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Abstract

Abstract

Thin film superconductors provide an important material platform for
investigating technological applications. They play crucial roles in elucidating the
underlying physics mechanism of superconductors in general. This dissertation
focuses on the transition metal nitride superconductors and high-transition
temperature superconductor YBaCuzOs+x (YBCO) films, using laser pulse deposition
and magnetron sputtering material synthesis techniques. A complete phase diagram of
zirconium nitride is constructed by growing series of ZrNyx thin films with different
nitrogen concentrations. Employing a variety of experimental measurements,
including electrical transport, Hall effect, magnetism, Raman spectroscopy, THz
spectroscopy, and scanning tunneling electron microscopy, and combining first-
principles calculations, we explained the evolution of the superconducting and normal
states in ZrNy thin films. For YBCO superconducting thin films, we obtained YBCO
with high T¢, high crystallinity, and high external ductility by optimizing the growth
process. The surface condition of the extremely thin YBCO film was optimized to
meet the needs of superconducting quantum interference devices and superconducting
single-photon detectors.

The followings are a brief introduction to the achievements of this dissertation:

(1) Series of ZrNy thin films with different nitrogen concentration were grown
using pulsed laser deposition technique. The effects of different growth conditions on
ZrNy thin films were studied, and the growth process was optimized. ZrNy thin films
with different N content have a well-defined structure. Furthermore, semiconducting
ZrNxOy thin films were grown by magnetron sputtering, which can be used for
applications such as thermometers at low temperatures and in strong magnetic fields.

(2) Through the transport characterization of ZrNy thin films, we found that
superconducting dome forms as a function of N concentration, which resembles those
for high transition temperature superconductors. Employing a variety of experimental
measurements and theoretical analysis, we found that the change in the
superconductivity of ZrNy is controlled by the charge localization and electro-phonon
coupling strength.

(3) The material synthesis conditions that affect the superconductivity,
crystallinity, epitaxy and surface roughness of YBCO thin films grown by pulsed laser
deposition were systematically studied. We achieve high-quality thick and thin YBCO
films. The thicker YBCO films aiming for microwave device applications have
relatively high Tc and superconducting percentage volume, with a microwave surface
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resistance of less than 1ImQ@10GHz, 77K. YBCO thin films aiming for Josephson
junction applications are optimized for surface conditions.

Key Words:

High transition temperature superconducting thin films, Transition metal nitride
superconductors, Phase diagram, Pulsed laser deposition, Magnetron sputtering
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Figure 1-1 Zero resistance and Meissner effect of superconductors.
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Figure 1-2 The difference between an ideal conductor (left) and a superconductor (right) (1.
The internal magnetic field of an ideal conductor is constant. Before entering the ideal
conductor state, if an external magnetic field causes magnetic flux to enter it, the magnetic
flux will remain in the ideal conductor after entering the ideal conductor state. After
removing the magnetic field, the internal magnetic field of the ideal conductor still exists.
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after entering the superconducting state, there will be no magnetic flux inside.
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Figure 1-4 Two types of superconductorst®!. (a) The first type of superconductors. (b) The
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Figure 1-5 The crystal structure of cuprates. (a) Hole-doped cuprates. (b) Electron-doped
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RN WElE. 6. R TERAE. il RSk s e TAEKTE,
Perm TR E. ML, FRAVEE AR BB ZeNg A S P . A
AR

B RER, CENEBFHNEANMSSHR, HEMEREE, &k
AR, B AR RN BTSSR, DU SR T R
TR ]

5 A SIS R B S R A S RAEEOR DL I () B
INTHA

B BTN ZiNGEE R H S T2k, A SR BT R K T
AR N BB ZeNG R, BN A BT ZeNy R R 5 e AT S 2 R A
o BEANASTIE ARG IR GBI 6 ZrNg S NS, SR B SR
PRI, 12 2B () 3 R AT ARG L L B T b LA S B A (L

VU R FENE ZiNGE PR 7 . ORI T i N S i, TRl
ZrNy AR B R IS 1 2 AR AU SRR AR S Dome. A SCiE
2R FBOT ZrNG B BT Y RAE, MR T HAH B JE AALEE.,

BHBEFEENEX YBCO MK T M. BEAKTZHHTE, KRR
FII YBCO JE (45 b . ol R SR S R R

FNF RN AL TR AL SR,
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BT HRGIE R EHHIE

A B LA 4 S A ) (1 TR ) i A R AR DA K SR PR ROR, B K
MEOETTR . B IRGT, WRERS AR . RS . BAME. 6. BSR4
RAL VLAY T B A S

2.1 BIRHIEFEEN
2.1.1 BHEE IR

BOGRK TR (PLD) /2 HE FE A O T B R 7= A= 1R i) £ TR I T R
IR, PLD HiRT%2xkyE, FEERZEAUTILMEIA: (1D BAHRE
R 1, RG S ELF TR ZH . (2) JiEER, FA
FH T WS RL - B A AT B, Ao JE AR I B2 PR SR B B ARG, o % ) o
JEJERESE 5] . (3) SPERM R REABRS, TZ2SHmTEER. (4 HTEE
BT AKEARINE, FrOO SRR SN, FEMEL (5) BOLERE EEERAE
stk b, T IERE Y .

Fl PLD A K S AR A 2-1 iR, BOGTTAE SR B A5 504 1
RS, TR RREE B P . S5 B RIS 1 — AN ARG I TR 0 S5 IR 3 B
A=A A BUS T R AR R T, FRERRR IR, AT
L

& 2-1 PLD JLFR R R 02,
Figure 2-1 Principle of PLD deposition('?],

KO TR RE 1 2] 73 N = (1) BOGKEhELH, (2) PR
kil (3) FEREITRR, I 20 % HdE AT fa A4

(1) FOLRE L

WO SEEMM AR, TR RAHE 2-2 £, HkbBoE D
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FEATET, BEM RS — B AR X A TR X, fERm T, A—
R R FESCN LA H AR S % S B 1 IX, #RON Knudsen 2, X — 20Uk
T RO KB ae &, X REEEPALFITER T EE, £
Knudsen =, B TZEMEEIETE, U SME FEZZERE R, [§15
Bt Knudsen 2 FIRLT EAAH R R EE, 6 & POkl 8808 [F) B B 4R R,
T A A5 RS () A 5 b S #E A AR TR

7 QU

AR S5 AR X
B: L %% (X

C: 425 i ¥ AH [X
DA B AH X

B 2-2 ot phid 72 o #EAF RS2,

Figure 2-2 Target state during laser ablation[23],

(2) PIERZAK

P EETE KRR ERBOCE LM, Ry S iR &%
MBI, KEEHARFFRPKAN SR, RENEMT BRI
2o SR 2SS B R PIVERE A I R RS, bl (B 2 020 T AR Ry K IR ER 2L
W 2-3 fios

(b

Matrix

Protein-dye

P 2-3 TR

Figure 2-3 Evolution process of plumel12°],

(3)  FEREGTA
MR T BIAM R, SPATRRTERIMT . R TR IR, eI
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5 2 B R & RAL DL L s A R

B 25 MESE, AW RIERERZ, & R AR W
WRCRS 73, Bl BA 2 AN W PR R BB AR T IR 97K, AR o By . BEE B I B (1 1Y
ZRS ST R, S5 S EMEER, BRI

FERIH PLD Ay, JHERR R 5 B 52 BV 22 AR IS, Qe SR YR,
FEL AR SHEM B AL E L OB R S AR A

2.1.2 HEAE RS
g S I T A KSR EG MR, ERERFEEME 2-4 iR,
HPEHRIERT, S@EARAEME, Nnr~4E&E FREnEar, G871
FE FLI I T K 1m) B AR I 2 o B SR T, A4S A 2R T D P MR R [
Fr 7 A FE A R R T DR S . TP AR ) IR, YRR RN, 4
R R, MRS H B G T, AT 20 & S 2 .l 5 il K
HHBam, “IRETFRERMEFEIAR, T BRI, JFERE% E REAT
RAVIRER R Eo BT E TR ERIK, REAEANRERN, SR

AT

E)

% EZ ES
] i)
f'i/&’ ﬁx/ R
| 1] [s] !

=
N1_ 4853
— R

IR

B 2-4 B W A TR
[baike.baidu.com/item/R3% Mk 541
Figure 2-4 Basic principle of magnetron sputtering.

S

REE IS DO ) < JR I, HLBUR T . BORLIE . R IR R [ A S A TR 45 5
TI#BUF T B A AR DT A . {E e 17 PR AN In A& R TR PLD

213 BFRAEX

ML IR ZE R — R ST (PVD) R, EAES THHE T HRE
TG RARL GBI ZRRD, FRR 2R A BHnE 205 BB R —
eI L TR A A 22N 5-10kV B IE . (R FIRE (AL TR X 1
AL G i ) o Af FH K AR B RE AN Fl SRR I R ZE AR Ol E AR R
H). B S H R R T R ZE MR, R AN SRR R RE AL RE, (15
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R BTHERZ R BATIRR IR . AEARICH, BT HRZEKEEMKRE YBCO Ji
(AT EE

Vacuum chamber

Heater —_ | _ri" =
i . Substrate lens
(s g e I oo I
D IS
/ §bsvate dome
- Evaporation flow
Crystal type fim
thickness meter Vaausm
pump
_
Electron,bgr_n\\ 2] shutter
! v
7o E
o x[mz‘:m
2-5 BT RERSEE.

