

—T70 F

B 5 (a) HA MR S (001) EIEH M ZER AFM B2 (b) 2E K Sig 75Geqos 2R TE M—4E SiGe 41 45 Y11 AFM [&] 12,
(c) SiGe &fi EIE I Ge H: T ER I R TH AFM [, 4 [8] Dy Ht 7~ 2 10 it 1T 20 BT 81, Gee 7 4 050 T 4 0 1T 349 9 {105} 4 1T 1215 (d) Al
(e) 739107 Ge B TE K MR STEM I8 S i K 9 STEM [ 12, 4 [0y Ge B TR AR MR 2 5L 185 () F () 22010 Ge BT HY
2877 1] (1 5 43 B STEM & L) B R ) STEM [ 12); (h) Ge B T4 4R K I BE i AFM 2849 45 12

Fig. 5. (a) AFM image of trench-patterned Si (001) substrate*?; (b) AFM image of SiGe mound after the growth of Sij;5Ge o5 lay-
erl?; (c) AFM image of Ge hut wire on Sij75Gej o5 mound after the Ge layer deposition with subsequently annealing, where inset
image shows the {105} side faceted Ge hut wires*?; (d), (e) cross-sectional STEM image and magnified STEM image of a Ge hut

wire, respectively!’?, where inset is the overall view of a hut wire; (f), (g) STEM image and magnified STEM image along a Ge hut

wire, respectivelyl?; (h) AFM line-scans showing the growth process of a Ge hut wirel

P T2 A 1 {105 b T (&L 5(c) i HE IRl
FR), B EEZIN 3.8 nm, JIEHBUEEE A 38 nm, S
FREMR 2200 0.11 nm. BEER I 7 1) B9 47405328 B el
T W E (STEM) Kl (1 5(d)) #1748 #F STEM
Kl (& 5(e)) LA Ky 2 )5 1a) (1) STEM & Fil 5 43 B¢
STEM & (& 5(f) 1 5(g)) s Ge B FLh ks
BRpa, HAT o8 0 S A T

MR Ge fFLMALE . EI L K EERIE R
SEA MR T MR 6 SR L KB RRAR.
s i Al ) R S B T AN 6(a) BT/ 9 X401 7
(1 Ge 2. P MRS B AR AR T B
10 um Y Ge T T2k (K 6(b)), JEI E, Ge FET£&
K BT AT R . e, il 5 45 i MR 9 4R

[42),

WAL T M AR O I (K 6(c)) KA LIE
(Kl 6(d)) Ge ftFh 4. TR BRI B ) R i 7 ot
LR IE RN 37 B AT R 124 204 [ g
RS, WIANTREE N 6 nm, %4 60 nm B, 41
VUMK Ge & & SiGe JZIF IR AR K AL, SiGe
SIS ] A YRS, AR NIRRT Y GeSi
LI (K 6(e)). TN GeSi it FARIMEEA
{105} dAhif, A E Y = MAIE, ®EZH 8 nm
(&1 6(h)), ELIFVRE T L33 e 855 LA g ) S A o7
K ey R AL E (] 6(f) FE 6(g)).
TN GeSi & Ge &1L 30% A4y, it
SKHIN 15 S 22 A KDk, AR C 28
SCHETHEN Ge = FLMAFAEK.
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— 500 nm

K6

—6 nm I | 3 nm

,W

r 11.37
0.0
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5 - / DK BRI/ nm

(a)—(d) 7E Si (001) FHJiE b MU0 S A K 1 B ARFATHES 9 Ge 1t F 2k L KE N 10 pm /1 Ge 1 F2& . HFIEM LI Ge 1t

T AFM 12 (e)—(g) Si (001) FHE MM ERAE K Y Gey 33810 67 T T AYETT AFM &, EW25 0 1 pm, 2 pm & 500 nm!127;
() TR P 3052 K 034 G S g7 T 26 A28 TP, GioSi it T2 0 IR (0 £ 11,3, (U1 4 {105 ) 1 129

Fig. 6. (a)—(d) AFM images of closely spaced parallel Ge hut wires, Ge hut wires with length of 10 um, square-shaped and L-shaped
Ge hut wires at the edges of trenches on Si (001) substrate, respectively!*?; (e)—(g) AFM images of Geg33Sig¢; hut wires inside the
trenches on Si (001) substrate with a period of 1 pm, 2 pm and 500 nm, respectively!’?’); (h) AFM line-scan of a Geg33Siy g, hut wire
inside the trench, which shows the {105} side facet with an inclination angle of 11.3°01%],

SAREATHESIG

- Device 1

B 7

ILi+1>/pA

(a) BABFATHEFN I Ge T2 AFM &l (b) Wi T ri de PR G5 HR B W2 (o) BRI L + B 5 Vo IR Voo BB R 12

Fig. 7. (a) AFM image of the closely spaced parallel Ge hut wires; (b) schematic diagram of double quantum dot devices*?; (c) total

current I; + I, versus Vg and Vo'l

HFHIT Ge T LMV A AL T2 1R
BB, 3T ML Z IR R Ge B TFLHI4& T H
A, SRR T MR RS HEIS, g
T T ik 3.9102 ) [RIEHILIE] T E 5 AN EY
GG 120 Fe B4 HA R A E-FUE R S
FHEAER, BT AR B g %) B TE-E #8405
HEATIRE. BLAh, SC T AN BT HES Ge &
T2 (B 7(a) LHREFAE MBS, 08
BEEE 7(b) B, B 7(c) AR AR 1R 2
MRS TTHRE Vo M Ve, BERE, WEH
(IAE S AT AE H, 24 1A a8 R i AT 14

ey, 75 1A S idet 2 H BRALRS , R
P 2 ) B T R

4 A%‘%'%%E)g

AREER FZA G T IR AL R T
PRI JR B R R B A LA ] 3507 1k L ARG
SEANE T L SR B TS AT .

(AN PN R VAN ] N E Ve S 2
T JEE RN KL S 1 55 )l o 14 R 42 ] o S0 B2 T
T AR BRI B SCHE N 3R . Ak T30
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Abstract

Semiconductor quantum dot is one of the promising ways to realize solid-state quantum computing. The

key is to obtain high-quality semiconductor quantum computing materials. Silicon and germanium can be

isotopically purified to achieve nuclear spin-free isotopes, meeting the requirement for long decoherence time.

They are also compatible with the current CMOS technology, thus making them ideal material platforms for

large scale integration. This review first summarizes the important progress of semiconductor quantum-dot

quantum computing in recent years, then focuses on the material progress including the silicon-based Si/SiGe

heterostructures, Ge/SiGe heterostructures, and Ge/Si one-dimensional wires, finally presents the outlook about

the development of silicon and Ge quantum computing materials.
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