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Fig. 1. Fabrication processes of SiGe nanomembrane: (a) MBE epitaxial growth of 60 nm Si, 80 nm Sij73Geg 2, and 280 nm Si on

an SOI substrate; (b) fabrication of a periodic hole array on such heterostructure; (c) separation of the Si/SiGe/Si heterostructure
from the Si substrate in IPA solution; (d) selective etching of the Si layers over SiGe in TMAH solution; (e) transfer of the SiGe

nanomembrane onto a Si (001) substrate in deionized water.

128101-2


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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 12 (2025)

128101

SiGe 2 BNy Si RREEF AT —2, ¥175 280 nm,
DU AE IR 2e 2k Si 2 FErh SiGe WESRYAE T 29,
952 40, WKl 1(b) B, FIHBOGES FUSN G
G TR (ICP) ZIih i (B B> 200 pm 1 S B AL
TAREF 2 Si0, )2, #EMBE RN 49% 1) HE )
VPRI s S10, 2. 56 3 4, KA IR AR T Si/
SiGe/Si St B4 AR A e AL B N BT (TPA) %
W T, dile i aniEl 1(c) MRS R 2 mmx
2 mm Y5 JRAHIE. 55 4 25, 3t 10% PSS
SAACEE (TMAH) WIS 220 o S B 45 )
T Si 2, JAFIE 1(d) By SiGe KT 26 5
W, G E R B TR ZUETRIG , 1K R
3 Si(001) R (K 1(e)).

TEILIN F73b R Y Si(001) SiGe YRR -, T
M RAMEAE KT Si/SiGe Flst 4k 5. 18
e MBE AR Z T, Q0HG Ak, FF i 6 H#
Femy HF 2 BR 3R A R AL ZIHE iU 1%
A MBE )5, 7£ 3x10 ™ mbar (1 bar = 10° Pa)
T = B AN, JEJR7E 500 C Al 700 °C PRHF
15 min #FATER AL A BlJEHRBERE 2 400 C
PLSi0.41 A/s, Ge 0.12 A /s BAERBRGTRL 100 nm
Sig7sGegop ZEMZE, ARG FHR 2 550 °C 5 KRS
FE 200 nm- Sig75Geg gy 22 M E, 12 nm M 42 Si 2,
35 nm Sij 75Geg oo [HFAJZF1 2 nm Si 3 )=.

AT %78 SiGe W I — 2kl 52
HEAT T VRARAYRAE. F I P 2 o SR AR R = i
A4 (Horiba/LabRam HR Evolution) 7£ 1800 nm
JEME . 532 nm FOE T, X AT TR RIS )S
[ SiGe AN IR, Si/SiGe S F4E YR AR,
HRF 771 B3%5% (Bruker/Dimension Icon) 7E#2
BN RAE T RS R DA, (I T3 &
i T BT (ZEISS/Gemini 300) A9 HE F-i T8 4ef
FERUEHEAR, 78 15 kV BB T, X 5 2R 1
(25 N AE HEAT T FRAE. I FHBR 2245 1E 5 5 e 3
(JEOL/JEM-ARMS300 F2) X # i (19 St di A7 1
FAE.

3 LBERIAMN

3.1 SiGe K&, Si/SiGe RFLEHIR /1
iR FRAE

9 T BIFSE SiGe 44 K W JBE v i B A5 IR 245,

Kl 2(a) Fizn, (P& T Si(001) #K I SiGe

BB HT 5 1) Si—Si AR, #HEDE 2 mm x
2 mm SiGe FKHEELFLF] Si(001) #fIEJT G
WAL LRI T BR Si 2 A )RR A R
Th, FEZI S AR R 2P 256k R Si 2, AR R Xt
FREDGBET, A RAN GG M, S e S T
W AP, TERIUR S SiGe 99K MRS, Si—Si
U Az R 2T RS, U0 W1 TED PN i s RO R, Ak T
PES RIS, % T (001) P10 b B S, SiGe
YRR Si—Si W AR AR B Awsi—si Fll SiGe
J2 T OSUR S THT . AR egige R AR R R Awsisi =
bsi—siesige 20 , HoH bgi—s; EFE T SiGe FMEH ECA
IR AR AR R AL, B ER AT bsisi =
(=730 £ 70) em~ 27 %15 25 il 35 ARt
% SiGe # IR AS AN S Pk S R TR IR 5 1. A2
P SCHk [27) AT, SRR NIRRT SigrsGeg o
R RS TR A8 24 0.83%, HIFESE 4 BOIRS R
B I Bl R 5.476—6.640 cm L. Xf T A 5256 11
F LS TR, S BEFRN 0.35 em !, SLEG TR 25 7E
0.5 cm ! [fifE. SIS BEALETS , SiGe 40K A
Hh Si—Si g A5 oA (6.402 4+ 0.5) cm !, Pl
BUETE R A 1Y I B2 Y0 R 2 . T B 3R AT o 3
it X AT (XRD) RN TR Ge 2y
1 22%, UL L Si rsGeg o TR 1N T 58 42
R ANl 2(b) B, SEgill e B nTEFE R SiGe
YK b R AMIERY Si/SiGe S B 45 B o
Si—Si WM B A A RS, B ZE T IR AME
HFHREIR RN R T S RTANE S5, W T34 SiGe 44
KRR SR R B IR DAL 2(b) 1B AT RS
FWAS Si UERTFATE, SCIIS Si/Si)7sGe gy FHEE
BN AR SiE SRS SiERIZEE (6.609 +
0.5) cm . XJF (001) i bR AR, 4n ik, AR
PN Aws; = bsies; P, Hifr, Aws; ZETCIAE Si )2
FINAS Si 2 BIIRFE 250, bsi S XTI 1 A5 I % 2
B, eqii Si/Siy ,Ge, w45 Si & B (St QW)
ST IIRAE. 22% Ge T 1 Si/Sig sGegop T
ghirh Si /- FPRFINAINAE eg; = 0.84 %, HRAETE
FISZIT AN by = (784 4 4) em 129, SZIG TG
E AP = XL R & RAF. 78 St IR XL (E
SiGe YK 75 X 30) £ KAy Si/SiGe R %s, K
FC R g H = LR IR XORBEIL, T SiGe Z2 1
JE RN A 1S 2 58 b g, P2 A SiGe
Si—Si WERINAE Si WERATIZ A B T RE SIS Si U,
FFE T,