[www.arrayedmaterials.com]
Figure 2-5 Schematic diagram of electron beam evaporation.

2.2 SEERMAEFAR

2.2.1 BIRGEFRAE

VLB e AR 5 R RAE 2 BEARKEE X SHZRATET (XRD), BT I X S8 AT it
RIS R HA Rigaku 427 SmartLab. XRD T{F A J5E 3 2 it s e v 1%
i Cu M, 1645 CuliFNEHRFRAERKIT, 4k EKy Keav Kpif2k,
Bl 2-6(a)fTn, =Fh X SHERAIT Ge(220) 5, W LUTIEK,, Kpiifsk. 1 X 4
AN SR BN, i 2-6(b) I, ARIEAT A A X CHATH SR 2 2d sin 6
=n A, RGP AENTIT G SRR, ATTAEAT S BT R BOAH S R AT 0
AR A RIAGE X FLBIPEA, n AT HE. XRD AT LLSEHLR 2 ) fg
(1) 20 — w4, BPXPFRIIH, & nr DL By IS (A T AN ), BREECTRT A bk 2R
R R S AEAE A . (2) #R3EMIZE (Rocking Curve), ‘B e fEMIEH—/NMAT
SF UG B A A8 /I O LA DT R 4R = 0 35 DA ) B Py 4 o 2, B ) 45 i 12k
T, USRS . () fAHE (@-scan), T I Y — AN T S R BT S
U, R )[R R AR A L, AT AR B I N UG R BRI, T DU Sk S R
fRIANEE . (4) {8175 [A]433 (reciprocal space mapping, RSM), @it — &334,
A DLAS B4R A i T BRI 480 25 [R5 S, DT AR AR i S 0 £ 151 2 [R] ) 7 A7
IR St o DL AT HIET A . TSR S A& 2RSS (5) X BT (XRR), X it
AR FENIS SRR R IR 2 18] A2 S S RN 3, ki 7 2R i s, i
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5 2 B R & RAL DL L s A R

SRS R 2, T DA A R RERTREL B FE H0 5 8, XRR 5 FE il
P 7E 100nm DA, I SRR B, A A TR IR .

Bl 2-6 X &= RN X FERATH AR E.
[https://n.sinaimg.cn/sinakd10116/171/w600h371/20210830/75d7-
4a3967fa8768d8eed5b1dc7936b2dd5d.jpg]
[https://image.xmcdn.com/group67/M04/01/74/wKgMbV2nmP7AQFSEAAFPWDW5INM
889.png?op_type=4&device_type=ios&upload_type=attachment&name=mobile_large]
Figure 2-6 Principle of X-ray generation and schematic diagram of X-ray diffraction.

2.2.2 SRBEEFRAE

/MR, XRR AT DL TR SR B R, H R B S TN
VAR R A BRI, —MORREFRIE 100nm DL ERE R, I H e TRk ENH
YIRS, HBRL P X BORRE B o AR SO I A )2 R T SR AE T+ B
F R 1 2445 (Scanning Electron Microscopy, SEM). ‘B & 458 £ 1
TSGR, @ T S5 EAERERN IR TR TE
XERER AT ISR . FTLUGE T SEM H $2 U452 T R5 3R THT AT LW £ 21 386 3 T 1) 7
S, AT DL ot e A T S A ) S ) S

223 AR

ARIALTH B o e R F 202 X SP2kae i (EDX), B2
T BB E RS, © il R TR R R X, R e
BEBEIEMNET o FERTh R FRGZ R E R SR, BRIE 2t
POKRE R RESL b I P RUE N B T A 2 s e EUE R PR
XA RS A X G4, Bl ZRMEEE. SHME—EHFNE, S MRS
[F] ) Re B ZE H R W E 1), &Pl RS2 BUR T 7 AL X S 2RI e S 2 1 e 1Y
CR I AT DR SRR A i R A E R TG R 2R A . e L RO M B FE AR, XA

BN SRR ITTRN A LA HE TS R, — B R A4 TR A
A .
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2.2.4 BRENEFRAE
AW iE RAE EE BT &Y %N &= R4 (Physical Property
Measurement System, PPMS), ‘& &HH3EE Quantum Design 2 & H & ) —ZK 44
BLEE SRR RS . & HER RGN0 G, 7T T & 4 5
P e B RSEYIPEN & .
A TAEAE ) PPMS JEs i R 2 AT IR0, SRR v s 2K, iR
N 10mK, e E ek 14T.

2.2.5 BAMESRAE

AR AEAESEE Quantum Design A ® MPMS-XL3 FikT, &t
SQUID &R S AE 5537 h MRS 5 - HEALR-IRE Lk (M-T ih4k) [l
=AY (field-cooling, FC)MIZE1774 (zero-field-cooling, ZFC)PHiF, T
T VB () R A 2 BRI ET FL, X RE U M 2 — A IR R 2. M-
T i £ nT DL e IR S, AR s R 51 .

2.2.6 MUK MEBEFRAE

AR SCR R A0 1 RE PR v 2 BRI IR i, A R B
W 2-7 Fon, BRRIRE S RCE fE— RN A BAE b, A A S B AT
WIRA L IR — M TAET TEonn 8530, PO DK s i B K
HIER 5] BRI W B 2, @A A S HORTE R IR 28 LT
AN, EBRAE LR MO RE SRR, TR AZ v AT DA 2 2 T e LR R 0 B I
R R BT 3 5 A FAMEL BUT AR, B bA— ol s 5 a0 1
A TRAEM L, — BT R RS Imm?2, i T 5 VA B R AR AR
N, RS THFRK, FEREFEEGRSMRERET. A TIRER
GREUE, Wl RREIEIRS S E T Q, MW E Cu B Nb /EJyil ik as 44,
XA BT AN TR o IR A S T ad i W A AR S s
T 14 it B0 R 780 AR 0 A0 26 A ) T 43 810456 5 110 A 3 T PR L S R T FL B

R(T) = L[Q™H(T) — Qo '(T)]

2,
X(T) = —% [AF(T) — 4fy(T)] + X,

HAQ(T)~ Afo(TYFQT)\ Af(T) 535 A 2 i Al b i OV 41 s 140 o I TR
FEBIRME ., Xl LHIEW S L5 REHHESE, BIR(T) = X(T)153]. ML
A IRl I, — % mT 3@ I A B B bR AERE R S5 2.
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coax.

B [ |
| | sample
_‘._._._.-—'
“““‘--—._sapphire
s rod
E e
~ thermometer
™ heater
B 2-7 T VB TR s 5 1 P 1261,

Figure 2-7 Structure diagram of microwave resonator(26l,

2.2.7 FIERIE

G R FEMRE F M BTSRRI RE T B AU G R AR
FEB AP EEHE (Raman spectrum) FIKHH 246 HE (Terahertz spectrum). Raman St
T A AT A R AR NS OGS AR 18 B, R LSRRI R T IR 3
HEhE R, A, FERIF Raman J6 i o i S v i e - 7 A A 0 1015
Boo FRATE A B R St 2 AT e IR BC B R 3 AR B B 2O S A R 4
(LabRAM HR Evolution, Horiba Jobi Yvon). & HBLE A 532nm, 1.5mw,
SyWsHIE] Y 150s. 18] 100X #0455 (0.9NA) BB R I ES BT 815 5.
BWOCEBE EAA/NT Lum, Y6t 600 47/mm.

THz Jei i 0.1~100THz, AEEREMTEE KL Z 0.4~400meV, iX
BETHET. BRERERERE. AXHH THz itk 5 EEE 5 me
M5 B ASCH IR HRZE (THz) 35 5% 1% 2 i i 46 i 4 B SRR E IR
#x H1 Oxford Jt TR A4 () H DG R G0 R = 1) .

2.2.8 [RFREFRIE
AR MR RERAETFBOR R % B 2408 (Scanning Tunneling
Electron Microscope), &M A ET /72 BB FBEZE 20N, it &R 28 i
XS MR SR 5 25 A AT R AE . A SCIEFH ) STEM #4572 Nion HERMES-100 14
R IEFA3E S B T A A Titan Cubed Themis G2 300 XUI% 28 1E 3% 5t HL 1

B -
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2.3 SEERM IR

2.3.1 7R

FEZH AR T DATE MR 2 o o &P S, AT DU T38RI i 4% . TEA SO,
HZI AR EF T Z0h Hall #7i%. HEAEEREW .

(1) FARE:  WESIRHLIREE N 4500 B:150%1, ¥ AZ6130 Y6 IR 7
R . SR K623 578 e (i |,

(2) #fs: EINHAEG ELL 115CHEERE S 1 b, ezl E L .

