B2 2B KERERHEAE R
AR L3 L
Department of Physics
College of Science
National Taiwan University

Master Thesis

Ge/ AR R T IR 2 E AR A0 P AT 5
Electromagnetic Transport Properties of Nb/SbzTes
Bilayer Films

e 90
Jia-Cheng Wang

FEHZ D 2R M
Advisor : Li-Min Wang, Ph.D.

bPEREBR 112 £ 7 A
July 2023

doi:10.6342/NTU202301403



B 56 M KkFMAEF L
DREAGFRE
G/ A TR 2 A A 5T

Electromagnetic Transport Properties of Nb/Sb,Te; Bilayer Films

KB EFER (R10222087) AR zEHKEHEFHT
R mZ S, ARBR 112 57 A 4 ARTFHIHFRELERAF
BB A ORXRA, 4R,

03X % H Oral examination committee:
£% [i\\/ (8 4% Advisor)
Yoy
B 9% %)

i doi:10.6342/NTU202301403



B

AL ARG FIFEZRAEFOHFT TR BERERRGE,
TRFRFAKE, FREHERE S, AXHEEZL, RAERFREY.
RE RO, REY. $HHBE, BRI R TR M4 — 1 23
S A AARAR T AR B, B A48 4 30 A TR AL KRR,
WA AT & Aok, B RO FAFI A, R LE LA TH &S
T A BT E 9 W e &

Rk, WEREREEE AL BT AL RE, KR 20
Z i F R PR T IRREHE

I doi:10.6342/NTU202301403



S

MF R, Majorana & KT =T A4, = T3 HEFAB A =42 K2 ER
ST HEERHCH R LT, mlE%h Majorana B R T LT 6, 6L
LR N R AT L RO E B, A L £ 2330 AR ALE M AR (ND)F L
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Abstract

In recent years, the prospects of Majorana fermions in fields such as quantum
storage and quantum computing have attracted significant attention from physicists,
leading to extensive research. As a platform for Majorana fermion studies,
topological superconductors have become a focal point of many experimental
investigations. This paper primarily discusses the deposition of antimony telluride
(SbaTes), a topological material, on niobium (Nb) thin films, analyzing the
electromagnetic transport properties and two-dimensional characteristics of this
bilayer film system.

First, this paper focuses on preparing Nb thin film samples with a
superconducting critical temperature (T;) of 9.1 K on Si(100) substrates using
magnetron sputtering. After adjusting various parameters, the optimal substrate
temperature was determined to be 540°C, and increasing the film thickness to above
120 nm resulted in high T, Nb thin film samples. Additionally, it was found that
quenching during the process improves the quality of Nb films more effectively
than annealing, which helps to enhance the system's T.

Furthermore, after fixing the Nb thin film fabrication parameters, Sb2Tes thin
films with thicknesses of 20 nm and 50 nm were sputtered on top of the Nb film to
investigate their effects on the entire system. Due to the proximity effect, the T, of
each set of samples decreased by 0.03 to 3.75 K, and the upper critical magnetic
field (H,,) increased by 284 to 14958 Oe. In addition to studying the system, this
paper demonstrates the two-dimensional characteristics through the relationship
between the pinning potential U and the external magnetic field H, as well as
measuring the system's BKT phase transition.

Lastly, by examining the relationship between conductivity and bias voltage at

different temperatures, no zero-bias conductance peak (ZBCP) was observed. The

calculated energy gap and the ratio were found to be greater than the

BTc
theoretical calculations of traditional BCS theory, indicating that the system belongs

to unconventional superconducting materials.
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1.1

1.2

$—F s

AT A A

PHEARER AH— AR MR, USSR B AL AEEE T P OH
H2 J& ) VA BT e nk % 5 4% Majorana & KT a9 #82 m < M3, J63E A4 d At
HAEF ARG MR T WL LA KM E, Pl G EleiEk /i %
(topological surface/edge state) ¥ H AL 692 T1T Ao ARBIEHA XL, &
ARG R RGOS ERE R LA B R A, T8 H @ 34t 6d
B AR 69 A A S AR BOT AF da 3 M A B 0 A AT KA4E: 6B %48,
Weyl ¥4 & #= Dirac ¥ £ B %, mPTE O I6EAR LA R EBEMH P AL
LR, AR R R A R IF R LR | E T MBI, el
RE ARG FAFIMY

fede M #H o FMAE S — RV RATIBHERLTM RO T R T RA
A, FMHARARNGRRI R RS AR AR TR, HEE R G
(BixSes) P #4 7 Cul'l, S, Nb% 4 BRY, AF3 LR LR BE L
3K A0 Ab—AE 7 Ak 2 W16 B %00/ L0 BE 45, A AAZLHR
LR, BIEHEBGMBEAAR TN, AT RE A BiSes/NbSex AR
BixTes/NbSey! "2 & vk FHREBAEA TIo AR L 09 A0k, 3 BB —ZA 5| KR
FEABAERE AP A B Majorana % AT B8R, FHE TR
G B ERMHEIR A, R ARENY, BAT, %R ET R
16 B % A8 AR BE(BiaTes) 1Y, AALAR(BiaSes)!”), #4145 (SbaTes)! 014 A A
e BEBRAERRSKRSK A%, 26T KM TINEE—F 5

>
7l o

Majorana & KX -F

Majorana % K -F & -F2E Majorana # 1937 F# &7, w1 K —Fr 455k
W TAT, BAAEF RGN A 6 5 B . Majorana % KT 5% 1L
HFERTFHET IR, CORETHALARET . Majorana % AT 4612 F
SPAREERER, £—Lipi A8 FHRMA P, T LA 464 PR 47 49 Majorana
RH%E FLEPLESEFRBMER, LAEEETE GBI AEZORY, TX
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5 BRI, B A AEFT B # 431 4% M (Abelian Statistical Properties)#9 /&
BT RRIESEE T HEWAAIY ] m Majorana RAFE A2 R E LA IEF H
MR ke T RV 5 438 & R MR 2 463 2 Tt 4 (topological
quantum qubit), ‘& JL7T %45 69464 2 F 3t H (topological quantum
computing)* ¥, F- A= ULN Majorana 3 K F 2L L AT L9 A &, B —skd¥
T OGIEA R F M A R B M, A5 K A1K B 5 I Majorana 11 2425 49 3
MFeds ], —RFIRHFRXIRE T T AL 69 Majorana 125, 2R E Zit—F )

I E Ao BTN,

1.3 4-.(Nb) M A~
2 A4l o E, BAES ZAEBBO)EM, wB 1.1 iR, BRFFEL
%144 pm, FHE 24 857 g/em’, ZEMFH Hlm3m, ETRAEEHRIF, BEAH
2477°C, 273K B#9EEA 15200 - cm, 2B ETRMIFN T oA LR
BE A 93K, I AM RIEF AR R ey, R, aMinAe sy i,
AR & 69 R F M g Rel,

¢ @

1.1 & BEHRRTEEER,
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1.4 #F4048(SbyTes) i A
AL B A= 07 dh R M, LA S|, B 1.2 BT, BAE A 612
glem®, =M #H %HR3m. WEZ:4 639°C, 273K a9 EME 4103 Q-m, %4
— A B BERAE, € B A M R A5 M (time reversal symmetry) R 3E 69 & &
Re, STIpHIH @aatas £ & L & KRS (fermi level) iz AR TR Z M BF, AN
HREAABGMAMORE, RBASBE, HLHELAHEEHELEASL
TT B,

1.2 #iLéh R T 4548 8,

1.5 #F ok

Majorana % K F A 7446 3AR R P, A 8 AT T 0916 A T8 M -4
By ME BRI LAABA LRI BRIERF IR B M Is R %
B F A s BAR T RAAE SR, WBARTRABREIHE L @ B LA
S, ABAERY AT T LT % Majorana RAF R, & s A E AR Y
Cooper pair & Ti@ @A LA HMRIEF 2| 6B LA BIE, BHEEBGIEEAD
f& &) Hamiltonian ~ME% @ 50 M AUR HAE, EROSETERHMEME. &
AEARIE I B RAL AR R R AR AR KA R T 6 AR R AR 9 E
FE
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T R X HEIE IR Majorana & AT AEGEY, FZ4HhEE K468
W ABEM AP S RAR T YT RA L BIA A E A BRI EE BT T
KRG AT HAB TR

BT VAR A B8 i S AR M AR Ie R GRS R T RA LI
HAER O RAL, I — PRI E SR AT A
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%% mHAHEMA
2.1 BERZIEREESL

1911 47, ##A+% K Heike Kamerlingh Onnes 4 3LA§ & 447 2] 4.2
K(-268.95°C)i, RGEMGRAMNK, RiLEHAZHE AR TRL, $lid
188 & % & % R 6948 3 8% X8 & (superconducting critical temperature, T,)?"),
BRI % & B b A LA B LA RAMBIAIE T K LT ML
P

1933 F, (2B 432 2 K IE M1 Fo G AT a0 45 BLAB AT A 4P 1E B3 80 8 0¥,
TMEEMREAHEK, EehRIummtt: BRAKRAR LM PHEE, T a8y

A 0]

1957 4, John Bardeen, Leon Cooper #= Robert Schrieffer =42 7. % B 45 32
SRR T AR ML IZ A (BSC theory)!!, A PRI 2B+ A ofogy g
B G E F 7T VAKS iR P38 69 B 48 #(Cooper pairs), /2184 dh4& P T LA 48 4L
099y, HARAREEIR. BSC R A TERRE TGRS 30K, 122
7 1986 -, (& B35 K Johannes Georg Bednorz Ao 3% 4732 5 K K. Alex
Miiller 4 3L 7 T, %4 40 K %9 Ba-La-Cu-O ##17,

1987 5, 2B MWRERRZEAAEXLRHRT Y-Ba-Cu-O ##, KT,
% 93K, Jetk B A&A R T Bi-Sr-Ca-Cu-O M4, #T. &% T 105 KEY,
s 2 IR AR A AT AR BCS 3235 b 7S A6 fEEE A A 69 AR 178 A4
2006 %, H A432% K Hosono Hideo A i N T BT EH, Hif
HAe A F (G bh . B RBATE, EERLERE LA BB, RaERT 8
R AZE A,

% F R, Majorana ¥ AT 3142 T ARG B Mz, oA ERE
Majorana % KT 6940 8 48, [ F 574 69 46 A2 L AR R A 25 46, AR aY
HERHESFRBENIEEAR LA R B AR KR, AR LA HATIES
AR A AHEAT IR

Q\\
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22 ABEWHH
2.2.1 & EE(Zero Resistance)
Y8 2.1 B, EMALEMRA—RBEN, EERAERE, SHAMLET
A, miB(8BEA R & AARLEE TR Z (critical temperature). & 8] & —18
oA R R B RN, TR —AKEWREER, IAANL L ZREEAT MY
BE AT, I AT B AT, @E LA B E AL ENAYT

B 1B L To(R 28 TSR I AT 69 8 fafs), 15O

102 Ll ‘ . l — _'_ Ls _l' L I ¥
~— | Bar
-+ 6.95 kbar

1.04 -- 11.61 kbar

0.8+

0.8"‘ onset
Tc

Resistance [Arb. Units]