128101-3


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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 12 (2025) 128101
3000 1200
(a) —— Before release (b) — Overgrowth on SiGe NM
—— After release — Overgrowth on Si X
Bulk Si
2 2 Si—Si
E 2000 | £ 800 (in SiGe layer)
e el
- -
s 3
~ ~
z 2
g 1000 g 400
2 2
5 =
(O or
500 510 520 530 500 510 520 530

Raman shift/cm~—!

& 2

Raman shift/cm~!

(a) Sig7sGeq oo IR BITE R (RLL) FIBEHUS (L1£0) MRtk H P iR Sig sGeg oo PR BEEL R ) Si AJIEfF B

2 WAL (b) TE Sig7sGeg.an BTHEIE X 8k (BBLR) I Si FHE X I (Z048) 2L K Si/SiGe 5 F4h 5 M & 3k

Fig. 2. (a) Raman spectra of Sij73Geop nanomembrane before release (black line) and after release (red line), where the inset shows

an optical microscope image of the Sij3Gegqy nanomembrane transferred to a Si substrate; (b) Raman spectra after growing

Si/SiGe heterostructure in the Sij73Geg oy nanomembrane region (black line) and Si substrate region (red line).
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Fig. 3. (a) AFM image of the surface after growing Si/SiGe/Si structure on an SOI substrate; (b) AFM image of the surface after
transferring Sij ,5Gej 2y nanomembrane to a Si substrate; (¢c) AFM image of the surface after growing Si/SiGe heterostructure on the
transferred Sij 73Geg 9y nanomembrane region; (d) AFM image of the surface after directly growing Si/SiGe heterostructure on the Si
region; (e) electron channel contrast imaging (ECCI) of the surface after growing Si/SiGe heterostructure on the Sij73Gegoy
nanomembrane region; (f) ECCI of the surface after directly growing Si/SiGe heterostructure on the Si substrate region.
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Fig. 4. (a) STEM-HAADF image after growing Si/SiGe heterostructure on transferred Sij;3Geygs nanomembrane on Si (001);
(b) STEM-HAADF image showing the interface between the transferred and epitaxial Sij;3Geggo; (¢) high-magnified STEM-
HAADF image showing the interface between the Si substrate and transferred Sij73Geg 2 nanomembrane; (d) EDS spectrum of Si

element near the Si quantum well; (e) EDS spectrum of Ge element near the Si quantum well; (f) high-magnified STEM-HAADF

image near the Si quantum well; (g) STEM-HAADF atomic image showing the interface between the Si quantum well and the

Sij 7sGeg.0o spacer layer.
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High-quality Si/SiGe heterojunctions on transferred
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Abstract

Strained silicon technology employing strain-relaxed SiGe virtual substrates has become pivotal factor in
advancing group IV semiconductor electronics, photonic devices, silicon-based quantum computing archi-
tectures, and neuromorphic devices. Although existing approaches using Si/SiGe superlattice buffers and
compositionally graded SiGe layers can produce high-quality SiGe virtual substrates, defects including threading
dislocations and crosshatch patterns still limit further performance enhancement. This study demonstrates a
method of fabricating fully elastically relaxed SiGe nanomembranes that effectively suppresses the formation of
both threading dislocations and crosshatch patterns. The fabrication process comprises three key steps:
1) epitaxially growing Si/SiGe/Si heterostructures on silicon-on-insulator substrates via molecular beam epitaxy
(MBE), 2) fabricating periodic pore arrays by using photolithography and reactive ion etching, and
3) selectively wet etching and subsequently transferring nanomembranes to Si(001) substrates. Subsequently, a
Si/SiGe heterostructure is grown on the SiGe nanomembranes via MBE. The full elastic relaxation state of the
SiGe nanomembranes and the fully strained state of the Si quantum well in the epitaxial Si/SiGe
heterostructures are verified using Raman spectroscopy. Surface root-mean-square roughness value is 0.323 nm
for the SiGe nanomembrane transferred to the silicon substrate and 0.118 nm for the epitaxial Si/SiGe
heterostructure, which are demonstrated through atomic force microscopy measurements. Through electron
channel contrast imaging, it is demonstrated that the Si/SiGe heterostructures grown on SiGe nanomembranes
have uniform surface contrast and no detectable threading dislocations. Comparatively, the silicon substrate
region exhibits high-density threading dislocations accompanied by stacking faults. Cross-sectional transmission
electron microscope analysis shows atomically sharp and defect-free interfaces. This research lays a critical
foundation for developing high-mobility two-dimensional electron gas systems and high-performance quantum
bits.

Keywords: molecular beam epitaxy, stress relaxation, SiGe, heterojunction
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