(3) Ba: HELZIRAER E N5, HEIMNEHL (MIDAS AF, A
5 MDA-400M) BE 5.2 b 57545 B ' DX 35 20 e o 12k

(4 B RSB IER BB F R 30 7, LBRgRILrLZIR,
BN RGBT o

(5) ER: WfaEits BRI LS FKPEw 12 ), bR

(6) ZIt: 2|05 30 TR ZIMANRIEZ . TRzt Ed Ar &7 R
ZIvh s B X Sk, VA Z TR IR BRI . AEAS SC R BRATR A TR Z 1k
SEH Ar TR ZIHIN 75 2R, AR s AN 10D R
b ZI AR 30 B, X—BRN TIEREM G, B ke & THE 15 R
X ANE R R

(7) Bz ZIvhEEan, FPTERBE 28 IR T 162 -

& 2-8 Hall B IR
Figure 2-8 Hall Bridge Road Photoetching Board

2.3.2 BB £ He BT %l

AR SR K AT R B A 3 (Focused iron beam, FIB) FiARF|H mroi R
REETAXMEHEATYCRIN T, BAHEMHEsE (SEM) FEfE i 7 R
SERF VLSRN ek R AR ) TR el B B B T R AR R

24



5 2 B RS R RAE LA AR AR

JEH/ANOVEE, HSFERMEELER, WK 29 PR, YEREE TR,
I IS B R S R A AR R PR AR R R R T AT
EES, WL DIRE. A RES FRAE AR ERER, Hagtafkis
EFEa IR T T, ATRE AR RO, B e AR I AR, AT A 3]
AN ZI R R5R

HAl FIB S THAK. A X =M1, Hhays FiREA &
NIEBERSE, FrDA R s N TAS B . B EE T LUA R 1nm A A, imim
T AR T B T AR TR R R R R SR AR, He BT RAER
T 6 HidE AT Josephson 45 0 T i) Fedd: T B .

Scanning
Coils

Final
Lens

MCP
E-T SE

% detector
detector = F

=

29 REAS FEMBEHE.

[www.sohu.com/a/371401307_120122524]
Figure 2-9 Structural diagram of focused helium ion microscope.
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53 & ZrNx HE %

FIF ZrN, EEFIF

BIZINCGEEM IR S =

BMWYEERA S SR PURMER A, £ A =N
MME. W 1.22 s, ENWEE SUEE T ZHRHEN, EBRE+FE
Htt. g2l SREADF, ZiNe G EW IR E K 12 # e fb 2258 e
P, FFHEEHEMBIER, SRR, B EEEm A, Frble re Hwr s
JERIZ . ZrNx I RER B & AR 7 = T E E . FrbL, A0k
B ZrN N FERT S, LB R A 5T R A R . AR ZrNy
VLB I FH AN B A 707 SR A/ 41

3.1.1 ZrN, ERE R F

ZrNy RN R 3-1 Fis. ZrNx B AE% e, o fORE R Ay
1% 23.5GPalt2"1281 & N (1) ZrsNg fifi i 1] LLIA 2] 40GPa c A7 11291300 & E iy J2
SIS A B RPN T 71. ZrNk 54 mi ik 2980°C,  H B A W) e i #visoe 1
[SLIS2VEN P R OSSR e EA Tk, TP AR E BN . £
Tolkrh, B RTRA M VAR R @B SR EBIG S KSE, A RE. H14
PRHE BN PUHERNE S HEIX N Fh, BT TR 75 A 18 B IR 2 AR5 ¥4 20551 B
T, HECR AR ABWERE A EHESTE 600°C LAT [ TAERR
B NTHRERMHERDIZE, FEIFIRAESRE . mSaemma A e,
[FI B R RAMEL T ZrNe 32 SR IR L7 1 2 DL EEESR, DL ZrNe i
MEIRZ, V2 7R IS8 H/E = R o T BE S IR 47 AR5 I A AR 44
FITEL ZeNG IR RN N /2 T — AR R HERARHR 2 AR R — o AESE LR 1)
L2, S&REELEFRREEN W, HEFARANLRMEE Al &
HemEl JERMEERBERIERE, Al KL SFHEETEER Cu BUY,
{H2 A Cu s fE Si RN BUY i FFE ) CusSi, Jr LA s EEAEMEA < mi Ak
K—EVfALRE, A2ERELAFSHRENE. SR, SRASERIFW
M 155, ZrN fERN A SN, 256 2 ATHe 8] HAD R i p#dsoE
PERE RS E PE DA RT3, (15 o 34 22 2 I B AR A R L3014 B K e
PRTH S AL 1 R

Popt ZiN B 10K A1 Te, BRI ARSI Te R 10K, Hi 42 2]
ZrNx BAO0 IR R E A ARG E I, 43 ZrNG yAEHI 4% /1) Josephson 4
HAMRE IS o ZeNGEd B R A e Rm MRS A S5, TTUUSEI
B JE BN AR . ZrNy FIRERH AR /N, JE% & & R AR IR AR I 9 47 T
FEit. B4n Lakeshore 24 7] 2E72 0 ZINKOy IR+, HA WS REE, 7€ 9T 5
MR R, JERZE/NT 10mK, # ZRAH T EMIRR RS . MiXE—H
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R EN EIE 8000 76 (—F lemxlem B4 ERT LAY H 100 HLid ). W5
ZrNy VAR K T2, A B N ks TN 8% . AEILIR . IRIR R R 4.
R AR SRR g N B R N, R H AR R B KA 5 3t .

(a)

(c)

i

3-1 ZINKFINH . (a) REEBREN. (b) RMEREHFRES. () ¥ B#&alsl,
(d) SQUID[https://nvipubs.nist.gov/nistpubs/sp958-lide/315-318.pdf]. (e) AL EIRZEE T
[www.lakeshore.com].
Figure 3-1 Application of ZrNy . (@) High hardness wear-resistant coating!*??l. (b) Coatings
over fuell*34, (c) Diffusion barriersi*®l, (d) SQUID. (e) Thermometer for Extremely low
temperature and strong magnetic field.

312 ZINy IR E =

S BEAEA T Z N SR Y. £ E S E R,
B RS A o 2B K S A R H U, Bl ZeNy R e e A ORI R, T
PAKYE s Tl CrN i 4 e 2 B Sk 4% 8 g, 78 30 MR, K
AT A G- S BEEAY, I H AR E R REAR AR DA, A K ) SR B U 4
JE EAW ) B3 R TE R A EAE I, 11 NDNx TiNxs TiNe A1 HFN 55
Mk, B A KR R, BRRESEEL Te FIRVE I AR, X el % H
RO A B RAMER L. — BN, SESEE YR T H N BCS B Sk,
T8 AR AR ) Te — MO AR KRBT o T 7E M8 Sk, Te RTE AR
PRI —Fh i WLEIBLG . Bl 8 SR, e R B R & Mott 452k, @
THEBREFR, X EME, SHWES “=ZT” (Superconducting
Dome), JfHTEM'T Dome 77, IEWESFAIEIETRBAIT N, BNt
BEL 350 oK T il 2k SR04 145) | i AESR, VR BT I AR L SR R I, X
AT AR B S Dome 5&R- A& A EI AL XA R w71,
QA RS AATL R EEIA8) A g o BRI TSI T AEE S R EEDS il 3-2 FiR
FrLA, WEFiHS Dome T HARE SALH B A EER L. Ml eRE Lk
A, @it N TERBR, EEHLEREERRE - RAIKCE, X5
JEH A SR EA LI, FTel, BP0 N SEX T2 SRR, s
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e T IT TSR (BT IR RLAR 2R AN SR s

(a ) clectron-doped hole-doped (b) oS (C)

SeNIO, TS
z -

RE; ,Ce,CuOy

T.K

Temperature, T (K)

T o= 6 F (Ba,_K,Fe,As, Ba(Fe,_,Co),As,. (Ba,_La FeAs,
6

o T, [Ba(Fe,_,Co,),As,]

o
o

Tet

Ej PM T.[(Ba,_Lla )Fe,As,]
g 04

E Orth

g 03 AFM Tet.

§

2

o
[

PM
o %o
o °ﬂ ]
00 e 185

05 04 03 02 01 00 01 02 03 04 0S5
extra holes / Fe extra electrons / Fe

0.1

l \ 4 \ s N |
-1.8 -1.4 -1.2 -8 -16 =-14 -12 -10 -08
Carrier densitv. n (10'2 cm™%) Carrier densitv. n (10'? cm™?)

32 EHEIBSAEHEE. (a) FEBSELM, (b) HEREBIENE, (¢) 4Bk
ZrNcl52, (d) FSEEM, (o) HRILHE AN,

Figure 3-2 The phase diagram of unconventional superconductors. (a) Cuprates!*4€l, (b)
Nickel based superconductorl. (c) Two dimensional superconductor ZrNcl**2, (d)
Graphenel*, (e) Iron-based superconductor7,

Bedf ZrN FIZ5HJE T NaCl 2544, Wil 3-3 FoR, &g #Ech 4.60 A %A
B8 TFm3m A (2 ZrNGEER A HEL BT NSE. MAERER
FMATE 4.57 B 4.68A Z [AARLIS I, [tk KA AR T R, A
FEEEISSIST - ZeNy IR A itE T LA BCS BRABSR MRS, (HRWA IR
B ZrN ORI A2 BEAN L A R G o B, I SR 3R To AR T8 B SR T4
IRISBISN ARSI ZrNg AR FENT G, B FCN E TR &R A b AR
Tk, BRI REEB S A E S BRI RER T S%H . HIEE
HA H BN A