0.4+ e
Te Yll.cu.o,_,
0.2 -
TCZETO
0.0 v v v I L v
0 50 100 150 200 280 300

Temperature [K]

2.1 RR M RET YBCO # 8 E M 48 & M 45 B, TOMSet% 89K, T2 % 83K, T.%

86 K, 7]
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2.2.2 %4 R #hPE(Perfect Resistance)

ARERABRTBEATHR T AL 22 RIAWETEALIIN, 454
& REVE R R . A ROEE TR AR G A AR e e — S e s I
AA NI HER B, A N B3R 49 BB #2578 )% (magnetic induction, B) %X, i@
i# #% 45 5% & (magnetic field intensity, H)#) & & :
HziB—M 2.1)
At %913 2|
M=-H 2.2)
L E R E AR LAY N 2R 38 JE (magnetization, M)A&IH T #3558 % Ho K
W 1o & BT B & (vacuum permeability). 8 i# 2L & (magnetic susceptibility,
X8 &
=% (2.3)

BEE =11, AR R £ AR s,

2.2.3 B RFE & (Critical Current)$% B2 Jf- %5 (Critical Magnetic Field)
ARG MR B RE A4, 122 3 RRE CARAME AR AR K4 E R
RN TR — B RN, RS ERAL, %A @
i3 BB RAL R R BE R B R(IL)o
Fl32, #A8SMMITe s a8 s RIAH, RERLERIUE, R &
i3 {B B AR % B2 R AL (H,) o

2.2.4 —#ABE 4 (Type 1 Superconductor) 3 — #8428 42 (Type 11
Superconductor)*®
A 003 bt 0B R B, T S AR K e MR e AR
S A — AR R, 2R R ) MR A L 4G B AL B R AR L 4o B 2.2(2) R,
;MR A —BEE R A H,, LEAREE SN 6938, MAHE £ —BF
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Pl AR R A — M. SHMAME R A—BREN, CHREAE LSS
AAEF, 448 (Aluminum). 4%(Lead). R (Mercury)F o

B A MRS A AR, R BB Y, 5 R4 TR
S #4.3%5 (the lower critical field, H.q)#= L B2 2% 35 (the upper critical field, H.,),
o8 2.2(0)F7 7o wH<Hy M, —HARTMORAR—BARETN &, AL
AR R, $H <H<H,W, — #2888 bEEM, BR2dREN
Frbk, s ey B VAR AR 09T R B R, EAEK RS AR AR % % 5% & (vortex state),
MR SAAE, el 23(b)T T FH>H W, MAMARREARY, #4854
—AR A&

—HAAER A BLERO—EAELEHSALE—RETEEETHF
¥) B ¥ 4 /% (mean free path). — #8A8 42 69 48 T & J& (coherence length, &) X

74 3 F % K JZ (London penetration depth, 1), EP% <1, M Z#ARERE A BT

8B (for F R A AR TR R 2.3.2 42 2.3.3 R A,
A — AR S G A AR SR T GG B 4 B 40 I A A
y

W7 kR, o8 2.4 P, 154 B 442453548 (indium), AZEEY A A

S
iy

A

RS
2

o

Ill” [~ a
71
s
Type I Type I1 il :
= = !
& & '
A < I
[ [ I
I
|
Sllpel'con(lucfingl Vortex
/ state | state Normal
| X T~ state
H, H, H, H,,
Applied magnetic field B, — Applied magnetic field B, —

(a) (b)
B 2.2 AAR TR AR I o 2 G W R B o (a)— FARERAH AT 085 F R B
TR BN, EH A LRGP R — A a4, (b)) =8R8T P a5 &%

He, 465 EATAE, 2L AR R R E M, A2 858w H,, Y
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—47M in gauss

600

400

200

T/ D e e

Normal

(a) (b)
B 23 FEBEEEFMEXFTERLE, BN H. REBRARER, aCERA
— o (bR RA B RNy, B s, RERM—RLECE, BEAYEELE
A BCR F . (a)(b)BAR A AR A E B, B

L]
r-.-____,::-—-—o -
1 | 1 | oy [ 1 T t ot =gb— L L ]

400 800 f 1200 1600 2000 24()01 2800 3200 360(}17_
Applied magnetic field B,, in gauss

2.4 AL AT BRI GMAZE, AL B.C. DR AM%RE 54 0.

2.08. 8.23, 204 MBI /AL, Y
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23 ABER R
2.3.1 —AFEE A (Two-fluid Model)

1934 577 i #1324 K C.J.Gorter #= H.B.G.Casimir 4% 8 Z A BARA, f#1F
T & R A9 AR R AL 4T A (superfluid behavior)*”#0), A2 A F 12 2] & B F KA T,
MA PR ALERTRET—MREET, B

Mo 05 =1 (2.4)
Eb, n,H—BEEFTEFRE, nAHRIEIRETERE, n 50ETEE. AT
FER M AT RNPE, jaes8 g A

M _ T4

n (Tc) (2.5)

ns _1_(Tv4

w1 (TC) (2.6)

ET>T 8, 2kt |, RaA—fEETEAFRALRCTTEL, AR

Nn

A 1, TR E A A —BRIEET.

2.3.2 4% 7 #2(London Equation)
1935 4, t& B 432 & K Fritz 4= Heinz 8 & T 4 377 A2 L Rk AR AT 1
T AR IGAE T AR R B R, WA EARE R, BT EHR LA T,
MO L AL GEHFOHATETRAE LN, AKX T

d]s nge?

AbJARTERAFE, nAMHFTRTHRE mAETRE. ARESELE
% % #(Faraday’s Law)

OB
VXE=—= (2.8)
%3]
] nge? .
a(V x Jg + 2 B) = 2.9)
RV x ], + = = B M & B, ZANBEAETAMEER, ARG
)

10 doi:10.6342/NTU202301403



nge?

VxJ+2-B =0

% N A Z A6y 3 7 #2(the second London Equation). 4% 4 &3 € #

(Ampere’s Law)

VX B = pJ
%'sz‘i/i'ri’EJ?VxVszV(V-B)—VZB»xzz‘;—fzw?@l
2g — #onse’ p _ 1
VB =B =B
Ao
m
/1]"_ Honse?

2.12)

(2.13)

€ &ty 3 F %R & (the London penetration depth). B 2235 ¥ VAE 2

B(r) = Bye M
BB T @ BT e, AT L

B(x) = Bye *.2

(2.14)

(2.15)

Py UF & IR 7T ARG B AL MR OB A0 . B 2.5 B X (2.14)0 LA &
RN :

B, A K(QO)RAK(213), BT b i R SR K 00 M AR X
4 _1
2
(= |1-(5)]

11

(2.16)
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«—— Normal » Superconducting ——>»

I I | |
|
|
BO
£3
Q'
1B
2“0
0 ]

B 2.5 & <AL PFARERR N IRIE - I35 16 BT R NF . 1P

2.3.3 #8-F & B (Coherence Length)
R RAREETREAT MM G085 F R85 ARSI B
BT ERE, T L8822k 1a4#4- B 18 32 3 (Ginzburg-Landau theory) /¥ £
Em* (—ihV—%A) —a+ﬁ|¢|2]¢ =0 2.17)
H ¥ A & #5547 (magnetic vector potential), m* 2R FWEHRET 2, o, f RAEA

EAMG LK, an fAKEMA

a=ay(r—1)<0 (2.18)
B=PBy>0 (2.19)

FA=0, BlY|?$E a AT LR, AX(Q2.17)T 5 &
_Zfrln % = ay (2.20)

W BT A () B AR e /S 4 R, St o

hz
"; T Al2m*a

5 —7 @, # BCS M P AT 2] &b iF A2 5 4469 48 F & /& (intrinsic

2.21)
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coherence length, &)

fo=pr (2.22)
Sob o, A% KT LETHRA, M TREAABSE A 3 A e e 4 T

E R B
R E AR E M AT RE & e Y
M 2.1.4 Fatdmay AR LR Ao de TR BEANBE, &M sty H JRAH A=
H,Z Mt B £ A H,H, BTG THETHZAHK, FTHFA KX
(2.17)2 & A &2 1 649 77 42 X,
(—iv-Zhy =Tty =2 (223)
H Dy A& 438 2 T (magnetic flux quantum). € & IhAestg 75 @ A2 7 6, A Bk
{23 T Ak T %
A=A, =Hxp (2.24)
RNAKXQ221) %, %4 91 A48 (Landau level) P53t ., 7% 2]
H=

D, 1
2m(2n+1) (5_2 B kz) (2.25)
EFn A2 THREZRKRALAAIFFAER, LAZTOERK, TRAEE HiE
BRI, FREnfo b HAE, KRiFEH,

Dy
2mé?

H,, = (2.26)

MANXQ2DPATEAEA—EEBEEAMHEE, Hy, AAmARLER
LB A B A9 1A.

2.3.4 47 4UZ & (Pinning Effect)

E4e 224 it ay, HoBAREE AN, H ,Z I,
DA EANABE R Y, R RS e, SRS RG AT G AT
BB, ZI AR BB R .

IR A A RIKEG AH,,, AT AR b R G e s
B2 —AAEE O RAR. e B 2.6(2)FT T, I T AAAB AL Y360 248 45 1 JE
WH A, LRI REGRE B S r &, PTVARLIE 4R Z M 69 546 2% 71 (Lorentz
force) & /& A48 LAKTH o
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V X B = u,j(r) (2.27)

EIT A — HAAR Y N IR0 BB AR R G, PN X (2.27)F 89V X BR

HE, j(NETAR, BRERXFE, ARG BARTELRZIELLY, AL
v HEED B, BT, AT & %4TILS (pinning force).

R ARG T AG LTIV, R AHIE P e T8, AR

€ %13 BBk [4 % 4T U O (pinning center). ZAK, ABEAL PG4TI OAR S,
STALA B R Y HEHAKR, RILEHB R Lo B A K,

B 2.6(c)&k T A BTG A GReay = Mok, ABER a8 24 /IR
DB, F AR RAE. B 2.6(d)(e)B] T T ABIE & PO a2 R B R

R AEBAZ P LA SUIRGY AL Z B, P Fo A a8 R G R -FH 5 A,
p BHATAUER B 53, HcgZ3RAt a9 3 /) £ B8 %25 (thermodynamic critical field), d
o kA AR B G M R34 R R 69 R Ko

- [
v Wi

______ -
«©) M/W\ T Fa
g AVE. BARRIER HEIGHT
() Fo = PHcg2 d®

877

[+))

¢

HOP RATE
~ exp ( _Q_Ql)

AVE. BARRIER HEIGHT

Fo ~J ¢pd?
~ Fp - axd?

