) 32 Z 3R Acta Phys. Sin. Vol. 75, No.1(2026) 010706

TR N RE

T [5] 5= R ER [E 18 9 2= Y

78 40

Z I

B sl o s AR A
CRL R

1) (TR RS RS TR, l# 610054)
2) (R FRHER Y, i P S R A A T S0 0%, AR 610054)
(2025 4E 10 H 10 Bk Zl; 2025 4E 11 H 25 HUEE M)

B = 2 S5 4 4 B AR 10 R 5 ROMUASE IO T, ekt SRR R o R T 90 1 45 7 % s 2% i R e B 3 4 v A
FME A0 2, TR SRR TR R AR T B R RIS . AR SO T R LR R s I N R
B T IS A Co BEAR & 4 IR MK LA K FeCo HEgN K 52 45 FURL AR — 2R B IR B A0 3 5 Jmy B,
SR TIOR3 B J2 U8 TR I T ek P B AR SRk S5 Pk . L, JLT- A 1 L e SIS A A e 33 A A
3, B R B T 9 ) T 103 A5 T8 JR P9 S A D 16 S AT AR SO G TR o A T AR B0 B A% i S PR S
JBEH 2507 15 L 4% RS RO e A N v IR R PE RE RS, O EL AT T DB A X TR O IR R A S5 ) | i AT
SRR 7R FIAL A LA B AE O 9 AL SR . BRI T 203 S R R B A 4R B2, SR T B I = R 5 4% 1)
S e Al RS e TR R = R I A e TR R R R Al B A v (B S o o R O B A PR 22 B2 B Hox
TR DT I | RO 2 A e B R RORE RS S R B BT ST . KRS AR T S B AR T
SR AETE R SR AT 1B, JF B T il A b ) A e SO e 4 A i 3 R S IR R AR R OR , AR

SR R B AR

SRR AR R A%, i bR, BREEIR, AR E

DOI: 10.7498/aps.75.20251372

1 5

T35 R T 32 8 i S UK Bl i IR B Jre 1y
PR BN ). B i A 2 AR B SRR, T ¢
LR W10 3 K 6 SO AL | e A BE ek . T,
T AR AR R AR 18— B S L8 B i 0 0
(integrated voltage regulartor, IVR)!"?. 7E 2007
LIS, B Denard HI4R BOE HERY R L, 05 A
FHZ IR, THAE ETE, 8 2R R i E 205
[ i Ji 11, 3 S 5P, Y5 A AT ) Mg 5 AR R
AN R AR REAIE. K LR IR T A LA B 2 A
FRER O A L, SLRE 8 SE L A L 3l A L R A0 R4S

H (dynamic voltage frequency scaling, DVFS)?4l,

il

CSTR: 32037.14.aps.75.20251372

X —J5 T T DA RRAR AR AR RN 25 AR B, 50— i
A LIE DVFS B 8] A 2250 1 45 20 987D, 8 f R 8
WK TR 1—2 mV, 1 B8 15%—30% 1y
TIFE Pl

HAT, £ IVR 23k 3 FhsAy, BV & 24k
Fe e 071 JF O H 45 BB % (LB FL A 2 )8 10)
T G H JER R FE S 23000 3l e SRR TVR 17T 75
R R IVR R DHER, H3] 14 nm T2
WRLIE, BiE R AN, &0 R T RIT
T Bt [ A s e B L JR. LA s FL R ) P R 23 B
& TAES AR B i o, (AR 3E i S i i
TH, FTLLRE r R A T T 4 o R BB R, A
M 2 KT IVR /K. BLoh, i Faii s
i 17 FH A3 A B8 e T AR, M R0 TAEAE R AY e

* EK HRRPIERS (S 61871081) FIAE N HIAR L R RN,

t BIE1EE. E-mail: fmbai@uestc.edu.cn
© 2026 FEIEZFS Chinese Physical Society

http://wulixb.iphy.ac.cn

010706-1


http://doi.org/10.7498/aps.75.20251372
https://cstr.cn/32037.14.aps.75.20251372
mailto:fmbai@uestc.edu.cn
mailto:fmbai@uestc.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 75, No.1(2026) 010706

(B BN 58 B T B, IVR B TR0 B 40T LU
ﬁ 90%[12,13].