& 3-3 ZrN FIFA& 551 o
Figure 3-3 Lattice structure of ZrN.
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3.2 ZrNERR RIS %
FEARTAES, 3nlfEH 7 PLD FIRAIEIEN Rt A K ZrN AT ZrNgOy
B, AT ZiNg #RAE PLD R4 FAK . RN 1)
ZrNOy VEEAEREAEIR T 24t FAEK . TR A K PLD RGMEOLEE FH 1)
RS EOER, H Ky 355nm, HKPRER KL 280md, kA AR A
10Hz. PLD HZ RS K E AT LLUAE] 108 Torr |44 n#s R AL/
e, BAMAGEE T 900°C. PLD FiR S a5 2l i 4h B 41 A I B 4%
BEATHY, ERIRMIEIRE A 249°C .. A S G I 51 1 &, SRS A
0.001Torr 7247 PLD 24 ZrNy S ARt AR a0 R
(L BF: BARRES AR, R EAIEER (00 D MgO AR R
Wi G b, AAEME % 107 Torr 4.
(2) Hes: Has/NgEem#JE R 645 350°C A4, Bk 30min, HAHREK
AN K
(3 7R EIE WP EAREARS, BRERERLESE (XA
R RS> AR R, TR E6 7 55 B =0
(4) FHE: ATOINE e EMER, KA &2 L0iRE.
(5)  TPRST: XM &5 M Z MR, T RZSBEOLE, RS 4E
J& Zr (4if% 99.95%) HEAF, —MCIRST 3000 AMkid, VHBREEA K
HEREAY/E F Nk}
(6) IERISS: FIHFREMR, FTHFFESEOEE, JFEIRS IR, JH (R 75 2
23 1) AN B AR A S SR A SR B IR FE
(7> BUFE: IR 5EEEIE, RHMAARS, SRHRE KRR SR A

HH o

3.2.1 FpE-B /L E 3 ERE B [E A S0

FEAEK ZINGH B AR, FEEIEREMFRO 0 2)8 (11 1 PiFiis, X5
FZ BRI R —3, TS G RMAIEEITES, ZrNx EIRAE K 25 5 5~
A% AR LS0I6L I AR A PR A, XS SR RS R T, AT
BATVRIN, AEVTRAR FEANARINT, 5 i i JBE Y ] 1 = 22 A 352 SR M 5 368 ) ARG
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Figure 3-4 Influence of relative position of plume and substrate on film orientation.
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Figure 3-5 Relationship between crystal structure and deposition temperature of ZrNy. (a)
Out-of-plane XRD patterns of ZrNy films grown at different temperature. (b) Out-of-plane
XRD patterns of ZrNy films grown at 450°C measured by powder diffractometer.
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Figure 3-6 Relationship between transport properties and deposition temperature of ZrNx.
(a) Resistance-temperature curves of ZrNy film deposited at 350 C. (b) Resistance-
temperature curves of ZrNy film deposited at 450 °C. (c) The maximum T of ZrNy films
grown at different temperature.
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Figure 3-7 Chemical composition of ZrNy as a function of N, pressure. We normalized N/Zr
to 1 for P(N2) = 0.06 Torr film, whose physical properties are most close to those of bulk ZrN
crystals. The error bar comes from measuring different areas of the sample.
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Figure 3-8 The color of ZrNy films with different N content.
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Figure 3-9 Surface morphology of ZrNx. Surface morphology of ZrNy with different N

content observed by the Raman system objective lens (Figure above). Surface morphology of
ZrNy with different N content observed by SEM (Figure below).
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Figure 3-10 The crystalline structure of ZrNy films. (a) XRD patterns. O (b) The rocking
curve of ZrNy (002) peak. The full-width half-maximum is 0.77°. (¢) XRD ¢-scan. (d)
Reciprocal space mapping of the (1 1 3) peaks.
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Figure 3-11 Crystal Structure of ZrNy Thin Films with Different N Content. (a) Summary of
the XRD scan for ZrNx with different N concentrations. (b) c-axis lattice parameters.
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Figure 3-12 Distribution of (113) crystal planes of ZrNy films with x=0.54 and x=1.4 in
reciprocal space. (a) x = 0.54. (b) x = 1.4.
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R 3-1 Zr-N BV EREEHILE .
Table 3-1 Summary of Nitrogen Zirconium Compound structures.

Nitrogen Zirconium Compound structures
Formula Space group | Crystal system | a(A)/a(®) | b(A)/BC) | c(A)/¥()
Zr:N Pm3m cubic 4.12/90 4.12/90 4.12/90
Zr:N [4mmm tetragonal 3.89/90 3.89/90 9.69/90
Zr:N P4, /mnm tetragonal 5.44/90 5.44/90 3.32/90
ZrsN: R3c trigonal 6.2/54.519 | 6.2/54.519 | 6.2/54.519
ZrN Fm3m cubic 4.61/90 4.61/90 4.61/90
ZrN P6;mmc hexagonal 3.21/90 3.21/90 5.52/120
ZrN P3m1 trigonal 3.21/90 3.21/90 5.52/120
ZrN F43m cubic 4.99/90 4.99/90 4.99/90
ZrN P6;mmc hexagonal 3.21/90 3.21/90 5.71/90
ZrN Pm3m cubic 2.85/90 2.85/90 2.85/90
ZrsNs Pnma orthorhombic 3.3/90 9.9/90 10.9/90
ZrsNa Fd3m cubic 9.21/90 9.21/90 9.21/90
ZrsNa R3m trigonal 3.46/90 3.46/90 25.47/120
ZrN: Pmmn orthorhombic 3.79/90 4.17/90 4.37/90
ZrN: [4mmm tetragonal 3.51/90 3.51/90 5.82/90
ZrN: P3m1 trigonal 3.40/90 3.40/90 4.37/120
ZrNoss 4.57/90 4.57/90 4.66/90
ZrN100 4.56/90 4.56/90 4.60/90
ZrNia 4.53/90 4.53/90 4.55/90

H: BE—fTRIM ZIN FIRBEEWAREERRER. RERRBRIMELRHIEAARR
N &8 ZrNEERSESE. B EBRINEABRINEZRFH ZrN 584 ZrN
EEHERFMm3m&i.

Notation: The blue shaded row indicates the structure of the bulk ZrN crystal. Grey
shaded rows show lattice parameters for representative ZrNx films. All
ZrNy thin films studied in this work have the same ZrN Fm3m structure
that labeled by blue.
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Figure 3-13 Effect of Oxygen and Nitrogen on ZrNyOy Thin Films. (a) Resistance-
temperature curves of ZrNxOy thin films grown at different oxygen flow rates. (b)
Resistance-temperature curves of ZrNxOy thin films grown at different nitrogen pressure.
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Figure 3-14 Error of ZrNxOy, thermometer under magnetic field. (a) Resistance temperature
curve of ZrNxOy thermometer under zero magnetic field and 9T magnetic field. (b) Error of
ZrNxOy thermometer under 9T magnetic field at 4K.

PATTOE 1) 25 PR T RE S AT RE BRI &, 45 SRl 3-15 o, FEIE
T TR T AREEAT N, HBE R, FF SRR SORaRE S K.
RS, S H 2 A5 0 2 iR e, I B RERE S5 Wi ok 2K T — K
77, Ut BB AE WA 3O, IR EETHR R ZE S I G K, IXAR AR T SEPR B A
XLt Lakeshore 224 /=) Cernox i fE1t, Wik 3-15 (b) Fizx. Cernox i /&
THEAFRRE . W FANRICNIERE RZE, ANRIDVAEE IRE, X
B Cernox L% VTR IE 7 2= Bl 5 A AR 2% . H ATIRATIHI &1 ZrNyxOy i
FETHE 4K, 9T FiRZ%E K4 5%, Cernox JHETHE 4K FiRZEUN 0.15%. FAi
N0 TAES R ERK ZrNOy M IIRERL . BhAh, RRFE ZrNOy T
BEACAL S, FRATIE 7R R R BRI TON T, ArE M T2,

40



53 & ZrNx HE %

(a) I (b)

Aplpy

deviation, (AT/T)(%)

& 3-15 5 Cernox B EH Tt (a) ZrN,O, BIREANFEE FHRFE L. (b) Cernox
RETFEARMEE . BE T BRZE[www.lakeshore.com].
Figure 3-15 Comparison of ZrNyO, thin films prepared by us with Cernox thermometers. (a)
Magnetoresistance curves of ZrNyOy thinfilms at different temperatures. (b) Errors of
Cernox thermometers under different magnetic fields and temperatures.
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Figure 4-1 Resistance behavior of ZrN,1¢! (a) Temperature-dependent resistivity of ZrNy
with various x. (b) Resistivity upturns in the N-rich (left panel) and N-deficient (right panel)
regions. (c) The x dependence of p,.
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Figure 4-2 Superconductivity of ZrNy films[i¢6l, (a) Temperature-dependent resistivity of ZrNx
with various x. (0-15K). (b) Phase diagram of ZrNx. The color shades outside of the
superconducting dome indicate the magnitude of electrical resistivity. SI, M, and W1 indicate
strongly insulating, metallic, and weakly insulating phases, respectively. The two dashed lines
labeling the phase boundaries are determined by the temperature derivative of the resistivity that
equals zero.
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Figure 4-3 Magnetoresistance of ZrNx. (a) - (¢) Magnetoresistance curves of samples with
x<1.00 (a), x=1.00 (b), and x>1.00 (c) at 10K. (d) (e) and (f) Magnetoresistance curves of
samples with x<1.00(d), x=1.00 (), and x>1.00 (f) at 50K. (g) - (i) The relationship between
the magnetoresistance and B? of samples with x<1.00 (g), x=1.00 (h), and x>1.00 (i) at 50K. (j)
Magnetoresistance phase diagram of ZrNy at low temperature.
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Figure 4-4 Electrical resistivity in the metallic statel!6]. (a) Temperature-linear-dependent
resistivity. Dashed line are the fits to p,, « AT at high temperatures. (b) Temperature-
quadratic-dependent resistivity. Dashed line are the fits to py, o« A,T? at low temperatures.
(c) First order derivative of resistivity respect to temperature. T, and T, are characteristic
temperatures for p,, < T and p,, « TZ, respectively. (d) Normal state phase diagram of
ZrNy based on electrical resistivity. Color shades indicate the coefficients A, and A, obtained
in (a) and (b).
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Figure 4-7 Hall effect of ZrNy films['®l. (a) Representative Hall resistivity, p,, (H), for
different x at 100 K. (b) p,, (H) for x =1, 1.17 and 1.23 from 10 K to the highest measured
temperatures. The parabolic line with an arrow denotes x from small to large. (c) The Hall