(e)

] 2.6 ()R 48 — 20 AB 7% i i 45 P AR HEP) 60 BB 42 . ()M B SRS, BB AS
I, HREBR. (C)FARIGH B & ALa T A6, AR askGE L BDIR
DB A, R A R, (d)(e)AT AU e B Al A A R R SE BB AT b A IR

e,
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2.3.5 SetbAx-4 w8 %5 $) 4 A (Anderson-Kim Flux Creep Model)
Wi 234 09T 405 8 T=0 K I, BB 4R 209 5 gk ) 74T 4L 7,
BLEME R, HAREIBE, MAET>0K B ILEE Anderson A2 Kim
F 1962 4R 1 69 58 % -2 B IR A VP, B R G H MBS E 3wk
FIARLAGETALF O, B JAE A
Weff = Zwoe_"l!%sinh (i) (2.28)
H P ULLTILY GG ERE, U AT 5L 2, w h#iB R ARE
$IAE, kg &K % 2 % F(Boltzmann constant). X #:i8 R A9IEAE LV, 4TILF
S HY S Ay, AT R &
U,=({J Bl (2.29)

HERSBEBREEERE B 2A AR, £ Fsinh (—) EAA7kgT, R #

B AR By 1 R Y B T 2 T R T AR
2 _u
Ezvazﬁﬂigﬂekw«] (2.30)
kgT
T ETT VAE mip] 8975 X, #pThRT%
_u
p = poe *BT (2.31)

B, £FH¥En (ﬁ)*ﬁ%ﬁ?, At 4Y B {H B A AT AU A

2.3.6 BKT #8%* (Berezinskii—Kosterlitz—Thouless Transition)

BKT A8 % & %53t 7 S F 4 XY RA b &y — A%, £0KEBZALE, =
e XY A AL P R AR 89 Bk SR Bk, & BKT 484 69 B S8 & Teer A T,
Bt SR B A Z M 69 5] A 4843 °E A1 Ak B A% #(vortex-antivortex pairs), 2485

B 0o & BB LI ETpr AL, BB I 69 B0 A0 L i 2.5 A A
A B aEs, SE4A%60EAZAM T R A BKT 4841,

HAZWARTEE RS, BBEEMEHGRZ, TUAETR T BR S
BKT #0% . @R Ak B a)E M, “TABKE| A0S 8 B I 4 E ML a8
Bl 1%
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R =R, e_ﬁ (2.32)
HF, RoAHEWRIFHTM, b &8 H,

B — AL kRPN FAR S TR E R MR, ETpervh £, HABIH Y
Wegbl 1%, TRFEBM G EZREGMBARV < I1), FEBIMZHE, WikE 2
T Tokr®, AR R, VRIZ MM EGEH K a= 1 f a=3 KR,
§ =30, WHRT FEOBIEI, W binding 89K, B a=3HERK
BKT A8% 48 A 894 &

2.3.7 b BAZ A (Bean Model)
P BAR A R T A ) AR AR AL AR S 0B AR, b BAR AR AL 48 N 3R
04 2 R 58 IR F IR G e LA R, R E A, B

VXB = p. (2.33)
EP“Q .‘ﬁmzﬂ%"? ]C%EDDR }l ')E;
® I sEy H WK I 46 3 o, w5 VAR F EIR AL WA MR AR

L8 R BG FEORPRBF T LR, PO HEIETRE HE(E
2.7(a)4L 4239 & H= H.8F(Hy < H. < Hgp), Sh3fmtg E4F 22 FHEAR Y

B2 2.7(a) B4R 31 0) o HEKE AR F) — 77 ) 38 Ao ik g 5% . 36 7S B P ik R R R L
SR AR AR, REMN AT B(E 2.7 %R0, Bk eaiy H
RRB DR, BERT OGRS IR RFORE, i e s RiEE
SR B RAF I — o] A9 B17(B) 2.7(b) & &30 9o 21 F ST Ao 8 355 6 0,
VB E R 3 e, w5 R R 5E Y IE 1) BE 3 M BT AR R(2.7(D) . REEHD).
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H>H.

B(x)

He>H>-He
H>He
H<H.
\ / H<-H,

(a) (b)

B 2.7 AR R A B TR B () e E B e B TR R I R T
B FEE R . (b)E S hm il B BT, T A S I, A A

WA FE S (a) EAF AR o (b)F k4R350 2 2574 (a) B P A9 4k 4R 31 5

2.3.8 AR 2 & (Proximity Effect)

FALE A 5 — AR AL E A (T AR EH 48, LT LR BB A
E— A @A, AEBEADRLIMATO—RSRBETTHEFESR
A EMAF, R, EREMH P AL TLTENRIMHT, E—RE
AR BRI R . H AR E AN, T8 T, THa42E < 2 iE A4
WEEDE, AR AREE TENIFAREMI T, EFFLTHHECEAT
— R EAR A, B 2.8 R T T A 4 A B AR E A H Nb $E46 8 % A H SmBg
B AR G IR AEAR BT A, 8] 2.8(a) A % I Nb A9 T, e 3L 3 % S AL a9 A 3,
# % 20 nm #2 100 nm & Nb B &M T.H 5 % 7.1 K #2 8.7 K. B 2.8(b)8| &
Nb/SmBs % & 29T % LB, B+ SmBe 49 /2 E B2 % 50nm, % NbEZE%
2Mmﬁnmmm%,n%ﬂ?%ﬁTvaﬁwAK,%%%%%&ﬁﬁﬁ@
HT 9 HE, B 2.8(c)% Nb/SmBe 4 & IRET S2A0 4 e B & Nb £ R a9T tk, H
b B HE N T B Z Nb#ERZ & (30 nm), X% SmBe# 2 /2 & (10 nm 25 nm.
50 nm)F LA T, = 8], 52T 3L SmBe % B2 & A% & 48 Bl 69 453 o
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O

1.0 'Sir:ugle Nbrlayers | : : o
= —=— 100 nm
3 +— 70 nm
L’Cg 0.5 —e— 50 nm 1
“&x —— 30 nm
—a— 20 nm
00 i L L | L L L i
5 6 7 8 9 10
T (K)
(b) 1 0 L Ll I L] L I
.0 rNb/SmB 1
_ bilayers
% o —=— 100 nm
QC: 5t +— 70 nm
T —e— 50 nm
—— 30 nm
00L —a— 20 nm
5 6 7 8 9 10
T (K)
(C) 1.00 T T T T T
L]

0.95 L ¥ exsiu Nb/SmB,

O
Nb/SmB,

I~
0.85 | |
0.80 - ® Nb/SmB, (50 nm)
¥ Nb/SmB, (25 nm)
0.75 .

20 40 60 80 100
d, (nm)

2.8 ABEMF Nb frde £ BEM AT SmBe % B IE4EARAZ E 8 B F G LR )% M A48 .
(a)Nb £ & IE(b)Nb/SmBs % & 1, SmBg /F /% B & % 50 nMo Riesidual 2% 1 748 L B2 R
B 0 FAAE, 4F & 57— 0 {H. (c)Nb/SmBe 4 & RET, S AR 41 /8 B & Nb B &AL 49T, bk,

% & = A 54235 SmBs 2 4 25 nm, B &EFHET SmBe & E % 10 nm. 40
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2.3.9 RAR J& (Inverse Proximity Effect)

BARE e, LT R BURAR, & RAEM AR, TR M
By, VALY A AR A A BA RAE BRI M ARG AR EMA P AL TR
ARG T RE L, AT RTWRE (ERRAAHEELH —Z
AR, AR OT R ARAR S M AR E G o & L3RI, MG LA
—AE SR IG iR Y R AR S, B AR ISR AR AR R, — M AL SR LR
AR SR B9 A RHAR R BT R IR S AR, Pl de & SRARE . SRR L RO A B
09— A8 K B A AR M H47(Ga) B AL L4545 SR(Ag) YT, M 2.9 A H R

B 58 AR VAT, MEMT. 2R LA 254G REEF 104

%, TR T 22K A4. mAEE 210 ¥ L ABMAAEBE Ag 09 R F 3, T,
R EFBETHEHMES, REHiE2 43K,

! T I T T
R/R
n [
1 -
0.8
0.6 |-
0.4+ .
Film Ga2,d_ =11A
0.2 Ca ]
2 3 4
2.9 Ga/Ag % BIEATE Ag BEZILE . R H%3E 1~4 2R HE Ag BREAHO0AR,
234, 5.884 104, Ga ZBREB = 114, 7
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)

T [K]
< Gat T
. 4 * Gal+Ag
4r & 0 Ga2 .
L N Ga2+Ag
- O Gad -
ol I . (’:‘a;3+Ag
3+ | A Ga4d ~
- ..‘x A Gad+Ag
_ .‘A L i
A A
®
2 _
' R [kQ]
1 i 1 1 lT
0 2 4 6 8 10 12

2.10 Ga/Ag % Rféfe Ga ET A G/ TR E ., T OI%EAT Ga/Ag £ BIE,

FARER T Ga AL, TRMRAZE B TR MRS, AR KKE Ag BARZ,

[47

2.3.10 #% (Field Cooling, FC)3# XK 2% (Zero Field Cooling, ZFC)

AERFRT AR ZA S E AR E SN RF BT E A, 222
FTREGRBEAEELRAEETFEZL—, COFET RAELGBAL, #BAF R
B BERBA P ZBAY, WG A RBIGHIRF T AT EZRZTHRIE
BB s g iR A =, ma B BAEY, AR S g A — B aE G T A
ERERE, BAEEFETUARERELT ARARBAZIFR 694 X & £ 7)),
MR 2 6y A2 f 4§ FCC, SRR = 89842 4% FCW,

B Fe R A4 B AL AR S R 6G B - I LR ) 6, R AR B 6y iF

, EREGTIER, QAT BRIGERF A HES, SEFE AR
A O RSB B — 09 Tr W HES, BARAR R BB G ), ma AR R A —
RO EG T R, BRAERL G 45 R I o sk 04 75 e HE B (e R R R AR AR SRR AR
G R EERAEEE)
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o XA B AR R AR RE (R R AR A O R, #A B4R T
BGERG AT RY, PPESNERGH A A N, TR AR R
Mk, mBBMABALY, EINAMAHENAR TR, Sl 8k 78
MAENTTF, 4@ 2.11 FiFo

%o, G AR AERZ MLAR R G, EEAGBAT, REMY
ARG ALLRAER T,

Superconductor Hole in SC Perfect conductor
ZFC FC ZFC FC ZFC FC

Exclusion Explusion Exclusion Retention Exclusion Retention

Normal
high
temp.
state

Sample
cooled

Ordered
low
temp.
state

(O |« | DO
(O |«~— (D0
CO|<—— | 0O

Ordered
state
field

on

Ordered
state
field

off

B 211 £, P HR AHARER . BRI ARG R AR I AT e A fe R A BALT

HE AT & B0,
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2.3.11 & A@'E %% (Zero-Bias Conductance Peak, ZBCP)

ZBCP R 45 /23 5 463 ALH A R @ 48 LR 209 RR B 1T 4.
AEAT AR I 2 2 Kl BB RR A e — (BB 355 09 & 01,

ZBCP a2 SR P oy T Ao T T RURARM . € o H AR A
AR A BRI T AT R AL ML, F B B AR BRI L R — B4R E TR,
EEFHOETRELEEMEERTRERRRE, BELETMN,

i

(a) | (b)

& 56- & 55 -

g €

> | ! >

2 55/0.75K 2K S

= 115K| o
10.35K
| T T T T T 54 :

