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1. 915

HEMEABSNERR, B8O RTEEEEEZNER.
YBa:CusOr-5 (YBCO) iy ifi b T i JEA'E Ay die B4 i I LA S e oz A A8
SR S, L SEARRE (T mTWERX, fEEE (S HEg. 5
ik PRES) FIgSH CINfIagas . QB RAL. BSE TS0 SRy
FEILH BRI R 5100, (R, el i YBCO BT al &, =&
2 F NS 25 R SR B I AZ D AT 32

SRTM, YBCO R H£2 — N2 SHOR G IR 20 1Y, 5ot & 5 ) 1 4
AT PR B o DA BBk O U (PLD) HiAR A, w5 1 3 R
S B R AR I 2 PR AR . DIARIRE . UK. WOtREE . AR E. B
KRS TSR R m 0 12 X e S 4 [AFE A AR el &
KER, Bln, $&EviBRiREA B T oeE 4 tt, En] R S ECR IR GG, 1Y
AT LB A DR TE T, (H m ) UE X HISSUIRL THIZhRE, 15K
AHAE R ARG B ENE” AL RIS A A I . oA &, 1T L™ B
ENRIAL, MELLRGEHR R AN SECEAIEBUE 2 RN TZEH, 6k
NHZ) YBCO Bt Re i — P 52 T+ 5 R P HE) 1) 32 B

DR IR TR, CREALES 2 2] HOR B TR AR K T2, E RO
AT — Pl L 1 S (ORI 7T VA3, DU MRk . A 4. A R L 8%
F o107, CAERAERU, BRAGEEI SRR A R A5 2150, HeTiEd g < T
S8 —VERR” AR A, R R IR L2 A XM IK )
SR W] A AR A Y B A 0 B W B S S50 S B, AT ZE A BIR P S 36 TR
PORW S R A R iR, BB AR R R R A ERRARTT A A . BRI, T AL 2
VBN YBCO AR K S HARACTI T, X T SR L BRI L S T 420k %
FInE AR AR BRIT S5 B EOR SR AL B =G E R .

ZIRTACE PR E e “ T2—RAE” 0, AT 70 I $8L/NEEAR



PReile FEBLIRPETN, B @R kg 5 Sz A RE T (0 TR TR AR O PR K o
b, AWFFUIREE YBCO WRH/IMEATZMAM . ZETIAA R HIE, FH
BLAE 5% ) TR0 T 224005 F AR 45 F R AL 2 18] B SR IBOILARE , R S B S DA 3

N Je 85 ) SRR BT SR AT 2228 (B st 5 A Y . AR TE 1) H b AN T
G Z A, AR T A S TR R A S 1 M AR T iR, R = 1
s N HIMEL L ZER TSR B AR S

2. WhFITIk
2.1 PR & 5 RAL

Kl 1 (a) PLD JFEEE]; (b) XRD 60-260 F#f; (c) YBCO (005) WERIREFEIIZE .
Fig.1. (a) PLD schematic diagram; (b) XRD @ - 20 scan;
(c) Rocking curve of the (005) peak of YBCO.

YBCO KA PLD FiARAEKEY, Wil 1(a) Fiac. A KE AT AR
45 SrTiO; (100) (STO) A1 MgO (100) (MO) P Ff B i Aef Jee, sl FH AR I A0 K 794
PR BAAEWMAS SR . Beamtech 1) Nimma-900 78 ik i [ 44 30t

PAIRHE T B ) YBCO #E4F IR A K AT, W 25 1A 3] 109 2 107 torrs
B e 2 T RN RE /N O 284 B S AN SR A B AL R e . A KRR,
FoATTAE FH 20 Ao L I #E 700-900 °C, FEEAFT 8N 0.2-0.55 torr A E



AR, JHEA TR REEERE CREM A RIRLEE D ORI A A K ], 13
BT AF RN YBCO R . Az I 5 45 B o MR A TR A B 7 i ko
TN 1 AKRAER SR, 525 AH 2 =i, IS R RS S AR .