coefficient, Ry, as a function of N concentration and temperature. Dotted boxes indicate Hall

coefficients obtained at low temperatures when superconductivity is suppressed. Error bars

of Ry are smaller than the symbol size. (d) Relationship between carrier concentration and N
content.
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Figure 4-8 Mobility of ZrNy. (a) Temperature dependence of mobility of ZrNy for different x.
(b) x dependence of mobility of ZrNyat different temperature.
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Figure 4-11 Raman spectra for ZrNy. LF1 and LF2 correspond to the two low-frequency
acoustic phonon modes from the Zr band, and HF corresponds to the high-frequency optical
phonon modes from the N band.
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Figure 4-12 Peak Position and Intensity Analysis of ZrNy Acoustic and Optical Branches(*¢l,
(@) Inverse square of the acoustic mode Raman shift, 1/w?,, for acoustic and optical modes,
which is proportional to the electron-phonon coupling. (b) Comparison between Raman
scattering intensities and the residual resistivity, pg.
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Figure 4-13 Terahertz spectroscopy data for ZrNy films. (a), (b) The real and imaginary
parts of photoconductivity for x = 0.90, respectively. (c), (d) The real and imaginary parts
of photoconductivity for x = 1.18, respectively.
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= Data |
o BCS fit '
1L x=1.18 !
Data

BCS fit

Bl 4-14 THz Y6 H ) ZrNy B BRER 518 B I 2 R 1001,
Figure 4-14 Temperature dependence of superconducting gap('®¢!, 2A, measured by
terahertz spectroscopy.
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Zr is red
N is green

Bl 4-15 &A% ZrN1oo STEM EI&F0 EELS EI&.
Figure 4-15 Low magnification ZrN1.00 STEM images and EELS Mapping.
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Figure 4-16 Atomic arrangement of ZrNy . () HAADF. (b) ABF.
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48mrad~200mrad; ABF & #f: 9~36mrad.
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Spectrum Image
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Figure 4-17 Low magnification ZrN1.25 STEM images and EELS Mapping
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Figure 4-18 Atomic arrangement of ZrN1 5. (a) HAADF. (b) ABF.
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Figure 4-19 The arrangement of excess N atoms in ZrNy.
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Figure 4-20 Low magnification ZrN13s STEM images and EELS Mapping
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Figure 4-21 Atomic arrangement of ZrNy ss. (2) HAADF. (b) ABF.
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FEMERFERALE. LM RZ XRD WEME, L VCATHEHE. (b - (D &4
BRx = 0.48,0.66,0.75,0.97,1. 00/ ZrNy FRIBEH# T4 R .
Figure 4-22 DFT Band structures for ZrNy. (a) Comparison between c-axis lattice
parameters obtained from DFT with VCA calculation. (left) and XRD (right). (b)-(f) DFT
band structures for ZrNy with x = 0.48,0.66,0.75,0.97,1. 00, respectively.
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Figure 4-23 The relationship between the number of estimated mobile electrons per Zr in
ZrNx and the N content calculated with VCA method.
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£ 4-1 ZINVIEFESKISHE

Table 4-1 Normal state charge transport characteristics for ZrN,.

ZrNx n ke PMIR Pr=300K Pr=15K h/(kpT)
(10%2/cm®) | (/A) (u - cm) (u - cm) (u - cm) (K)
x=0.61 1.10 | 0.688 374.6 65.6 53.5 | 956
x=0.70 1.37 0.741 348.1 40.0 27.1 | 603
x=1.00 488 |1.13 228.1 12.8 51 |404
x=112 290 |0.95 271.3 44.5 269 | 1267
x=1.17 1.83 0.815 316.5 113.3 91.0 | 2705
x=1.23 1.02 | 0.672 383.8 392.9 304.3 | 5043
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Figure 4-24 Analysis of ZrNy carrier concentration in N-rich region.
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Figure 4-25 Comparison of experimental T and T} calculated by McMillan formula.
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—FF, & HBERRECHLEI IR BN THz JEiE & e RS EIUESE T ZrNe 2
BCS #8834k, 1M ZrNe MRIAT PR . —2 Raman BSTIEII5RE, KR 1 A
TE ZeNG PV 0 1 2 O A A
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STEM fJ LU ZE RN E N FESAL TIESS S 2R N R, £E NIX, [
FH N GBI, 2R N EFEEFEETHNBILEN Zr JE 72 H, X8
BRI NJET “F3K” T Zr ETFHEBEBET. WNATREIER T Te IR
GBI . 2 N SR KBIEANMESS, ZrNg R FHEAA A TR ST HEY),
g RAE TS, M3 shFa R B I BT, XA RERAE x > 1.33 A4 1)
B, I A BE ZE R T P B 2R Bl Ul 2 B b T A PR 3 o ) S R

MmEs: N X, tFarmmA g s N XS amal, @it Raman ik Al
DFT 15, ZrN fEBR N X A77E H P R & o B IR S5 A B H F 720 H I IR
T FEL 7 A A e P ek 55 A2 s e R N X T (%) 32 ZEHLA o

I — RPIRAEF T, AT ZeN RS 5 FIPLEIE 7 RGHERER,
FATAT LA G5 IR Ze ) 2] — 5k AH I b, anf&] 4-26 s .

3088 A ’
\ e {
\ falence n, /Zr ! |,
25 "
Hall n, / Zr /
100, n,/zr [/
B [ s
10 = 15 { >
10° “wilt
S T
10" 5 -l \
- . Superconducting »
pXX : ‘ ; l 0
(uQ'cm) 14 1.2 1.0 0.8 0.6

ZrN,

4-26 ZrNAHERIAHEE EOPLH . T:AR$E Raman %A McMillan A= THE.
Valance n,/Zr #l DFT n./Zr53 IR E N XiR#E Zr 1 N F4L&4r B BAER DFT THERK
. Hall n./Zr2LREE R, 7 x> 1.35 KX, HFEXKERTEUWREZ.
Figure 4-26 ZrNy phase diagram and the mechanism behind it. T%, is calculated from 1/w?,
based on the McMillan’s formula. Valence n, /Zr and DFT n,/Zr are number of estimated
mobile electrons per Zr for N-rich and N-deficient regions, respectively. Hall effect n,/Zr are
the experimental data. In the region where x > 1.35, there are a large number of atomic
structural distortions.

AITAFE L, B2 RGERTT T ZINCIAE, SR ikmt e
MM R T BHERSH . thNRSAERY T IRR BB ST T 72t
BEAL, ZeNg N ARH U AR FESR AL 1 A RAFHIXTEE, WAL BCS M 214,
LB SREE, AR, IR G SRR O B AR 1
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$55F YBCORBSHEHEIE

5.1 YBCO B EiEfM IR

5.1.1 YBCO BYE AR M R

1987 4, H [EFRL B Yy BT 7T AT 08X R B L AT AT A A STR 25
Houston K24 48 eUAITF 78 A A5 B &K BT YBCO #8F:4k. YBCO AAH
K% 90K [ T, iz T 77K MREIRE . &SR 51E T AN 5%
i

YBCO K72 YBa:CusOex, AT HE X 250 YBCO i3 HL i 3222
KZE. 2 x =0 I, YBCO =W7J7dah BRI M4k, W 5-1 Frox. i
YBCO M4 R ATHE, b #i7y M HA s (01 &) Bk TR T. FE x
MK, YBCO REKHENEIZ DT, £ x ~ 0.4 I, KREREMIF A, HSH
Pl BLE YBCO MIUJT i REEAENIER S R, HEEESCN: a = 38184, b=
3.885A, c = 11.68A, a il b T & HEEEAEE B, YR AR S X
g5, —MAIX > ab THIAN ¢ $h. BEE x IGK, YBCO I T3k, 7& x = 1 [k,
Te 1A 3 i KAE

YBa,Cu,0,,,

0

5-1 YBCO MBS, MEMZM, YBCO RRGMLLAE. SEEMANTGTRR, bl
Cu-O # FEF k. MHEHLM YBCO BB RE. MRS AERMRR.

Figure 5-1 YBCO phase diagram!'’8l, On the left side of the phase diagram, YBCO is an
antiferromagnetic insulator. The lattice structure is a tetragonal system, with oxygen atoms
missing from the b-axis Cu-O chain. On the right side of the phase diagram, YBCO is a
superconductor. The lattice structure is an orthogonal crystal system.