10 0 10 2

V (mV)
B 2.12 (a)tk s CugsBixSes £ BB E T dI/dV 246 R V Z I 69 W15 8. (b)%A(a) 0 kBRI

WAL K E . [

2.3.12 p-wave #2344

AR B 48 B 7% A KB s-wave AR RF], & p-wave A2 81 P& T 49 g B
HeHk—BsAzL 16 p &, LR A% =42 (riplet-pairing), HE+ @
R EAMRAE TR LA MR GSHE TG, SHaR-DEMMBEETRT
p-wave ARG 69 — R ARTRME Y, A 7T A A A IR B = 89 Cooper pair, & &
REETRHGT CALA —Z W E RS, p-wave AL 4) & 5 F AL
H e Sh 3R 23 69 B R P B B A &) Bl M P AS B 89 Meissner 208 IR L 5t
p-wave A8 348 7 e AG RS R AR AR E AR B 69 S & ST AT R A PR 09 B AR A
Ff A% 3% 49 Majorana KRt 4 1%, CI1EA 8 T8 RFET, EAJE Abelian 431
R
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3.1 B4z
AR, KRPAR AR AR, ESAERRMEATRAER S, 3
K, HEAERRARSEAT R A EA], FE SR AT RS T AR
X s 4 B AT (X-ray diffraction, XRD)#E & ih 46 % 8, FiE 4779 22 047 2
300 K A= 100 K& & T 49 & FLF, 33818 4k % B4 4R F /) B S (Atomic Force
Microscope)sf & % 18 F & it 3t i di iR £, &, AL AE R4

(magnetic properties measurement system, MPMS)| & 4k & 69 & #4451, 4o

B 3.1 Fr.
[ Adn A2 ]

d

[ XRD+ 25 = A ]

d

[ £%%|+AFM ]
d

[ MPMS ]

3.1 BRRAAR,
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3.2 thab A2
3.2.1 A&45E
B 3.2 ARMERE FaIALAR/ YR, B3R K 5% A #r (physical
vapor deposition, PVD)#) —A4Z, B#2 & B 3.3 P77+, Turbo % LEYBOLD
TURBOVAC TMP 360, #.%)# % CHWLIC 427, A Ai=4]% % ADVANCED

ENERGY MDX 500, 3 i#4=#]% % Advanced Energy RFX 600, #no3k R 4t %4
EUROTHERM 818S.

B 3.2 ARA/SURBRERMLINE. AR AR, &R AHES 2

‘é}ts
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Nb 5044 Sh:Tesif4s

[

TR
P e

sEANd0 —1—— ‘ N ‘ N
\ RIS R RS

AIhEEEmE e InEhERARE

33 BEZGEMNINTEB. A0 A NbBRIEAR, L0 %A ShTe; B, TH A

A o

322 By RE
Al L AE R 69 B4 T ik A 25 8% 4% (magnetron sputtering). R 4E IS8 G £ 5

AT YIRS T 8B R M R (R AR R 69 R 4T A 99.9999% 89 AR, o AR
SriBAEF, MR R T T, ARG NGRS B E LGB TS
RE e e, e REREAME T AL, EREABRSELET, &k
FEAEBEBNES, AAPREEIKELERE LR E FERAREH
R EIE, BRBARH AR AR, B 3.4 AB R RETER. —A&
mE, EhHATHEALATR, BEERF IR AIAER, T
Awm L F Nb fett Fla9 & AR ER, SboTes ¥eik Al a9 2 AT R,
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—E Substrate

Sputtering Gas

® Power
.‘___...—Target Atom Supply

Line of Force of
Magnetic Field

Vacuum pump

3.4 EBLBSERETEED,

3.2.3 tren fAZGAR
Ak AR R 89 AR A Si(100)E 4, Nb fett st & % 99.99%, HIE % 50
mm(E42 2 F Ak 3.1), SboTes ¥ett 4 T . SbyTes Fett e il A2 4 T

i e R A 99.5%09 Sb Aekk K A 99.8%89 Te by R#EBH =B 4t 2:3 8%
FL) iR A 35 £)(Sb A= Te 89/ H & 25 4 121.8 AR 127.6), HAFE
R]AB 2t S B K

i, RSB RAANGEEN, WATKEH,

iii. EREXRNZRET, HKEEU2°C/min 692 FHH £ 850 °C,
44 850°C 12 1B BF, B A 2°C/h t9iR R4 £ 650 °C, =ik AR
AWETR,

iv.  BORRLFOOMA P T — BB, MBI b, 4 XRD TR,
PR #+ % E 3 SbaTes.

V. EAAAT B AR A ) BB K

Vii BAEHI 118 Temr R, BEH G,
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vii.  BR 2 TR agdests
viii.  fedeMANZBRE R, #ERVLS °C/min $ik EHR £ 250 °C, 1&
R AR R 12 I, RIAARAGNEET R,

I ST AN NZ A, LB HELETRA:
i AeXEMmInE A 1010 mm &9 R T,
i, JeEMANTE P LA RAARERIRS) S niE, FhBRARE @G

}?’/‘{o
iii.  JEEMAN micro-90 2Lk F b I A AR E K IRD) 10 048 FikEME
TR AR E @B M,

iv. R MAN BT K (DI water) ¥, F A S 48 69 etk

V.  REBANE Z B 5 A 1%69 SR ER(HF) F 34 A A8 B3Rk $) 30 &
s, HkipAmEmey AL,

Vi, AN T K P H RIS AR SRR IR

vii. EARRBERIFEORGHRBEIAZIANLERZET T ERIE(ENE

e AHERL).

viii.  JE AR A ER P A R AL B IR D) 10 44, RERME @I A
% E o

iX.  AeRARAN T EL P A B ARE LR D) 10 48, tRE KA K @A A AER
o

X. AERRAAERITE @R G 09 IRA

BERIEREZ AT, IEN AT EGHRIFAS.0X 107° Torr AT, BREAFEN
KL % 99.9999%49 R, Nb B4R ARERE % 540°CLT, T/HEARA
50X 1073 Torr, AARERHE 4 8OW, SHMILL RFKETH KA, FREZ
o SbaTes BHENZIE & % 340 °C, TAFRR 43.0x 1073 Torr, RAERHF
ZHA0W, SEIRE RAMIRE 20 948, F A3 °C/min 898 R (TR K, @8
B4 AFM 892 8145 R 3T H B Nb & & ® F % 13.8 nm/min, SbaTes & 89 a
K& £ % 12.4 nm/min. R4 PAZAE S4B 3.5 B Fo
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No. PARAMETER SPECIFICATION SAMPLE DATA
1 |Surface Orientation C-plane C-plane
2 |Off-set Angle M-axis: 0.2 £ 0.1 degrees 0.14 0.30 degrees
3 |Off-set Angle A-axis: 0 * 0.10 degrees |-0.04 0.08 degrees
4 [Diameter 50.8 + 0.1 mm 50.7 50.86 mm
5 |Thickness 430 + 25 mn 406.00 449.00 pm
6 |Orientation Flat A-plane A-plane
7 |Flat Off-set Angle 0 + 0.25 degrees |-0.21 0.19 degrees
8 |Flat Length 16 = 1 mm 15.70 16.60  mm
9 |Back Surface Roughness 0.6 ~ 1.4 um 0.88 1.12 um
10 |TTV <= 10 [ 0.00 ~ 9.73 pm
11 |Bow -10 ~ 0 um -4.16 ~ 0.00 m
12 [WARP <= 15 um 0.00 ~ 1496 pum
13 |Wafer Edge Round Round
14 [Laser Mark NO NO
15 [Appearance The area of edge chips is restricted to peripheral >2.5 mm/ width >
0.5mm. edge cracks are not acceptable.
Note]

& 3.1 Nb fett S H P mk .

3.5 Nb/SbyTes % G IEAR S LE o F MR EARG 3 AR B LRIE, LEINn 4

Si(100) &4 . Ak ee T B R T A3 mm x 2 mm.

28
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3.2.4 AR SeARTAAR
EBAE R AFM Bl 2R 5, Al AESEIEAT &4 — & F B % 50 nm &9
Au IR, 4 Au 89454 A5.0 x 1073 Torr & AIRIE, 200 CCAMEZ, 20 W A
RERAE, REHE Au FE T A%
i AR R SRRy 2 (B 3.6) L, Aiksh SRR A
F L7 (photoresist), ] 7e 4% & 4 69 &k & /48 L TR H 3 2 I F A4k s
F N
i, FEARSACRE ERT, AANEE(E 3.7)F, £ T0°CHRET, B
10 48, R TH R
i, deiRSEANBROLA(E 3.8)F, #E R0 ETER, RET Bk
ZAFHI . MR HR A ETMR, LA NINGETLE
LA AR e RIE M. MIMBEAAA LS, AR SBET 90 a9 iRk,
iv. BATRME, JeiR A NBEF ik (developer), kAL TEH,
V. RSN EEETRE, ARG ERIR,
vi.  BE - AT iR . 42 150 ml 69 KA TR Am N 34 g siLAT AR 11 g
OB ERLEBEM,
Vil JEAR S AAONEL B AT 69 - s AL AT IR iR P 49 15 0 4E , BN R K,
RGO AT IR R, 4 X8 3.9 AT,
vili.  E—F % AuFAEAY Si AR AT 3.2.3 F Nb a9 4Ei842, 4 RmE
3.10 BT
ix. EHBA i,
X. AR SN S ABR(HF) Y 4 30 448, 1& Nb 4/l £k, BN LET
K, HEXRGOIRRERZ, &X4E 3.11 BT,
Xi.  JeAR AN ER-ERALET P R R —F 00 Au B, BAONEEET K
¥, AR Y6 a- BT IS IR
Xii.  #ixemiEAT AFM KB, BPT R 2B &, KAl Nb F LY
=5
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B 3.6 SkxE-FEIRE.

)

LINDBERG/BLUEA

A\ CAUTION

( Hot surfaces avoid contact

A ATTENTION

Surfaces chaudes
ne touchez pas

A\ PRECAUCION |
calientes no tocar

3.7 Thermo ¥ JESM#LE . A 9% % Linderg/Blue.
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3.8 PCB # ¥ £ 4% KINSTEN sMELE .