VR 25 SE USRI X S ERATI O AT AR M 2R AE B 1 (D) (c)
syl e T HIER) 6 - 20 FAREIE LI (005) ERIEEIERIIZE. YBCO (005) U&
(AL BAS BT TSR o Bl R RO T IR BRSNS
. PEIEIERERE AT (full width at half maximum (FWHM)) &R AE &R A
— BN RS AR (R G RE AR, AR RN R G o T B

2.2 BAE AL

AR T KBRS I E K S H R A S H (XRD RIEHHR), £ 1
DA 6 AMrEm B, JEOR T RATBT A B AE K28 (B AT IRAT SR, AR
b WORAERR . SRR iR WORIIER SUE. KR B IR, R
KIS TR FIZE R 24 (YBCO (005) W57 MIREAH: 28 2 5 42 56 ) o 25 8 S 4 JER I ff
BN RGRE, RATE LA R 0-20 BAEHHT T4 RIERIE, Bl STO
(200) Bk MO (200) R EIG—HiE, HXF YBCO (005) Wil 4, HE
H A AE B

FEEAT BB ZRAT o0 AR B HEAT — SR & 5 e W (B R o X TR Ar
&, HHEE/E=00046% QL. Q3, JFLL IQR=Q3 — Q1 Hi& 5 IE ¥ i [
[Q1 — 1.5IQR, Q3 + 1.5IQR], VG R FARIC I BB o[RBT &5 & AH 4%
K5 Z-score St ITEM. £ THARAIR, SR SLHEDL “Giit—Z5R—k
S ORI ek B R SRR R B B R R EBURREA T LI AT L E
Fi0 FHB A LI AT RUIFEA T LAORBE , DA 26 S0 2307 ) R i o 24
THPET RS BBk

FEHFEER Y b, BT REARERD, RATNFEEIRE T BEHEC T 5 %
HAEREAAE ST RS TR RV RE VR4, R AR AR I ZRdE . ZEREAY I
ZRATSE 0 B AT TR FE, AR BRI A IEATSE (STO A MO) fislihdmts, X
AR StandardScaler FRAEfLACEE Uk 25918 FFBR DARHEZ ), LLIHERAS
(A P B A 5 AU V0 L 2 SRR TR I R A R0 o DA 7 T (B R P A3 b S A
SR, RANAEMEES SHANNZE, e Gl AR5 B e .




R 1 HERSHE XRD RAEHERE .

Table 1. A portion of growth parameters and XRD characterization data.

EKBH LS

B
fil (LI I I e
BoOAEOR b oot K .
ok . R U3 o
5ORk k& o M ] &)

N EoO% i
I STO 5 -2 50 78 1 045 300 775 3854  0.16
2 STO 5 -2 50 780 1 045 480 770 3856  0.19
3 STO 5 -12 55 6% 1 045 300 740 38.62  0.30
4 MO 10 -18 70 730 1 035 1020 870 3847  0.58
5. MO 10 ~-18 70 730 I 035 1020 895 3848  0.26
6 MO 10 -I5 55 69 I 020 600 690 3849 043

YIPE AL AR A/N (mm); FOGERE (mm); #EIEEE (mm); fHHEE (V) BOb
B (Hz); AJE (torr); AKEE] (s); HFEE (°C); &AL (deg); Fmat
(deg.)-

2.3 FHE LKA A

BRALIE PR B, AR SO LU PPl T 3 R Y (LA 5 ) Ok, BLAE e
(Decision Tree)?), SZHFHEHL (SVM)PIAZ BEEAHL (MLP)272%), st &
— R WA B SRR, i A R S R A () SE IR T, AR A
M IMGRREE E  AHBR— IR AE AR T Bl a, ML 21 2 28
A E ALY R . R ENAEDNEASIR & EABIF Mz, &
T AELAE RIS, AR AR AL PR S AR I YIRS TR, ELX S B0 £
o MLZ T, ZEEBMPEN— RO RT AL, (Efife R Js ALt
KIS m 4 N AT S5 T BAA T Rk fe ) 5 AR LA RO, BRIt T & H
FAM I T LS5 K R,



K2 MLP BAURER.

Fig.2. Schematic diagram of the MLP model.