YBCO ARSI, Wik 5-1 Frslt™ B4kl YBCO W ¢y
F ) RE S I ASHANEL T ab M SEEE, JUHGE Bl A3 Ml 5 i i,
AT ab HHIZS . PrAESEERN A, R B e 25 17 2 PR R T
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# 5-1 T=92.5K ] YBCO MIZFTSHU™ .
Table 5-1 Parameters of YBCO with T.=92.5K[*7],

Property Unit Direction T.K Value
Resistivity, p uld.cm a 160

b 300 70

c 5200
Coherence length, & nm ab 1.64

c 0 0.3
Landau penetration depth, 4, nm ab 149

c 600
Lower critical magnetic field, H_, T ab 0.1-0.2

c N 0.02
Upper critical magnetic field, H, T ab 140

c 29
Critical current, j, A/cm? ab 42 3.3 x 10°

c 1.6 x 10°

5.1.2 YBCO N F &R

5.1.2.1 BS®HH

YBCO 3 FLAAE AMUAE BT AN E B R, EikReH TR, S
SRR, FTUAEAMIER Y. R, IERESIRBE ) 2 HME. 78
1.2.3 R3], YBCO BT EAR/NMUINGF G M, Bt DLE 3 R AR E
% YBCO &M REANEE, Sk, AfTdEI SR 775 K T 5% —48 YBCO #
S . BREARLN R PR YBCO B ZlR HA miln
ML 25 FE IR A M, B e R i R A R e A, H® YBCO B
JERI & R 0, FTUARR 2L YBCO WRZHA RSN, B L 18] () i A7 HE
Hlo NTIERIX—HE), FFEMEEEELNEEZMZERGMEMLSEE. A
b, MIRETHZHEARARERX—HK. Bl EROEAREEELA ST R
PUAEL AR (Iron Beam Assisted Deposition, IBAD ) F1#L il % B XU h 23 by 45 1 5
(Rolling Assisted Biaxial Textured Substrate, RABITS ) LA A i 5} 4 J& it #2
(Inclined substrate deposition, ISD) =%%. IBAD &l & TRyt Mgo,
YSZ, CeOr F5&zrh )z, [FIIIAEF L HL R IR 5 M i A% P THT 0 A 4 Bl 4
XA DT Mt R R, SR E BT O 23 454, & 5-2 (&) Fiw.
1991 4£, Lijima 25 A 1556/ IBAD HiA##% YBCO # S #1189, Hij IBAD
BAR LBy, ENIMEES T IBAD $A N PLD/IMOD 2 A4 Tk
2 YBCO WhfHIAE ). fEIRE, L 5 RH IBAD+PLD £R, IS 1k
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Sl FLHI 500A (77K F), K 500m ) YBCO KM fstt &AL A= hE 11,
HRHTREE %A B miRE SR H. RABITS Sl id % & & H 4y AT
LRI ER, AT SR XU SR G5 K, XD R i Goyal B 2E M T
YBCO #4181, RABITS {5 ik #5 YBCO k& VLA =4 s, #ltn Ni. H
il RABITS &G HIEH AWM AR 7% TR MIRE ). 1ISD T2l it
R Ao AN T B TP I A K A FE A, AT S B v 2 () Xl 2 g 1821, 4
Kl 5-2 (¢) A,

(a) b) .. w  (€)
e o . . Substrate
SPUTTER O. &y ® Biaxially aligned film X
ON \ ;4= covooo b
SOURCE <= o Do /o
Lo . 500000 i Excimer laser
s —H e . ‘:,‘ ; ANNEALING [Plasma plum¢
TON " A7\ susstRate i Oxide D) ,‘. i
SOURCE I T @ | !
i) i il e oo . \ ;
A P~ [,
TARGET BUFTER LAYER RABITS YSZ target

5-2 YBCO % —RiBESWMINEARE L. (a) IBAD HARLS, (b) RABITS HARL,
(c) 1SD HARRS
Figure 5-2 Technical Route of YBCO Second Generation Superconducting Tape. (a)
IBAD[8I, (b) RABITSI8Y, (c) 1ISD82,

N T Bt YBCO adf il At i, ARSI TAT 3L R
HOZf FRENEED, 7L xR 152 m (K FE 05 28 A IR K I Pkl
W FEANRI AT SLIR BRI A . AR B O SREE SE R YBCO i 4 AR & — A

AEURE . HETSIARIETHL ORI Ag. Au S5, 0 iR
G, nF 5-2 B, 5INETHLE YBCO WM I A T IRKIIRTE .

# 5-2 YBCO it 5| NETFLHISRBLAROR 164,
Table 5-2 Types and effects of introduction and pinning of YBCO tapes('84],

Type of Improvement in J. (if Applicable)
Pinning Material Superconducting or Maximal J. at the
Material Respective Conditions
BaZrO; YBCO film 5 Jc-self field
Ba,RETaOg¢ YBCO film 6 J-self field
Ba, Y(Nb,Ta)O4 YBCO film 1I0MAcem™2,30K,5T
BaTiO3 YBCO film 8.42 MA cm™?-self field
BaZrO; and Y,0; YBCO delta film 2.3 MA cm 2 (6.4 um thickness)
BaZrO;, YBCO delta microtapes Jeat 1T of 3MA cm™2
BaHfO, GdBCO thin film 6 J.-self field, 10 K, 6T
BaHfO, YBCO delta film 35). 77K, 1T
Y203 YBCO film 225).,77K, 5T
Ag YBCO delta film 2.5 self field
Au YBCO delta film 1.7 J self field
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5.1.2.2 Josephson &

FIH Josephson Zkvi, mIUAHIVERE T & HiS#F (SQUID), ‘BIEIE .
B, SR SHUE & Z AN AN E. meEEREEE T TENSRES
SQUID, I LR KFREAE AR AERE. 2417 YBCO |4 Josephson 45 (1)
AR FEANRL . G g RESTRZIMIX =, ef#HFHT YBCO X
MR o R B R ) A 1

Xt 48 P ) B — 8 A MR IR PSR — S, SRETE RAEK
YBCO L], i 5-3 (a) (b) fAivn. fEHFEAL, YBCO 2 T 451 (i A5
BCEERER AE S, TR SNS 458k SIS 45. 45/)i = YBCO i
1 52 DA SR 5 1) e fig A ORBe-187T1 - Sk fir & Josephson 45 M RE R T B S 42
ZEMRFIERER Ve = IRn, 1o &2 451G T I, Ro2gi e S mE. Xmm
4K I Ve iT LA 2] 6mV A2 47851, AT DL 2 B FH I 75 2R o (L WU 45 AR
T2, JCHEAE LU L Josephson Z5REA (7R, BT AANIE & b
N o

+[001) A1001] | [001] IOOR\lL‘,ﬁ'
@ | - ® g/ &
: B\ a0 ! , [T00],7(100]  \
e Nt s
L [010] [010] [040]
“YRCO VR ]

5-3 YBCO MR EIS, (a) EHL. (b) EAE. (o) ErES.
Figure 5-3 Schematic diagram of YBCO bicrystal junctionl, (a) In plane junction. (b)
Out-of-plane junction. (c) The morphology of the junction.

BHrai M2 MECR, AR B2 E AER SR, AR R L
4K YBCO i, BT aFriIfEfE, Fmtn) YBCO kK3 Hilk, MimiE
g, il 5-4 PRt Zh Ve MG RSB b 0GB A BB K &R
881891, S 4E M VefE 4K FRILLIAR] smV 245, FIXGREZEDAR, Ht
DPRATAEAE LA A A 7 1 1) L
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N,
=

" MgO Substrate

“—— YBCO Film

(b)

& 5-4 YBCO EM&inREI. (a) GMERERSH. (b) SMENETIEMEE
&

Figure 5-4 Schematic diagram of YBCO step edge junction[8®l, (a)Parameters of step edge
junction. (b) Atomic force microscope images of step edge junctions.

WU 25 F0 G B 25 A AR A 1R, A DU 5 R 1) R, 35 1 R 0 b % 2 K
FUAE Josephson £ FEFI 7=, e s iz M TR Sk SQUID (1
%o 1h % YBCO-Josephson K ) /& 4K 4 & HE i+ 25 1 4% B R 190, 57
BT FIB Z2ILFREBHERFHEA, BT He BFETFRSAER AN, Friigid B
B, ERREE LA Inm 2408, @i T YBCO AHK B A 51 S
T K5 B0 /. 2015 4F Cybart B X FIH He-FIB £ YBCO L% 7 20 4
Josephson Z5 4118 4 5-5 Fian, BfJ5 He-FIB £AR 51 1T Z o<k, @
HHAEENE TR, aTLORE g, EEAET, B SNS 45, 7fim
FIET, WAL SIS 4513, He-FIB 451 Ve S5 A IR I 0.5 K7 RRIE E,
5 IE 5 2 H B 2 e LR o,
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(4

& 5-5 T4 He B FH#HI/E YBCO-Josephson 451113, (a) Au/YBCO HREEZIE i ISR 4t
JER Smm>&mm HEALER R, (b) HRXIBRHARER, LLAER He-FIB 2P iIAL
E. (¢) He-FIBZlt YBCO m~EHE.

Figure 5-5 Focused helium ion beam Josephson junction fabrication. (a) Photograph of a
photolithographically patterned Au/YBCO film on a 5 mm x5 mm sapphire substrate. (b)
Zoomed view of the central substrate region. The red lines indicate where the helium ion
beam was scanned to create the junctions. (c) Artistic representation of the focused helium
ion beam creating a Josephson junction in the YBCO film.

5123 BEIERE

BT FARAR IR TR iE D A AR, B Pt EENME 2, FrDLREE K
KIFME S FE . AR ARIRER T RHBAE U8 e 28 A = &y, B DAJE T i
AR AR DR B A, BRNE R K FRARAE A, 3 el 3 2 I L H
YBCO JER A=Kl 5-6 fron. 91 BARGAFE, YBCO JER AR K H A )
AR R, —fCRH MgO Bl LaAlOs. EHLHLIH YBCO JEiEK T
1991 FEHE IR ok, B SR P AfIE L 7 XUE YBCO 33 #51%, ALk
THAHE YBCO JEis#s, MUH YBCO Jgipas 1T RATH S BT,  Fr DAFFEsE
Mo RAE, AATTHIE I T RRSE YBCO JE #3194,
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N @
s ¢ 4
|

.