-—

-
— -
!
:
\ .
D A S
- > ‘e
A4
-

- oo . - 3
- S—— T . -
: .
[2 . . . L !
. i : l
- - . . - -
. - e - .
:
¢ . ’ - 5
: .
. oo - ] - -—
“ - — - I 3 |
. e $— 4
- —
et —g -~ -— v .
i ]

3.9 ERZN AT —F Au B Si AMSNERE. H RS E LA AuBEGIy, A2

& HREN Si AR,
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B 3.10 ARG —F AuBEEa Si A EsE No SN E . ARAEMGRHTEA Au i
B, A RLEATE A Nb HAEmeE & Si AR b,

311 AR SRR %4 Nb B4 B 5 09 Au SIS, £ 14 &30 5 % Nb I,
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3.3 20 &%

3.3.1 X AR#4F 5 74k (X-ray Diffractometer)

X AT AT AR 09 )R 32 H A 35 B 40 32 5 'K W.L.Bragg #= W.H.Bragg /£ 1913
I X RSN ASF @A R Z L 4B 3.14 PR, & -FATRATE
A ig, HAMAGENALE, EATARE, BRAGTHABIHRIN,
B VAST VLA 3

2dsing = ni (3.1)
HddAHMEFROMIE, 0 ANHA, 14X R E, X batfit A
I A B, n H— B EEB(—AFILT n=1). XLk E
(Bragg’s law). B 3.13 % A% L P 1& Fl 49 X A5 471k, A Bruker 2 3] #
i, A9 % D2 - PHASER, ¥esm#AA AsRYe, EAWK KK Ky, 0 A
1.5406 A= 1.5444 A,
A N3 T A A Ak su 6 Sh 46 % K
a=dxVh?+k?+12 (3.2)

I R 3 42 X (Scherrer equation)®?):

KA
Bpkicosf

Dy = (3.3)

# XRD B PSR4 60 F % ST AL 597% 5 SRR S 09 dhke Kby, b By A%
X HLONR), 0 ANKA, LA X ALK E, KARHHRELK, ik
BRI, AT 89 Nb AR S e, KL% 0.9,
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302 HEAGHTEE . AT X AN A& @ R AR R EEH R R,

e

AR AMND D AARBRDBR

safiNacnnDannnn

i
8 anaNEomSe aRas

*noNS=nnaa® o _p_
gnm sani wmu

yarianaczenan o

3.13 Bruker X b4 4t oA sMELE . B354 D2 - PHASER, & Fl4R¥etf A fett,
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3.3.2 M5 H4ta7 44 X E -F B8 85 (Field Emission Scanning Electron Microscope,

SEM)

WA AT R XNE T B MsL A S EGEHET, AIRNEHm BT
Ao R A AR READ, §AHETRER A DG ELERNERTR
—HAREINRSRTHEET, LB EETERELERT, SHETHMEA

X E F(secondary electron), mAHETKETRAMEETHLE, F—AF
WA AANFTETAFEEIRET, mARIRTHRAHRAIR, EHE
F AR % H @ B4 E T (backscattered electron), SEM R4 &K A —KEFAH
B E T A9 B R E T B AR E T IR A

HAFGHHAET T, RN LENRTAHAER, RAAFETH
RERBK, CHARZEAF QHIE TORFERS, IS 9L AAR
iBo BT AFRE @A E T 7T VAR Ak se IS Bl LA 69 0 M I

mMPAAZKRETRE, BAZKETARaARRG LT, PTUGREAEE
f— I EA - _KRET, AlORNEBEAYN _RETHRS, BKEE
LB H IR LB R, BARRLAE AT BIAR e K B AR.

¥ SEM & Bt EDS(energy-dispersive X-ray spectroscopy), ‘¢ AEfEAR S
AFERTFOETERRERE, AAAETERARFA LGB L
(characteristic X-ray)& 3 2| T & 6948 A1,

3.14 A sm P45 B 95 8 45 0 & T e s iLE, A% A
JEOL JSM-7600F, #mi & & % 0.1 ~30kV, 4% %25~ 1000k x, FA4}+A &
%-5~70°, TAESEAEZ% 1.5~25mm, EDS & 3% % OXFORD X-Max.
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3.14 JEOL JSM-7600F 3% 2447 44 X & -F M E .

3.3.3 #M = B & #(Magnetic Property Measurement System, MPMS)

MPMS #| | #8 & & F -F # 4k (Superconducting Quantum Interference Device,

SQUID) AT AT # 2B, ©RA IS EHEFobisEZ, T AR ZIEF D
P EEPEE R, Qs E, B lg, SRR EREEE., T RAFTE
AEM RGBT By, QLIEARERE . M. M. AAMHE,

o

MPMS2 A 4B A VAT £ & 45 B F= ) e
BERE: PR EMEIEEEIR, 2] 100 emu 9B EF B
RBAEHE: BEMR 2K F 400K 498 #E
BIGIER: T ESAFE T AR S 69 K Fe gy @), @46 AR agF
Y
ZAER AKX OFBNER S, HABERS, BGIFRHAEF,
PR T R 098 AR X

wal: B AR A4, TTHRATERAESGR TR E,
A AT AT BLHETR K A9 B BT e fo B AT SR, B TR

=

1R
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T, AHEEAE RS,

R MPMS R AH TR ETIRATHAZORM, BEaE-LFEHK
T, VAR — L[ An b K SR B & A A7, A F) MPMS F 4174 FREGE
MR, Flhe, TABBAE MPMS & T Al g Eiafe B AR E, 4
B AN IRE Rk 4, CUREAMALE T RBR R At G ik T E AR E S £
1, B 3.15 AATIRE MPMS2 69N LE, € B A 3 mE M2 R 69 R H,
3.16 % A K5 'E MPMS3 89 #LE .

B 3.15 MPMS2 #4818 .
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?ﬂ@;/p AS AT

Wi % g -

3.16 MPMS3 #5818 .
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3.3.4 J&-F 7 B (Atomic Force Microscope, AFM)

BT 71 BB (AFM) B 7 47 R AR 4T B BT (SPM) 89 — 3, R BAARHLAT
A A A B AF RO RE A R ARET, RAARIIRS AR R B MR BAEMA, S
FRER BRFH B, LHEREFSE, AT G REHEREER
KRB —BEA =l e RE MR LTS, IR EAL SR B AL ATA
Wodh, A HATAE B 40 B AR A AR E RS, ARSI S M0 R A
R AEFRBAEPGEHE L, WFREEEL 10m £4, WAREZLEFHD
b Ty & A MINIERE, RAEFERSEDOF I RNBIE, ERREMET
R RARE ik sk B,

AFM 8915 B2 A s #F 5. AFAUR W, ERARRE TAA T4, 7T
RAFRARMAG R B, HERET, EERETE., CERAAE, ##
A& AR EFEBRA RLZGEA. B 3.17 A AFM TRESIMRE .

3.17 AFM T 51k 5 SN BLE . A FE % easyScan 2 FlexAFM.
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4.1 Nb 3 & & 12 mx &A% AR
A 4 Nb B8 B S O OB B e 5 2 B B 4 E 0933, AR IR
SboTes/Nb 4 /& B s %4 R 58 69 S

4.1.1 FAEEBCEE
HARARR AR EHARROHBE, 554 290 °C. 350 °C. 410 °C,
480 °C. 540 °CYAZ 600 °CH9IRIL T HALAR S0, & BAEME AT AT A9AR Soie
T XRD 28], & X4l 4.1 Fir. HERSARA No(110)$18, 3otk
Nb(220)*%1&, A7~ Nb ERBEWLEME A 110 @ L, wE 42 i, RE&-FH
K& Nb(110)&, 4% & oMKk Si L. £T, % 290°C. 350°C. 410 °C. 480

°C . 540 °C VA& 600 °CH&4+ T #4269 Nb 35 12 o4 485 # 5 5 £3.330 A, 3.327 A.

3.325A. 3.318A. 3.317A. 3310A. B 4.1 F & T T HBEa4EA058 5 15 KA
BE LI mEk |, A 540 °CA= 480 °CHRIL T #LAZ 4945 & Nb(110)4858 & & 7%,
BB 4L 3L T Nb(220)89% 44, 12% KR Z 7% 2] 600 °CHF, Nb(110)49*%44
LT BN RSES, T ND(220) &9 AL K R, B AHZ K EFEREGIE
RERBETERLF,
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Intensity (a.u.)

L
l

——600°C ——410°C ,
- 540°C ——350°C i
480 °C  ———290 °C i
|
i
. 38 39
Nb (110) S1(400) 26 (degree)

JI - Nb (220)

:

30 | 40 50 60 70 80
20 (degree)

4.1 F Si(100) A48 & T #A4Z Nb H AR 49 XRD B . B F 44442 A B logo 8945

R, T HAeR T SHOE T/, TRAEKRETR Si(100) 4B E, Nb &REH—%
800 nm. 458 & 7 VAR S B G A B AEIS A 014,

T Nb(110)

T Si(100)

4.2 Nb ERMES Si(100) KR IEAE @& HHEF|E . kS EHH A Si kR, BEEHH

41 doi:10.6342/NTU202301403



;_l,%"_g__,ﬂﬂ;ﬁ;%éﬁ a*&,%%ﬁi Eﬂ]‘J-k] ﬂtlﬁlﬁ

lazarerl 1009 (4.1)
Aref

BB TR A P IS AR Z A0 ) KDy 3P e B ND YL 89 5046 %

Strain =

FAh A 3.32 A

B 43 &7 ah A& BSRAMCR B M 69 B 7, AL 913 ah A& F FUE
MR E EAT k69 RAR B B AR (AT R A7), EACREE 450 °CHT 4, A
89 ah A& B A KA Fe N AARAT B A B B LA DB R T T AR AR
BET, BREERZ GRS KD, & EBB A 500 °CH, & 7 AR
B A d o (M BB AR, wd AAMCREARIB 500 °CAAE F A KR 3 e
WREEELS) , Lg A4 B E 2 iE 600°CH, EH)KDNEH ARk
F, FBET HZARNE ST AE D 540 °CHF RLAZAGAR S o

\

0.30F .
3.330 + N _oask o ’
~ X N 7
— 020} L /
~ E N ’
£ 0.15¢ e
* Z \ ,
3325+ S0 0.10f . ’
~ N ’
~ 0.05} o
—_ ™ o 250 300 350 400 450 500 550 600
~ Ts (DC)
R T 1)1 ) SRR  GLGEOEECLEREREEE
3 Lattice constant of Nb bulk o~
~ °
~
~
3315+ ~
~
~
~
3310 F .
1 " 1 1 1 " 1 " 1

A T T

250 300 350 400 450 500 550 600
T, (°C)

B 4.3 PR Si(100)A 4 8 & T R AZ Nb #F BEAR S0 69 dhA% % BB o 40 &R 47 4 dh A o H

AMCBEHENMEGET, BERLAMM Nb 6948 F . & LA E A Nb #BHE Si

EMZ MG H KD ESCRE G MARE, % & R4 A EAMEE 7 500 CCHIBEH 1L
M, B &R A E A AR E KA 500 CCHUR G LA .
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BB ARG T H B ER bk K]y, B 4.4 LEE s KSR E
Z M e MR, FEMBE A SA0°CH, BRELERDEEEARIEASH
WREEELR), W AR EF 600 °CH, H bt RT3 540 °C
RETHAAR SRR T (KR EEE), SREEAMRBEAA 540 °CHF, 1k
S E S BT R

24
[ =
3
22 +
e
7/
E? 7
e 20 - //
~ 7/
g Ve
CJ A’/ |
I8 | s
7/
7/
7 [}
/
16 w7
Vd

250 300 350 400 450 500 550 600
T, (°C)
B 4.4 R Si(100) A A4GH T #A2 Nb AR 69 fhb RF KB 40 &R 4% A AR

BE A 5A0°CHI RS R EH X, R ERHHAMBE KA 540°CH FAR A3 09

FER Ko
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% T VAR 69 A T Hoe il ks KN a9 3R o, AR SUE AR R akd iy
77 NBIE T 6 44k 50 89 B4 F (Magnetic susceptibility, y)FE R a9 %L, wE
4.5 Pi . B b R EALE AR ) 2 B TRy, A R

_ Xme
X = T Nxme 4.2)

R yme BRI FF B BLE, N AEBET, HABRERET N=1.
E2KARET, 6 AR BILEMRIZEL-1, T RBLFEE-05 KGR
B ARTEETBAT,, T2 4.6 PARTETBEEEASCEZOMAA. £ER
JBE A 550 °CHE, T SET, 2 E AR R 69 A8 3%, 2% AMCR Z 2)iE 600 °CH, TR
W46 T, mobid B kAR 40 8 /) 4638 0, Sk RF L BR8 )s

0.0 I o0 TUE o kb
F —=—480°C
021F 410°C
—#—350°C -ﬁ" -
—=—290 °C Ju !

2 3 4 5 6 7 8 9 10
Temperature (K)

4.5 7 Si(100) Ak £ A2 Nb AR oo £ R Ak T AL F y LB R TR MARE .