ZREAPL (MLP) &Pt 2 e, mimAE. FREE M E=
ALY, B — 2 I s 8 TG (R I A E A, I S ) A R R
TR, (45 SO 40155 oA B0 FE AR S K 7 o) BEAT ST, AN 17 S AR 2R T
P AME R ZE . BRSSP BREEE i N Z R A 3 AN R U2 a2 AT
ik, BRASPRE O I BCR AN DL 0 R A B S BEA TR, BRGBUZ A
METCo AERN E— Z RS T — 25N, BRI A 3 2 i R A A
Al AL 46 58 BUS » SRR BRI BB PR IR 4R B3R e, ARHF 90 BT 5%,
WY R % (RMSE) SEALTINNE 5 B SHE M 7 . Bl 5K 52 22 0T I ) £
T, LA BT R S HOHAT R — 50 U o B MR I 95 5 BEAN T B 20X
—i R E SRS R RE R (R?) FIEI A RIRZE (RMSE) AN A5 R 350
ESHESEZ MO A FEE, R? 8L 1, RMSE #i/h, RUIBIAFEES .

i 2 pos, BB LR A K SHUE NN Z, AT B 45 2800 i
H 2 o TEBRLYIZRIT & e NS RS B, AT BN 2 21 6802 2%
JEBIRT IR AL 3, TESH TG S S , BT H T B R AL R B RSk
JEBA ST B AR D, AR R — RIS DI ZRERBEN LRI 2 R w22, 3R
MHENZE RSN T Bootstrap 777%5%. Bootstrap A& —FHE RHEHA, i@
SR G I SRAEBENL IS (RFEERID, AT IIZEH TR
25 VA o X — VAR RO NI ZRECE 1) 2 FEIE, A/ REA KO 1 R M 22
M THE R 2 AR T o BRATTE I Xof S5 s 500t S A7 8 [l PO B L F R, 44



2 MG T AT GRS V-G, FFRA 5 L2 AUE SRS 11 AL SR,
RGN T /IEALE o] RE T SN LG fr) i, PRAIE 7R Al A m) SR

N T EEDNEERSE S G S BB IR ZR, A0 FA# 5 f o2t
AT T AAED T . 23 BILL YBCO (005) Wl AFE4E il 28 w4 v N B bR, BT
AFEARN LZ S S S HE SR IE R, BT B NMERSHE ArEZ
[A]fR) B2 7R (Pearson) AHICREL r RATEAL & 2 (B2 EAHSCREBEA T 18], S
RBERLMI R R A PRIE T . AR REL re[—1,1], HEBRR R LA SRk
9, IEAR/ BB 23 S0l 0 2 TEAH SR/ AR G

3. #iRH5i
3.1 MLP BARPEREVEAG

3(a,b) M HIER TR ZREE EXT YBCO (005) A7 ATHEHE h 28 21 &
ST GE . X TFOEAL T (B 3 (a)), BIRSEELT R2=0.97. RMSE=0.01
IS0 RUR, AN BRAE G R0 ) LSS ik i 2 (R 5 243k
MR R EPEATTIMES S (E 3 (1), R*=0.87. RMSE=0.05, HH&K
TUERL TR L, AR ATS AR EI L R (R AR RE 77, U AR ] v 1 12 T 48 o
U SEN

N T SRR A RE S AT RS, FRATE ST T ZRAR I 5 AR SEIR AL
PTG, S5 R W 3 (e, d) . A+ (& 3 (c)), R*=0.96, RMSE
=0.01, WMMESEEREYES, RERAGMEMmME. fFEmaw it (&
3(d)), R*=0.79. RMSE=0.06, 1RGN BT R %, (BRI GRRE—EL,
BT MR A3 P AE & B 220 N o R (0 T 1 e 5 I At 2, i AR
HA Rz 0Ee

AR DRI, RRAR LY 4 B A TORS 52 B AR T (005) WAL,
X RAEYHE E R AT (005) WAL 3T YBCO M) ¢ ks # 5L,
ARG EMEINIPRE F T, HEFHRAE . FUR G ESHUN O R AH X B
1713 ¥ fe 4 8 AL 12 AR EL ] 23 A R SR EORE RS, RV i 4 s i, OB it 72
WRJRT R B %S SRR S 2 AN J15 04T, JOkRE R
B SEEERR . AR ) T 2 A R R THDIR 25 55 2 B OB T Rk B v 2 Rk




WA, UMK L ZE) PR E . R 2 AR B E A BRI
BEAL, FBOLBEM ST E R RS, I, e T8 i mors R T
TSR (R 2R3 e AN e T Bt 1 B R, X BB 1 T LN 1 g
b UEAL .