.....

5-6 YBCO #B538iaE.
Figure 5-6 YBCO superconducting filter.

5.1.3 YBCO R A E Ay #ksk

YBCO # &N 7L A 7t B, HATS A& 0 N T i
R, AERATSRA VE 2 BhaR 7 Z e R

f£ YBCO #fi#t 771, HujC&dil& 1 Hl&Kiiee /s, H2HE YBCO
BT M I G AR I =, H AT YBCO i A RS FH A K2 200 3£ J6/KA « m.
LR 5. BRRRA, —2&8n YBCO ZHIERE, REAZ ERKEE.
M2t — 32T YBCO [IG S B, 3X 75 EEFRA T 5] AT HL A O I 55

7£ YBCO-Josephson £ 77 1l » [l Ilff ) 3 22 ] i LR+ YBCO i 5 ()~ 5%
FEFIRANTE ST He-FIB T. 2%} YBCO #MEPEF RIS . HATH He-FIB i 41
Josephson 25 RS () — B IR A R+ (FEFH RN AEAE SIS 2541 SNS 45),
X ESES YBCO F b 3 S PR He-FIB BN T T2

F£ YBCO S 2% 7 11 o FR I T I i i) @2 KRR . =i YBCO I i)
%, PLRIEAWEF YBCO F I 5K & .

5.2 YBCO #E#1 Ryl &

PATRFH [ AH e 7 RO 55 B8 F-pe 47 (Spark Plasma Sintering, SPS)
fil & ANF Cu LLBIR) YBCO SEA4, Horr[AH S Nk 5k Y Alfa Aesar 2w ()
99.999%Zl L) Y203 81K+ 99.999% 415 [ BaCOs ¥3 KA1 99.995% 21iEE ¥ CuO
WA o A B Bk R Cu i & 12%IW5EFF (YBaxCusseO7)o FAKMIELHS
il AR U T -

(1) Bkl RS, REMMEER Y2034 K. BaCOs kAR
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(2

3

CuO ¥y R. 7EIHEHI R IRAIIS.

kel HIRA G IR 2 N ZRI5), SRR R
JIN T B4 A L 900°Cke4: 12 /N . Bedh o B R AR BE 2 /e,
1M i LA 950°CHe4 36 /INiF . WS R P IRER 5 K. HEITTE
H R R 2B IR i, W 5-7 (@ Fis.
JEREANGRES . 4 2 I s 45 () S Ad P ORBIE B el /N JkE , g JkE
BENALE T, FMENLE 30MPa FIEGIRA, &AL Iy,
DL 950 FEkedd 36 /N, AR 5-7 (b) B,

TR S5 e 4 4 YBCO SEM BB IR AN T -

D)

(2)

3

Bkl ik sit 2L, FREMNFTER] Y2038 K. BaCOs ¥y KM
CuO By K. TEIHGHIERHIREI5].

TREH: BRA G R R 2 N ZI5], SRR A
TN Fhdr e BL 900°CHkest 12 /NN o esh J5 HUHUR KRB 2 /N

MM G BL 950°CHeLt 36 /Nif. AR RIGELE D IRE R 5 k. HEIWFE
PR R RIS I 0 4

FREL 25gYBCO Fy AR %N SPS #H rfy, HBIEAAN PAS f44%,
AR BN EL IR AL, % T RS AR R N S TR A R A
(Plasma Activated Sintering, PAS) &3k & 288K AL RIAT S A1,

B2 2 25Pa /247, BN 40mA [IERTE LB, Bl 0.1KN/s ()
R IR R 37TKN, AZHIRMNALIEE, BRI IFes SPS k4.
R G R FFTHEE RN 60°C/min £ 850C A4, RIGkaE
10mins, LA 0.1KN/s. 50mA/min )3 B 43 FIEN K /). PR HITR,
RN E1 2 100°C LT EP AT SR MR Ik B <R, BUHFEan, 58
Hoest, mARNEEIE 5-7 (o) P,

(b) - (c)

B 5-7 YBCO¥E#f. (a) HEHIREFTH YBCOM K. (b) BEHRPIERHIKEEM (3

B 87T%EHR). (¢) HIEIEFEHIREEM (BEE 7% EA).

Figure 5-7 YBCO target. (a) YBCO powder before pressing molding. (b) Target material
fired by solid state reaction method (density around 85%). (c) Target material fired by hot
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5.3 B YBCO Ef&#&
A& TEAGEELE 500nm LR YBCO 4. 7 YBCO A Al
BA RN, 2 YBCO HARAMERE .. YBCO EH| & 27 PLD R4t
FHATH, RTREWSUCOKRELE =ZFM T NHE. FHERNE— A
K.
(L B BIKRESHE . RGBS BERPAEK (MgO. LaAlOs «
SITiOs) FAREZMGTER & b, ARG AL E 107 Torr 244,

(2) WK FIANEOEIIRIE A 6% 350°C LA, MK 30min, SRR
H A LR E K -

(3 AA: EIEH B EREERAE XSS TR,
AT 3B 57 55 B4 =0 o

(4) FH: REITLIMEOCRS RER R, MG & ELRRE.

(5) TS XMER G 5HEMZ PR, T BSOS, R4
J& YBCO #$EbF, —MCIksS 3000 /K, 1 BREEA M ALY
Jii o

(6) IERXWESS: FTHFRAMR, FTIFFEISEOLE, JFaEIRa v, HAm &5 2
PSR AR B LI Sk

(7 B W ZEEE, MEBAENRAL DN RIELEARES, T
CLAMNBOEIMAAES B S I0 IR, IR -k 10 F 70 74

(8) #id: B AKSEH)E, KAMRARG, SRFEERCE =R
M2 107 Torr 2, HAEFEATR YBCO ¥ BT RA RS
i prf,  Z84% 30nm F 100nm [ &A1E RS Z .

5.3.1 LR E R0

[#] 2 LA (14 v 0.25Torr, A K TARRIPIRIRIER YBCO i, Ffx)
HHT XRD & . JUAIRIEXT YBCO it sz an & 5-8 fion, TEVIRUER K
T 720°CH}, YBCO fAfE (1 0 00 RFIMAH, il YBCO ) ¢ fiAHHER) ab
AT ALK, BEIAEERTE, (00 RIMMHZHIHEL, HEE (00D
B, T (100 SRR, EITRIERERAR, ) LAk
B WA REATIER, UM TR (10 00 &, EVTRRIR R S,
P BB A R B BRI R B e ERUR A AL B, i DGR T TR R i S R
€ (00D #Ho MAMEEAE VIR TR TE, YBCO HIATH U I I it A Fr 4 It .

77



SRS Y BaxCusOen i T LMK ) 1] 5 5 W M0 7

N J"‘-_-Ir-\ G\ gY AIG S oy L-‘ y— ‘E
S 8gc S8z 8 dEs
®g 2lg 8 g 9ol8 ¢ g 29 ¢
Q) 5|8 2 § &Hla ¢ S B2 B8 0
> o 1 1> ' - T,=750C
|
20
E) |
g x T, = 720°C
S 15 | |
—
>
: | o
8 40 | ‘ T, =700°C
c
B i
L b o1 A M
5 i 'MM | Wil b ™. - 650
| 1 |
| ||_~YBCO (200) |
|
| : :
0 a i 1 11 . .
0 20 30 40 5 60 70 8 90
20 (deg.)

5-8 A EEE TUIRK YBCO HARHIE S XRD.
Figure 5-8 Out-of-plane XRD patterns of ZrNy films grown at different temperature.

ANFRIGCRVEE T YBCO i i fH- 5 it 2k an i 5-9 AR, HEAIKT 650°C
i, (10 0) NEFMA YBCO HELFLE 2000uQ « cm A4, TeofE 75K A4, FF
HEBERIB TR To M Te onset Z A1 M2 A7E1E W BeFE T, VERAIL AT BE
FAEWME M. XATEER (10 0) AHA (0 0 D MK Te NFEFEW. St
HLEAE 680°CHY, YBCO HifH R [#K %] 100 #| 200pQ « cm 2 [i], Teo LFH%] 80K
A, MEDREESEST S . YBCO HFHRARLSEFFK, Teo M Te onset LT,
HHEFEN. £ 750°CUTRI, YBCO ) Teois# 92K A4, i YBCO (1)
KA. FANEE TR BT, YBCO BRI M B BHAE T = 0 I 8 E p A it
TP pofl YBCO FHSRFEIEAHDS, o i bl & DIRURE iR &, YBCO B
RIBRBE AR E N> . R FAEKK (0 0) MK T K, HREHBACHEN, @
AR DTS, W] DAEA B IRE T (KL 700°C) A& (100> FHM
YBCOUS8I H T nf AFE 80K LA L. Zi& LA BEE SR, $EmuiAt A R T4t
YBCO M HuAH 5T & Ak S r e, ek AR B Ak fer,  H 0 iy A DOAR e P 2= {45
YBCO HH IR A% A .
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(@) . . . . (b)

2000+ : 08l T, =650°C
T, = 650°C ’ T, = 680°C
1000+ T, = 680°C | — T,=700°C
—_— — T, =700°C 0.6
E 0 S
G 500} —— T, =720 g
G ——T,=750C !
2 : <04}
Fol -
< 100} TS
0.2F
Ao
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& 5-9 ARVTARIEE T YBCO MRMHIEER. (a0 ARVIFREE T YBCO i HHZE-R
gk, (b) RREVIFRE T YBCO 1 T ML it 8 BHLIE B £k o
Figure 5-9 Transport properties of YBCO thin films at different deposition temperatures. (a)
Resistivity temperature curves of YBCO at different deposition temperatures. (b) Resistivity
temperature curves of YBCO at different deposition temperatures near Te.