AR A ERETRE Si(100)£ 48 &, Nb & & &% — % 800 nm.
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I.(K)

9.5

9.0 |
85

8.0

7.5

7.0 |

6.5

6.0

T, of Nb bulk /\

)

—

100

200 300 400 500 600
T, (°C)

4.6 £ Si(100) A% E3LAZ Nb B IEAR S 09 AR LB B B T AR E T M 128 .

45 doi:10.6342/NTU202301403



412 AEFREE

TR AR AR E A 540 °CH&, AR AFM 28]t 0955 52 B J5 Aa b NE B
R, REGHEEBSERRE, BULASF, FAEFRYER, RAFFAR AFM
EATE R R R R . A L AEEEH] Si(100) A AR E 4 S40°CTHAZT 6
MR B A EBAR S, £ %% 60 nm. 120 nm. 210 nm. 450 nm. 600 nm.
800 nm. i RAELMBE —Ax, #1477 XRD Fhr, AH&RE 4.7 Fr
o Nb(110)%445 6978 & K F 3 4 69 0% ) ™k 53, R BF Nb(220) 49 648 42 2 & )
7 600 nm Z A FEH KR

800 nm 600 nm

450 nm 210 nm
Nb(]l()) —— 120 nm 60 nm
Si (400)
| Nb (220)

Intensity (a.u.)

]

30 | 40 50 60 70 80
20 (degree)

B 4.7 £ Si(100) AR LA RE R E Nb AR XRD B, B F 4 4242 %I logo 49
GR, LRIRT S5OF FM, FRACKETE Nb BEEE, Si(100)A4K B E E <

# 540 °C,
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Bltx, 748 4.7 F XRD 69345, ST H TiE 6 1B & & Nb

H AR

S 0 A B AR K e S 4.3 AT T A B Si(100)F AR 69 B

(PN

BRI ERR), 125

f%. f£ Nb i#&
K(4k & JE4%), 1215 Nb

B2

IR

P 4.8 P AbA AT

JE U 4E 3 e

J A 500 nm B, e A B E LB AY

i 2] 500 nm VA LB, Nb SEREAR S0 69 fh 46 3 FA &
Mg e (K &R 4R), & 800 nm A A Nb BB a9 A& % K O A2 U1 Nb A 89
Ak FE R M LA E A Nb BRI Si A AR M A9 & 7 32 Nb %
B 500 nm B, EARSE AR Z MR A g R

& 77 Tl 45 2

ol
JE 38 o i 38

B iEF 800 nm B, Nb AL S| Az M a9/ %&-F 4 0,

a(A)

3.34

3.33

3.31

3.30

3.29

K
- 0.6+ , P .
B é P - ~ .
= 04¢ P ~
= o« 7 ® N
\ Z 02} h
. N
- \‘ .
0'00 100 200 300 400 500 600 700 800
\ dy, (nm)
___________ N mmmeemmmmmmmmmmmmeeem—me————————
\ Lattice constant of Nb bulk L
\
N R \
\
\
\
n N\ P
N e
\
1 L 1 " 1 " 1 L | L 1 L 1 L 1
0 100 200 300 400 500 600 700 800
dy;, (nm)

B 4.8 £ Si(100) AR LA TR B & Nb AR S0 69 f A % B, 4 & 242 A Nb BIEE

JE A 500 nm 89S R TR, R EELR A ND §
BRI ND b4 F . & LA )E % Nb
GOl RESE

B2 B KA 500 nm B9 AB S & T

& B & ND |

47

SERE 2 E KA 500 nm BB H R, BB
LS Si KAz M a9 - A KNS Nb R B

FEIE R B A 100~500 nm S B A H R, BEEEL A NbE
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#7h Nb FRAR S by dh ke Ko 5, & F A4 600 nm B, Nb #2695
i K N M Ao e 3 £ 400 nm A % i B —{BfaAell, 494 26nm, 4o
B 4.9 77, ZH—AGRAHMFIEGEE,

26' ,__.-——.——-___.
//
Ve
24 | /
PR /
£ ’°
=
= 2t /
= o
Q /
/
20 F /
/
/
I8 @

0 100 200 300 400 500 600 700 800
dy;, (nm)

B 4.9 £ Si(100) AR LA TR B E Nb #EAR a9 fa R T RAVE . 40& R4 A

K EE Nb L2 F % ey A3 & 3,
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A1 ARR) , #1136 M TNE) BB 94k su i AT R A A i T 69 s 282,
& R4 l8 410 P, AR, BEEKFA-1, RRER y A-05F6E
BAARTERBE, FEE 411 8948R, BFAER, A TEREETSEND
HILR B day AR A9 1R, & F B 4 800 nm B, HIEAT LS AEF NN
Mo 759N R AEIFIERF YR Nb 2 Z B 74 200 nm B, T8 7 — B b d
1R 1E, 128 B EACE 200 nm Z /&, FARAT R T — (B8 KR & 438 ho,
ZHEATEBRRBIRGAL, FBEoE e B ER, TG 185
Ao BB B R T AL 69 R B 2 H IR S A AR 2 M A R I B, AR R B,
HRBEARZ MR HT A RRIET K, §REEE —RAEELK, BIHT,

WYELHD, T 0RRARLEH o,

OO —#— 60 nm

—=— 120 nm L 7 /
210 nm _/ ] ./
021 e 450 nm / =l
F ——m— 600 nm N
0.4} —a—800nm / 5 I
| |

2 3 4 5 6 7 8 9 10
Temperature (K)
4.10 /£ Si(100) & # £ R A2 Nb FIZAR S0 2 R AT H#ACE y LB THMAAE .

T B AEKRETE Nb #8E &, Si(100)E 48 &4 — % 540 °Co
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T.(K)

10.0

8.0

7.0 F

6.0

50F

T, of Nb bulk

9.0

0

dy, (nm)

100 200 300 400 500 600 700 800

4.11 £ Si(100) & # £ A2 Nb % AR S0 69 A2 F B B AT 3L Nb R Z MR B . 40

CR R E T A Nb AR B A 300 nm BTS2 Nb S22 E I8k a3, REEL kR

T 2 ¥ Nb 2 B K74 300 nm BFT S Nb 5 7 B 38 R 69483, 2 &4 4 Nb A4y

Tco
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4.1.3 ¥ %3k K (Annealing)ifi 42

R TRAEREAWBEAFTREEEZHNE TR KR EZZI, AmLEES
TR KiBAZ A3, B 4.12 R R4S XRD W& R, ZERRAELMRE
& 480 °C. #FIRZ % 800 nm &4+ T F K RAZMR S, L& KR AHLER MG
T RAZAR So R B3 A0 A 5 °C/min 32 54938 KB AZ, Ao AR K842 B 6952
BT RB GGG & SR SRR AR M a R, 2T RERRE,
HE A @O EE TR, fpkd ik, 3 H Nb(110)32 Nb(220)89% /4
{2 BAE AT A E Si(100)$1574), SR F A& FHE K, ™ LB KK

RSB T B B KA 09 S0 o 818 AFM AL M4k oo & @ a9 RS 42 B
48 4.13 BT B 4.13(a)~(c) il 18 i KB A2 13 2] 694k & /£ 30~1 pm RE T &9
R@A R, B 4.13(d)~() %8 iBE KiBAFF 1S A 30~ ym RE T A @
&, AbA B FEARB KGR sE K, AR ELEZ G, PTAZ

AL BLAZ SboTes/Nb # & Ak 5t F 69 Nb A& B AS &% 435 KB 42,

5 Quenching
‘2; Annealing
= S
o
: : : <
37 38 39 40 et
20 (degree) «
0
=
o]
h—
>
b
T
o
Q
N
=
e
| " 1 " | L | L 1 L |
20 30 40 50 60 70 80

20 (degree)

4.12 A NiEKBAZE S XRD B, ZETHRAT, =480 °Chytisn, L E TR AHAR
Wt F AR KBAZ M S, £ LA B % Nb(110)4 1842 B4 K %094 B o
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(2)

- Derived data

5

7 Asi

, for

i
W
&

DR A i )
AR .ﬁ.._..w;v RN

K
-l

E T | .

. AL e S e Y s

3
.

g
L

(b)

WUAG Y BIEP PRALI  QBURL SIXY -/

_Z-Axis - Derived data__
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(©)

wid[g/ L1ep paAlIy(]  S8UBRI SIXY -

Derived data

5 -

Axl

Z

(d)

UG [T BIEP PaAlIa(]

Denved data

AXIS

Z

JEURT ST =7
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10um

Nk

Oum

Derived data 3.6nm

Z=Ax1s range

¢))

Derived data 938pm

Z-AXi1s range

4.13 AFM #E A& . (a)s (b) () AR KARRRAE FHBEGTEE, (d). (). (O

ZHEBERAMARRE TR @TER.
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4.1.4 ShRgsEAR AR T BE A Z 09 B 14

BV EZ AR B, KRS E N B S MEES RS
B SRR G MR, BARMETREARTERBEGOMA, WwE 4.14 T
2 & RS A Nb A6 A F ], w8 P T80 B B & ERAL N

28, KA EB2REST A Nb FEAR S F 2RE L& T8 ASF

#3324, PP Nb3Atey A FH. ok, B 415 BT T sk K #74 Nb #

JRT A&, UV SEIRERIAN, BT A e AR DR K

HFL, iR a4 R T 25 KaGi& =t 2 BBEUNRREHGEE. &K
%, BXGBRHA Nb FERGHEAZLAHENT Y, £5RSERGLIEER
iﬁ/}%o

JE 4% 4% SboTes/Nb # Rl f2 b &% = L HCB E % 540 °C, Nb & 2 & 4
300 nm VAL BREA R AT .