B3 BRSNS R (a) ALE (b) FRETEINALER. (o) KAS
(d) FraTE s R RBERR TGS T B SHE.
Fig.3. Training and testing results of MLP model. Training results for (a) peak
position and (b) FWHM. Testing results for (c) peak position and (d) FWHM. The

dashed line indicates where the predicted value equals the true value.

3.2 LZZHEEWNLE] 71

K 4 BRTHAEKSEE YBCO (005) A7 AIREEE fh £k 2 4 58 2 A i iz
IRAMHIRREL (r), BV T AN ) T 20788 o VR I A 468 A AR 45 o o o FFD Sl
FEFE . AEEIHRT DL, Aol JE b 288 2 S MU (5 AT~ i 42 6 i) i 2R 3. STO A )i
5 MO &2 H AR R I . — 4T, STO #HERAE (005) WAL =
JEHE (r=+0.50), MO RAEAFIEAL KA EMwFE (r=-0.50); 53—J71H,
STO #Ji & ML AR (r= -042), MO RN I M@ (=



+0.42). XL R T STO. MO Fifi#tKs YBCO HISMEULACZE 5. VU s
Hl YBCO [T A S ks H 84N 3.86 A, STO Al MO [ 5bk&# %514 3.905
A 1 421 A. YBCO #£ STO #fJi EnJsisi s sbae A, i stk a5
FHER A UCES, 7= AT A R AR . IRAEIARA RN, (Poisson effect), ARHESE—
J7 24 IR AR, T E A5 R R AU AR . BRIk, YBCO 19 ¢ fiZ 3 E
5, S (005) ATHIEA E RS (ED ¢ BhEARHEBOR/N), STO #EM ¢
FEAE BN O TEM BIFFEUESEN 27, X 5ARSOER B IEA M (- = +0.50)
—. MR, £ MO #K L, BT RECER, MHEUA4ERFE AN, A )
T Z AR S5, R A 3 A AN, BER R I LSS 10T P9 29 SROAAH
XS ¢ i, BRI (005) WAL FMIEAM RS (r= - 0.50). LAk, KIRICIE S
5 R 1 B P LR R i O, AR R ) — 350, SRR M 4 i 4 v SR

K4 BAEKZSHYE (a) YBCO (005) UEAZ. (b) FE4E 4 i 4 9 R B AH S
Fig. 4. Correlation between growth parameters and (a) the peak position of YBCO
(005) and (b) FWHM of the rocking curve.

FLIR, AR AR IR ) oo e (57 M2 13 4 5 27 A i AR T ) AN R B S0 o A A I )
U B AR (r=-0.40), UiHIREA KN AE K CEDEESE ), (005) UEfr
BT S AR, KR ¢ B E RO K, XA RE 5 I 3 B0 R A 5t
B, RZPATENSANEME. RN, AKEESEEEEEEML =
+0.30), Ui W45 R REIRE A TR, X IR ATHE T YBCO i i 7Y
¥ “BE—R454E” (Stranski-Krastanov) AE KA HIER B LUERAE K v B
S FESE I, =2 BpIRAEIZ £ T, SRLEUA — SO RS, R ECE m A TR K.



B T Ao SRR AR A I B 4, TG A 2 x5 AT~ vy 4 i 14 56 Tl 7 AE B S 72
5o SR WOLSER AN R BN WAL SRR B3, AHN 2 a4 T2 IR S M 4L
55 B KRNI AT — B SUMR, T 4 58 ) L R . X RIS A+
ELES R A S R GRS o S s 30 R mgir. Mk, 4
e 3R ISR PO Sy =iaa i ()= AU SN (E R VA= AL N1 e Wt RS
AT PR T BhBe . RIY HRE /1A KB =0 1, FEma Sl 5% 2 5 SR
[A1HEF, T AT 45 S0 0T 5 o I S0 7 22 S Ak A AR T AT ENL 25 5 5]
R, o A B TR AE R v TR T2 2 AR BRI S A
FERE G oM, HCmnge s o R PETE S 1 J5 & B RSP T A S
IR PIRAS 8, SR RARXT B HAR €

TEAHF SRR, 5 i S W 0 S P i A v AR DG M Bl T2, R
INFE BT SEISHUE (700 - 900°C) W, AR IRAES XRD fEbri @
FLNM N XA PN A RTIRZ & (700 - 900°C) 1L YBCO #&AiL4h
JEX [A)U2Y, FN TR A IR s i e A S S (ARl R K
WHED FrffE s, JE4EFAERIRIXTE (<600°C) BEiR X IE] (>950°C) ik i B &
JEME