5.3.2 # A2
AR 4K T STO. MgO. LAO =€ EAK T YBCO i
(UURIRFE 720°C, YIRAJE 0.3Torr, BKEFIE] 10min, 3E/KiRE 600CAEF).
EATHITE AN XRD 418 5-10 (a) fis. =FfadE EAE KK YBCO AR (00
D FEAH. BRSO ENE AT A 5-10 (b) (¢) Fin. STO Al LAO #HJE EA: K
[¥) YBCO M%izir )L F—3, MgO LEAKIK YBCO Xt & @MmZ=, Akt
£ HT MgO #JKS YBCO dntfidEBe BEAHXTEUIE, 36nT YBCO HHkIE 58
. =Fitf K B YBCO il Teo #i%EIE 91K. ZREGKE, —=MHE LAEKR
YBCO £ S e EZEAK.
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Figure 5-10 XRD patterns and transport behavior of YBCO grown on STO, MgO and LAO
substrates. (a) Out-of-plane XRD patterns of YBCO grown on STO, MgO and LAO
substrates. (b) and (c)Transport behavior of YBCO grown on STO, MgO and LAO

substrates.
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Figure 5-11 ¢-scan of YBCO grown on three kinds of substrates. (a) YBCO/MgO. (b)
YBCOI/STO. (c) YBCO/LAO.
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Figure 5-12 Comparison of YBCO grown with different laser energy. (a) Resistance
temperature curves of YBCP grown with different laser energy. (b) Susceptibility
temperature curves of YBCO grown with different laser energy.
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Figure 5-13 Surface morphology of YBCO grown with different laser energy. (a) YBCO
grown with 100mJ laser energy. (b) YBCO grown with 250mJ laser energy.
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Figure 5-14 Out of plane XRD patterns of YBCO grown at different Oz pressure.
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Figure 5-15 Superconductivity of YBCO grown at different O, pressure. (a) Resistance
temperature curves of YBCO grown at different O; pressure. (b) T, of YBCO grown at
different O, pressure.

%} 0.3Torr 3 0.6Torr &% R4 KK YBCO HEAT T HiE MR, X Let 5 i)
Mtk Zdh 4 (FipAthze) ZHAKR, ARG BEGRENESES &,
i 5-16 (a) Fin. (HSE i il PRI & e A R B b,  Hah R
R AT RmESZENEE K, WK 5-16 (b M (o) Fiw, MERE
MK, YBCO 7£ 10GHz, WAIRFE (77K) MR E HEEMA 10mQ FFiHi%
W N %, {E 0.4Torr A1 0.5Torr 2 1], A=K [ YBCO MOt K Th FBH B 7 82k
— A&, 1M 0.5Torr | 0.6Torr, 4K YBCO IR 3 H B AL A K,
Wil YBCO MIfdtii RM M, EAKARABEANBERE, 2P TR, 1E'zs
B JEARAA K o BHT X SR 5 R AR R B R AR B, B S
FARBPERMEE R EERER. A3XHIAA YBCO Mﬂﬁii‘éﬁﬁﬁﬂﬂ’ﬂiﬂzm
HTRAE T, YBCO THAEKRLZHES LR SEMEI, HHEHREN,
YBCO 73k 2 1 PHAT -5 I 5 F gt 25 B 52 s LR T2OM, i 78 /i N (9 A 1297, E
KA LT YBCO MG B2 fE K. thah, YBCO [HERTH HHTIE 528 5
lﬂ%‘ZIETJE’J’%au PR 2= A e [202-2081 Fﬁuiﬁsﬂr?ﬂﬁT%B%I%U\Wﬁw“ﬁTM
BRI, ARSI,

84



% 5 % YBCO B S EH & T E

(a) - (b) : i . : (0)10

0.0 }£FC e 4 1000 F < P(0,)= 0.3 Torr . 1 @77K, 10GHz
— P(O,)=03 T°"[ - PO,)=04Tom i - X * P(0,)=03 Ton
2 PlO)=04Tor) | P(0,) = 0.5 Torr -~T * P(0,)=04 Ton
- P(0,) = 0.5 Torr P(0,)= 06T / \ P(0,) = 0.5 To|
¥ P(0,) = 0.6 Torr _100¢ 7 {1 \ P(0,) = 0.6 Ton
8041 <} F, S 5l \ i
g z / s '
£ o6t [ o » \
g 08 | R (V] S TS \
08| / ] \
/ Moo =
BN ] 1t 1 ot 4

60 70 80 90 100 110 120 75 80 85 90 95 0.2 0.3 0.4 0.5 0.6
T(K) T(K) P(O,) / Torr

Bl 5-16 AFEEETAKK YBCO B AR, () NFEEETEKE YBCO MRt
RBEML. (b) ARAEETEKR YBCO E 10GHz ks R BB L. (o)
AREETAEKE YBCO HIZE 10GHz, 77K F B & TH F ..

Figure 5-16 Microwave properties of YBCO grown at different O, pressurel2%, (a)
Susceptibility temperature curves of YBCO grown at different O; pressure. (¢)10GHz
microwave surface resistance temperature curve of YBCO grown at different O, pressure. (c)
Microwave surface resistance of YBCO grown at different O, pressures at 10 GHz, 77 K.
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Figure 5-17 YBCO targets with different density and the surfaces of YBCO films with
different thicknesses deposited using the targets. (a), YBCO target 1 with the densification of
87%. (b), (c), (d), The surfaces of YBCO films deposited using target 1 with thicknesses of
50nm, 300nm and 1um, respectively. (e), YBCO target 2 with the densification of 98%. (f),
(9), (h), The surfaces of YBCO films deposited using target 2 with thicknesses of 50nm,
300nm and 1um, respectively.
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Figure 5-18 Comparison of superconductivity of YBCO thin films grown from two target
materials under the same growth conditions.
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Figure 5-19 Improvement of superconductivity of YBCO grown by target 2. (a) Comparison
of superconductivity of YBCO thin films annealed at 650 °C and 700 °C. (b) Comparison of
superconductivity of YBCO thin films with different deposition rate. (c) Comparison of
superconductivity of YBCO thin films grown by target 2 at different deposition
temperatures. (d) The magnetic susceptibility temperature curves of YBCO films with
different annealing times.
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Figure 5-20 YBCO films with different thicknesses. (a) XRR curves of YBCO films with

different thicknesses. (b) Resistance temperature curves of YBCO thin films with different

thicknesses. (c) Magnetic susceptibility curves (ZFC) of YBCO films with different
thicknesses.
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Figure 5-21 Optimization Results of YBCO Thin Film Process. (a) High T¢, high
superconducting percent content. (b) High crystallinity. (c) The 30 nm film has good flatness.
(d) The 30 nm YBCO thin film still has a high Te.
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YBCO # /i (=500nm), HaeAK m o & I HE K YBCO i (14-60nm). H:
T )RR AR R R YBCO i, B 92K (1) Teo A S B RIS P,
HAk R LT imQ@10GHz, 77K. fETH 7] Josephson 45 v FH i) YBCO
JEE 2 A, R A S A R R 5 F M I R I LA R A R R T T
& CHURERE 1nm 40D

FEAKE) TAES, R TAE T, FRATEKE ZrNOy HEIRAEH I
W FEIE TR AT, B UL 8 TR Sl s A KR T, AR KU 45 R 3% FRAIK
FERE K GG S EREDS T BRI, IRAFEM RIS, TATEIRE ZrNOy IR T
fobr e BT 2. AT T Z ALY 3 R 2 S0P ) 25 R0 P 7 ) 26
fitlh, KSR G ) R BEAECE SR S B A R, filan Co-N-O 1k & A
Ba(CoN) k& .

f£ YBCO TAEJ T, HIT3ATHIS T == YBCO H#iE, 4Jaskm M H
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MV FAT R T RAF 3R AT ETE, B EBRMNEK TR YBCO
W, Fm) YBCO #8FRIINTL, FFWF AR — AR B R . fE ek TR,
BATEIRE YBCO S FH Wi AN L T, 35H He-FIB #47 Josephson 454
HI R SO B WA % . &% YBCO 3, RAMARAFARNE E&&E
XPHAERERIFEI . BIANEEN YBCO I PRI 528 d . fWi 2 [a) AR A SR R 3
P50 . T He-FIB fill £ Josephson &%, &5 ()i 52 21 %I i i #2 H Xt 2k [X 35
YBCO i il (B AR A AR TS0 s . BTLL, 75 YBCO #3Hi & 1 TAE
BATHK I YBCO B8 R R R 7. IR — IR INIEST YBCO 4 & 1)
W, 8 YBCO AN B S iR (BB IE N 225 . /RS AR, FRATH
FTE i E YBCO i, 454 He-FIB. oM T Bids. R bmEMETE, o
FLIX— 7] 7
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