S S
- -
9.0 F , . *
' " ® o)
. . :’ ’
. [] _.-T
80 - TTTmmeeeeemnT B = :
=1
<
Y ‘-‘Z:7 !
A =
~ 7.0 E!
< 7
B~ g i .
S
6.0 - gl ¢
—
" m  Difference of Nb thickness m
50L ® Difference of substrate temperature
) Annealing for 5 °C "

3.29 3.30 3.31 3.32 3.33 3.34
a(A)
4.14 {27 P44 942 Nb S B0 509 A6 5 ST M43 Bl % & 8 40 % Nb 3409 3

HER, OB A S H S Nb R & 69 b4 5 B0 1
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9.0 0 ”r' ® "-\\
’ L I
] e ,
[ ] ‘\ ’
AP | ’ll
8.0F TS -
) °
~ 7.0}k ®m  Difference of Nb thickness
~ ® Difference of substrate temperature
o Annealing for 5°C
6.0F °
|
5.0 .

16.0 18.0 20.0 22.0 24.0 26.0
Dy, (nm)
415 ARFMEAT 542 Nb BB S0 Sk X DET. MR E . % B E AR TS0

Nb # AR 50 89 dh Az K 51 1 Lo

4.2 Nb/Sb,Te; % & #% 1%

B8 3.2.3 P TR 6945 SE T 3 4L Nb/SboTes # B IE, 47 %A 300
nmNb+50 nmSbyTes (74 4% 1 A% NST350). 300 nmNb+20 nmSb,Tes(#4 4& i £
NST320) A & 150 nmNb+20 nmSb,Tes(#4 4% # #% NST170)89 44, H A=A 300
nmNb £ & 12 (#4 4% {45 N300) 694k &, VAL RARHZ A % F Nb L SbyTes 2 %
B S B RGO E,

42.1 SEM & A
413 HERREA A SEM #1488, R T @ % Si(100)A4, FH& T
{28 % Nb#EE, BB %300nm A%, RLER% SbTes, BE 4 50nm A4 .
e Si A Aifn Nb AL M — BB, 1S E IR E IR A Si0,,
HBRGRERZ AL A TIBAAP, oA B SRk TN RY
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ARSI A AR, SRANETRERES Nb S| Ak
Ml 69 & 1 Koo

:56.250nm

— 100nm JEOL
X 100,000 10.0kV SEI SEM WD 9.2mm

4.16 % M@ SEM #1%. R TF /&% Si(100)44&, FHEZa A Nb K, BE A

300 nm, &L/ % SbiTes, /2 % 50 nm.

42.2 XRD = A

Witk s XRD B & B4 4.17 Br=, KB P AE H K& Nb 69(110)%
$R & SbyTes 89(015)4=(1010)"% 7 B 74 2, iZ$1[E 4.16 49 SEM 1% 2L F W
B% SboTes Ak 70 B 45 %] Nb & L.,

7 SN H T SbaTes ¢ 40K B 5 et AT LA, 48 Rdm & 4.1 P73 . NST350
49 5 J) A Z 4 e R0y, NST320 89 52 77 & K, &R B £ %2 4% 5 NST350
¥ SboTes & K% /%, Nb &t SboTes & # 4]y,
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~=—=Nb(300 nm)+Sb,Te,(50 nm) Nb(300 nm)+Sb, Te,;(20 nm)
~==Nb(150 nm)+Sb,Te,(20 nm) =———Nb(300 nm)

Sb,Tey(015) Nb(110)

\ Si(400)

___-—70L -

Sb,Te(1010)

g

Intensity (a.u.)

A

30 40 50 60 70 80
20 (degree)

B 4.17 NST350. NST320. NST170 % &8 VA% N300 B &L XRD B . B 4442 A8

20

logio ¥4 R, I B4l T %8R9 H F1h.

SbyTes c sk & (&) | AR (%)
Sb,Te; bulk 31.78 0
NST350 31.97 0.60
NST320 32.17 123
NST170 32.05 0.85

%41 ShyTesc K%, RAKRDHEER ..

423 R-T =4

418 &8 T 5~300 K K5 B W& sbhmges, A RegE M, BT

AARSA ARG & BT A, EMPRBZE EMM. @@ H, N300,

NST320, NST350, NST170 W4AAk s /2 300 K BF 69 E L E 55 5] 461 X 107° Q -

m. 53X 107°Q-m. 19x107°Q -m. 641 x107° Q- m.
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107
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G /
= 1" |
Q
———Nb(300 nm)
108 k Nb(300 nm)+Sb,Te;(20 nm)
——=Nb(300 nm)+Sb,Te;(50 nm)
———Nb(150 nm)+Sb,Te;(20 nm)
10-9 1 . 1 . 1 . 1 . 1 . 1 \ 1

0 50 100 150 200 250 300
Temperature (K)

4.18 WA S 2~300 K & ML £ 328 & B 44,

B 4.19 BT T AEAKE 2~10 K T 2 8 649 B A 4k 508 PR 57 — 4 2 R/Riox 2
BETOMAR, L F Rk A 10K a9 E ML, = ZAEERBET. S RRik=
0.5 05 69R 5, AR Wikl AT B KKK A 5.13
K(NST170). 7.17 K(NST350). 8.85 K(NST320). 8.88 K(N300).
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=@~ Nb(300 nm) Nb(300 nm)+Sb,Te (50 nm)
=#=Nb(300 nm)+Sb,Te;(20 nm) ==m=Nb(150 nm)+Sb,Te;(20 nm)
1.0 F -I-I-I-T——-—-
]
u
]
N [ ]
— N
S OSk=-=====- -+ --------------------------------

S :
I
i
]
[
o
[
u
=

, ! , 1 ;

4 6 8 10

Temperature (K)
B 4.19 £ 2~10 K T 286957 A 4k oo & M 57 — 4 R R/R ok SEBETH MR E, 3L

Rk % 10K B9 B/, R RABEBERBET. A RRiw=0.5 BB E, F2 W@l mE

BB A B T ARAR K & 5.13 K(NST170). 7.17 K(NST350). 8.85 K(NST320). 8.88

K(N300).

WL F ], Nb &t SboTes X MAETH AT ARAME, EAMFI LA

BMT,.o WP RAT A 2.3.8 & 3] Alaa LIOPrma ik e R — 8, AiE—

B RT H WAL R 43 Nb & 3L ShoTes #H 2T A kAR E L AR, 3
# ¥ A Nb & B4k % 300 nm & &9 NST350. NST320. N300 &9 =484k s, T.ME
SbyTes & 7 & 3% i F s 6942 B 7~ &, 12 tb 4548 B] SbaTes & % 20 nm 49 NST170
F2 NST320 Ak o, AT APRMET 42%, KA Nb BHRART. AROHEE R

ko
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4.2.4 mPEEA)

ARAF 222 FEBmOLE R, REA B M ARANKQI)FE2)F, THHE
hBAE v, HAERORSLEE, BEX#EF NS 1.

[ 4.20(a)~(d)% %] % ¥ N300. NST320. NST350. NST170 4k 50 4T 214
TAFE LR, RE P RIER BB T, % KA 38ENE
A hegd R, &6 KR, KAl ERZ AT LTRNGTAL, ®
M F AN E RGBS E

WRERRA, thenk Il —m e humts, B AR EAR M AHE IR A5 1E A
TR A G BRI B @A R, B EASE LN ARG B R @) AT ALk
AR GRS y (EA B, AR NST350 &b $7 e9dumidt, s NST170 Hi#
AR H 5

BAZAFIBETFANAKKREZER K EHEAES T, PETLA
B AR AR HE AR RS 2 S
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Nb(300 nm)
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0.2 —e—FC
0.4}
=
-0.6 +
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Temperature (K)
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[ Nb(300 nm)+Sb,Te,4(50 nm)
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-0.2 F FC
04 F
= |
0.6 F
-0.8
o’
-1.0+ nounoo““‘.
2 4 6 8 10

Temperature (K)

(d)

[ Nb(150 nm)+Sb,Te;(20 nm)
0.0F 0—0—0—0—0—0-00000200000000000—0—0—0—0
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4.20 (a)N300, (b)NST320, (c)NST350, (d)NST170 &4 For J a4 18 A2 69 M-T 5 i8] 4% R [,

BETRHETHABAL, TR BHmABAL,
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4.2.5 I Ehdy & A A R e 28 2 A
B T3 AR ey LB RBGH,, AR IAE T AR Sham g T Ak
ety R-T &, AR KA T, RIFEIRRGT, B, & T =T,
B, ShAvEG e KA Hy. B b, R ESMemd & A ARG R B FGH, %
Hep 1, SMhagid-FiT itk &k @05 49 He, 2 Hey o

%k, B 421 B T WAL R S s T R-T A8,
B 4.21@a). (b). (c). (d)% A& & T 45 N300, NST320. NST350. NST170.

WA b, T UG E] LB RSB H,, SR T RN AR, e B 422 AT,

Vl\\\

STABBAA B H, T ERMEQBAR | F5E&46X(2.18). (2.19). (2.21),

(2.26)1%%] 89 GL B &

Hep  (T) = an(o)z (1 - Tlc) (4.3)

122 GL #2582 id FlAT ML, P& O K B T AR S48 T & EE(0)HF,
AHT M E 6 FEEAT S, @83 5 T4 24k & N300, NST320. NST350,
NST170 #9&(0)5 %] % 15.5 nm, 14.7 nm. 7.4 nm. 8.1 nm. %M 4Eeay4+aF& &
A 20~30 nm 89 FLE DY, — AR T R A L RF e IRE], A TR E & A d
By, MRZ TFIAM 6 R4 K, Cooper pair #93E & 5B 2 /m i, B I H Y
TR EEE KAER, Rk oh, BFREARBERTY 25 H I ANAALLE,
A\, BRRFLGHERASOHETRAE

B —7 &, Wit GL AR, AR AL LU s
& WHH(Werthamer-Helfand-Hohenberg) & /3 2| 5t # #t & ¥ 8%, H 3+ H &

Hep, 1 (0)B91E, 4o 18 4.22 468 A%, P4 N300, NST320. NST350. NST170

8 H, (0)5 %) % 167080e. 169920e. 287540e. 316660e. WHH #t 4/ K 2

SO __

i —+ls_o+i i +}L i
nt= (v (3 5 G- () v e

b t=L =2y q(ah) - () 2 a= 2

T, 6mckgT, 2mvity,

iy 7 WHH #9 2 X8 A9 58, K SO A) B 3L A T i X3t HHe, , (0)#

W ANME
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dHCz

He,(0) = 0.69 X —= |1 X T¢ (4.5)

F B A6 B W H AR W AAR S 69 Hp | (0) SR B IR L2 M AP 1R Ede
423 FRTREA Y, Nb &I SboTes & 493 B ¥ A %H, () B EHMER R,
1958 R B 13 5] — 8 K B AYHE, B Hey (0) & Kidsp, re, /dnp B9 HoAA1 8 0 0 48
7,

ARG H , | (0) B & 5000~8000 Ol Ml . m# & R 4H 8 Lo B &

FEHAT 4 5

(1) TRAZENHERSENGHEMAGE T LM, B THRARETRE
FzMeta LAER, %%%%mﬁwwmﬁwwn@&¢%%%iimh
£ NbsSn ¥ #4487 £ B LA, JIAAKGETHMH T, HmA
Bt H o, Yo df

(2)  ShAsKEAE 49 B AT HAR M AR T AR E T 00 By 5 XA R B35 4 B . 4+
A AL ETURM L S ETREA LSRG TE, K n3Eh
A H o

(3) AAEE *ﬂk$@X%M&@%&mﬁ%:ﬁ%ﬁ%%ﬁ%%%qﬂ
RS F S TR %) Copper pair 6948 T & B, RmipHA2ERGHE, £
AH o 38 0 69 AZ R AR R o b 14 09 FA A SR AR M .