MLP & BAHR, [REE MR 2T DU, & R A%
7~ T B ELE] o AH OS2 B R R s AR B (R OREE, (R R BB 9 A Rl
RIS AL, KB IR TSR R SINIUE (e KM SH, faiEdK
I TE]D o

4. 25

AICET PLD HARM# YBCO =it 8 5 W i se g S 4, Mg 7
MLP FHEZE 4R, SZHL T 4 YBCO (005) 75T UEefr K #7452 ih 28 2 v 4 v (0 7o
A LTI o AZ AR AE ST AR BRI R A7 iz AP RE, BRAIE 1 HE K3 U7 ik
FE B I T 2 B R T AT 1 o BE— B AR DG A3 BT #8717 % AR K S O
A% 4 K 5 5 it B (RS [F s AL o, (005) WA S Ak AL, B
O RGN IHTE, O FAXS B T e A B SR AT A 45 R T R S B
AR E) A2l B, X T2 S HN R N UK H e BE 2R e . 2 AR A X W i




[P % % (RMSE = 0.01°) 4% XRD Ml EHKEE (+ 0.005°), AN YBCO
T 2R T RS %

ARTAER YBCO WS HE BE LRSI T — KM, AT HE AR KA,
HARNELE “ TE—4507 Z MR ¢ R T SRS . 7ESLEERE |, &K
SKiEId DUy e . — 5T, T OREAE U I S HeE R, a0 5]
NEEZ AT RS . SERE SRR K SR A AL W IS B 24, E— DI BEAY Y
ZACRE I SIERVE L U7, EIUA SR S HCII R b, RO B
A A 28 S IR (o) IR IR T (Jo) S diatkae, #3122
PACIN “EERgmrds” ) “YEReFm” MM BT, e SR SE 5 = i
FOE AR = B B A ) IR S
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Machine Learning Exploration of YBCO Thin Film Growth

Parameters under Small Data Constraint
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Abstract
The fabrication of YBa:CusO7-5 (YBCO) high-temperature superconducting thin films is
governed by multiple process parameters. However, the accumulation of large-scale
experimental data in actual thin-film growth processes remains challenging. This study utilizes
a small-sample experimental dataset to examine the guiding role of a neural network model in
optimizing the pulsed laser deposition (PLD) processes for YBCO thin films. The dataset
encompasses ten key process parameters, including substrate type, substrate size, laser focal
length, target-substrate distance, output voltage, laser frequency, oxygen pressure, growth time,
substrate temperature, and annealing time, which serve as the model inputs. The YBCO (005)
peak position and the full width at half maximum (FWHM) of the rocking curve, obtained from
X-ray diffraction (XRD), are the structural parameters to be predicted and constitute the model
outputs. A multilayer perceptron (MLP) neural network model was constructed, incorporating
bootstrap resampling and early stopping mechanisms to mitigate overfitting under small-
sample conditions. The model yields reasonable predictions of the peak position and the
FWHM, and demonstrates favorable generalization performance on an independent test set,
thereby validating the feasibility of data-driven approaches for modeling complex thin-film

processes. Notably, the root-mean-square error (RMSE) for the (005) peak position prediction



is as low as 0.01°, approaching the instrumental resolution of XRD measurements (=£0.005°).
On this basis, Pearson correlation analysis is further conducted to perform a preliminary
exploration and visual assessment of the complex interrelations between the process
parameters and the structural features. Specifically, the peak position, which reflects lattice
constant variations, is primarily regulated by oxygen content and macroscopic stress,
exhibiting a relatively clear relationship. In contrast, the FWHM, which reflects crystalline
quality, is governed by complex growth kinetics and exhibits a more sensitive and highly
nonlinear dependence on the process parameters. This work establishes a scalable and
transferable analytical framework for superconducting thin-film experiments under small-
sample constraints. It paves a feasible pathway for data-driven process optimization in
resource-limited circumstances, and facilitates comprehensive in-depth interpretation of

process-structure-property correlations.

Keywords: YBCO thin film, small sample, data efficiency, machine learning, growth process

optimization
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