(4) Sh3RIEH L E B A AR SR R R M EY B, 01, 3 A
)G REETHRT G T RBIAK KRG E T o 8atF
PR = M A A B AT AR

K Loy 4k B—7 @ ® Sil00)AWRE N OHE, F—FaBE
SboTes /& 4t Nb & AEL N 5[4 R R0 42T AN Nb & NI a9 M5, & m4R3 T4k
So @9 Hep (A8, BIBF AL BN T AZ L APH Nb S35 38 A4 SboTes 2 M4 A T AR U

Fe, BT Re T mk T B AR E A, £ 2.3.12 P A R F| p-wave A B4
A A =T RO HsR B AR, EECCHIN B0 AT R R 8, LR A
HAHLAR K, ZHEAIBHEARL R 4 NbSey/BirTes F AT LR 24T Z A8 51071,
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Temperature (K)

4.22 w9k e EEE R G H, SRR T WMAR B, % &% & A NST320 WHH #t 4 & £,

B GRS N300 WHH 4%, 418, &, e, BEF 8RR & N300, NST320.

NST350, NST170 & 4t &4% B #58 A v 44

RE R B R T Ho KB sy re, [y 8 0 T 58 59 2 M 16
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4.2.6 St EEGFAT AR S ZE A
423 BT WA S AT S T R- TS L%, H b
4.23(a). (b). (c). (d)% AKX %& T4k s N300. NST320. NST350, NST170. F]
H, 88 E WARIRIFE He, (LB L THMAR, B 424 Pis. FRAEA
AR, & AT S AR R B Hy B KA R BE T 89 H, o 45 X

(2.26) —F A 5 17 %)

@y _ 4mA?H. _ \2AH,

Hee =5mea = "0y~ & (46)
AR AL PP e R E X
Hep) = 2\/6% 4.7)
i — A3 B8 R A AT R 694 A X
_ V3% _T\1/2
HC2,|| (T) - ”dscf(o) (1 TC) (48)

AP ds HERARERE,

AR LR X o094 RAE 523 F AR & E & LT, 5% N300,
NST320. NST350. NST170 #3H,,(0)% %] % 5021 Oe. 4595 Oe. 10909 Oe.
17471 Oe 3 B ¥ VAZHH iy € 1189 K AL R dg. %3] % 146 nm . 168 nm,
141nm . 81nm o ZFTAFIRARE R ZILHIR T B N HRAIR F & Nb &3
Si(100) A AR Z Fl & ) 69 A1, HEAFRIKAG 89 Nb A & 5 B AR E 451,
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Temperature (K)

424 WAk LEERAEGH, (LB R THARE . Wik e & AHT. MARESE R,

e, EE, b, HEAES R %A N300, NST320. NST350. NST170 & K #% #.H

BHBGER, HEERAHB AR EART GRS R, 468 A N300 32 NST320 #t 4t

BAES2~9K FLEMKKE, 4r& RAE A N300 o) — AR E 3 o4 R, B E R A NST320

B AR R
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4.2.7 474U4Z At (Activation Energy)$ 2 35 2 1%
T2 2.3.4 #0235 W T 13405 AR T A AR AN 2 F B, BB R F @A
B R BB R, 18 2 EEE R T AL 69 HH SEAR TG A0 B AR R, ARk 4T
S, miz EATILP e A BRS04 Sy, A ERAS T B M4, AT
VAE SN2 E iR A Bl AR S A b B, 5008 R ARAT ALAR A A R Ak skl 4T AL S,

B K (23T AT AR U 89 K DT ABBL — 2e W4 13 4w, AT 1A

0
EEMEEZ AR FHOEE, THERAER, AT EwaeiEEzif
T AR SR @O B E 8B T B M — AR 1/T% 189 Arrhenius B, T,
VATF 695 LSk B 8 L /£ Arrhenius [B W Z IR M S, 4o 425 $2 426 Fr T,
A (@), (b). (c). (d)2 AKX FEAk & N300, NST320. NST VA& NST170,

£ 18 425(a). (b). (d)F, TR#EGOHBSGAKHMIA R, LHEER
BT m % % 84K, 82K, 54K, AKX ZLNT,, 3 BiyTes/FeTe FH 4
A& R —H Y, 2 s et 38 K0, Arrhenius relation & &% %, FFAIA
il K GG I o B @ AOR AT A0 AR S M, R BT AR B
HADEMA P B D], R A A& Fer14Teo01So.00 A VLT &, P AN B S 05 R
AERIGRE, mEARsE NST350 s, #eAREEREMIA—IE, K
A 3R B T A8 SbyTes & F 1% 2] T 50 nm £ dn AR 32 AR 45 A Bl o

PO BABAF 2 E O AT I B T ) BT AT AR e R B, B TAB SRR S AR
ERAERR N EAFOHE, ARLREEZ AR AMEW Arthenius M 1% 7 48
E—Z e BFRAE, TRAU(T H)WIEG MR S B A-TFIT#5T
R(T, H)4##&k Arrhenius Bl 127,

B 42531426 P4 AKOFFOBIMELALTILR ), HEEEE
OSP4T A 09 4T FURE Ao $ I B 35 4R B fif%'i'lé — HO9 R [E, dlE 4.27
i, (). (b). (c). (d)% 7% N300, NST320. NST350. NST170, #
7 N300 F= NST320 M 484k o0 fn &, € 11189 4T 2L AE 222 55 64 ] 14 % Power-Law,
#74 NST350 #n & 3E A F 4L 0948 B 1R, #1725 NST170 fn 3 R & #3509 $ s
4T AURE 2 &7 M Ml 1%

Bam XA, AP ARSI, 4TILRE U 8/ S a5 00 H 3
A1, B9 MR S NST170 5618 — 4528, 4=B8 4.27(d)PTT. E3A 4

|

i
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ABEAL 1 T-MoS,°', Mo Cl% 1 LR F|U(H) — In (H) 8952 M AT A —%, T
1€ otk e NST170 A —#iAB T T M8 HZ—.
BB X(2.31) 7T 42

Inp,, = Ilnpy — . (4.9)
(AWIN
U= Upln=2 (4.10)
25
Inpy, = Inpy — U;m In e - (4.11)
4p = k;’;m, A K (4.11)7T # 4L A
lng—; =In (Hio)—v (4.12)

558 A 14 04 F [ E R ¥ £ 3% E (AT 3
=2 —1n (—) P (4.13)
527 B T & & A A% T # Arrhenius [B P 4RI InR, — InH M 1%, 3
#%p =80, @il 4.27(d)q:¢;%ﬂxg—;a@§ﬂm 254, T, WAL K 47, F
BRap Do
7 N300. NST320. NST350 = 4845 549 Arrhenius [B 374 A 85 5L — 44y
s
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Conclusion

This thesis presents research results divided into four parts: the study of Nb
single-layer film sputtering parameters, the investigation of proximity effects on the
electromagnetic properties of Nb/SbyTes bilayer films, the study of
two-dimensional superconducting properties in Nb/SboTes bilayer films, and the
examination of the topological properties of Nb/Sb,Tes bilayer films.

Firstly, this paper investigates how substrate temperature, film thickness and
annealing process affect the formation of Nb thin films, aiming to identify the
optimal conditions for Nb film growth.The results indicate that an appropriate
substrate temperature (~540°C) and a higher film thickness are beneficial for the
fabrication of high T. Nb films, while the introduction of an annealing process
decreases the system's T.. Regarding film thickness, when the Nb film thickness is
less than 120 nm, the bottom part of the film exhibits an amorphous phase due to
lattice mismatch between the Nb layer and the Si(100) substrate, which does not
contribute to the system's T, resulting in a lower overall T.. Regarding annealing,
initially, the annealing process was intended to improve the film's crystallinity and
reduce the stress between the film and the substrate. However, it ultimately led to a
decrease in surface smoothness and an uneven grain distribution, thus reducing the
value of T. Additionally, when the lattice constant is slightly smaller than or equal
to the bulk lattice constant, and the grain size increases and is uniformly distributed,
the superconducting critical temperature T. of the system increases.

Secondly, it was confirmed that the proximity effect occurs between the
Nb/SbTes bilayer films, suggesting the possibility of topological superconducting
properties at the interface. As the Nb layer thickness decreases and the Sb>Te; layer
thickness increases, the system's T. decreases to varying degrees. Based on the

measurements of the upper critical field H.,, H.,(0) of the samples is directly
related to dyy,/dsp,Te,- The SbaTes layer introduces defects into the Nb layer,

thereby increasing the system's resistance to external magnetic fields. The

calculated values of the coherence length £(0) for samples N300, NST320, NST350,
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and NST170 are 15.5 nm, 14.7 nm, 7.4 nm, and 8.1 nm, respectively.

Thirdly, two-dimensional superconducting characteristics were observed in
four sets of samples, with the NST170 sample exhibiting the most pronounced
two-dimensional superconducting behavior. This paper provides evidence of the
sample's two-dimensional superconducting characteristics through the relationship
between the pinning potential U and the external magnetic field H and by observing
the behavior of the system's BKT phase transition. During the measurement of the
pinning potential, sample NST170 exhibited two-dimensional superconducting
features under magnetic fields parallel and perpendicular to the sample surface, i.e.,
U « InH. When detecting the BKT phase transition, sample NST170 displayed
behavior consistent with other two-dimensional superconducting samples in a
zero-field environment, and the R-T curve at zero magnetic field could be well
fitted to the HN relationship, further confirming its two-dimensional
superconducting characteristics. Additionally, all samples showed the expected
suppression of the BKT phase transition at 5 Oe (10 Oe) magnetic fields.

Finally, in the conductivity measurement of sample NST350, no zero-bias

conductance peak was observed. The ratio of the energy gap to the superconducting

.. A
critical temperature -

— was found to be 2.58, which is greater than the calculated
Blc

value of 1.76 based on the traditional BCS theory. This suggests that the material of
this sample is a non-traditional superconducting material.

Due to limitations in the equipment of our laboratory, it was not possible to
fabricate Nb films with smaller thicknesses and sufficiently high T.. Therefore, in
future work, improving the vacuum level of the chamber to reduce the influence of
impurities and obtaining purer and denser films is recommended. Changing the type
of topological material in the upper layer, such as replacing it with Bi>Tes, could
also be explored. Both Bi,Tes and Sb,Te; are topological insulator materials with
protected topological edge states, but BioTes exhibits better thermoelectric
performance, which may provide greater assistance to the system. Changing the

type of substrate, such as using tungsten (W) or germanium (Ge) substrates with
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lattice constants more compatible with Nb, or employing quartz substrates with
higher surface flatness and lower defect density, could improve the growth quality
and superconducting performance of Nb films. Additionally, further comprehensive

and systematic data are needed to explore the topological properties of the samples.
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