2 A bzhRE RN FK

X R FUPRBEGN S, BT AERNA L
P 7 LA 1o 0 2 0 TR LA 12 T 24 L J ) J%
(L) AL AL (Q) WL —A Wbk i) 455 (1417,
[N, 224 2 25 1 B T S I 1) 46 46 30 550+ A b I
TR R T AT A B 2 0 31 TS0 (30—
300 MHz), 3 AN EE SR WA b J5E 174 485 L A1 30 22 3
= R (= B TS O S e i S & DT ¢
FE . RETIIOURE | WA REILIRMIFE . A AR ILARBIFE AN 45
ol v B0 2 A RN, K B A BRI D) R ORI &
90% LA _I+. Herget & US) (i B A5 R KW, Sy 11l
IVRs B RACRE R 90%, [RINf % 8 oh =& ks
F1%) i AR S A LS v 1) B A 4FE, SR TR A
JEAE 100 MHz B Q I{E KT 17.

AN, FERS sk Hh, AN ] H FR A R I {E
TATIREC T, AEm A, IR R
AR T 2e s, PRI )y 5 i B T AR U
A BRGNS VR bR RE . X
— 5 T EERRBE A bt B R B RE T, [
B2 SRR S L5 A 1) i ) B e LRI 1 A
[ .

Hard axis of
f e
magnetization

15.0 kV 5.4 mm X 7.00k SE(U) 9/15/06 4.29 pm

B 1

WA R IR A RS T LA S PR IR
Y (spiral)l'-21 FMZELE AT AY (solenoid )[72223. 12 ¢
RIRA S th— Z & BT, #ETE T
T 2 05 e S e 2 [) P s P S 3 LA BB T 1L A
GG, WL R PR R, s 1(a) s,
R A R LR S 2H — i el T )23 46 R A 2 RN [
FA) 45 J T8 FLAG B, RS AL TR TR AT Z ],
TG MR R “HlELms”, Kl 1(b) Fros. 518, AT
PR R A L R L SR 2 ARl A R
1A REBSIRZR A (toroidal) HLJEE 24,

B R ) 3R B RN ) R OR ) K k&, X
il s B B 1) SR A4 i T ARG AL RS (4 D)
LB (p) | A i Bl 2% 1) S (Hy) AT
i (H,), R EREEGR BRI, m dm M, 23R
T 90 B R ARAELY 45 T4, =5 p 7T DA &4,
FEAR = W PR AR, H 2RISR WL S 32 B
SR ILHRAT A Y OB, 3 A 2 FR ) Hh J i) AR A
FIAR AL I, B2 ) 2 S B0 s B 1 3 S5 X AR
T 52 B 7 v s S5 AR 4 9 B P SRR ) A A R | R
1B AR (B AR) DA i gE & . H 1Y
KNG RERARFER G, — RIS RE/N. &5, 3
R U PP JEE B8 ) T4 e SR 4 L it Bt PR SR
TR, (H T BEE5 5 25 R & AR AL P RE.

RGBT HAUK IR (WIA] 2(a)) ),
B2 B AR A TH G & B R A Bk Ak DL 7

(a) Intel SRE RS ff st v ORI T SEMI20); (b) Ferric BREE A B ff ot vy SR 17 7 222 ] 22

Fig. 1. (a) Spiral-type magnetic core inductor inductor and its cross-section SEM image from Intell'”2?); (b) solenoid-type magnetic

core inductor inductor and its cross section diagram from Ferric [

22,23]

010706-2


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

) 32 % 3R Acta Phys. Sin. Vol. 75, No.1(2026) 010706

(a) Soft magnetic composites (SMC)
Nanocrystalline alloys (also Fe & Co based)
Fe & Co based amorphous alloys

Soft ferrites

1925
1900

10°
()

— Ferrite 3F3

104 g=o= Nanocrystalline FT-3M
== Amorphous2705
++ Supermalloy

103 F

Core loss density/(mW-cm~3)

10-2 10—t 100
Flux density/T

(b) 106

f=1kHz

<
> N\
E Co based amorpﬁo!{s EINEMET ®
2 105F N\
<
o4
E
5] e )
o) %
g (N N\
B Mn\-Zn ferrite
: \J
~

103 -

0 0.5 1.0 1.5 2.0 2.5
Saturation flux density Bg/T
10t (d) 1 MH
J— z B

~ 5 MHz T=25°C
I —— 4 MHz
E — 5 MHz
2 103F
£
<
>
[a
2
S 102F
-
)
2
o
[a W)

101 . . . . .

10 20 30 40 50 60 70

Flux density B/mT

Bl 2 (a) BB R &R DI ) A SRR R L A A ORGSR L Fe(Co) JE3E M L 90K SRS & RERY IS (b) ARl HRE 4
BHE 1 kHz FRPEREXT HE 2 (¢) ANREREERRHE 100 kHz JFRFERY; (d) BEH KR DMR 52 W AR BFL EMATE AR TRISIR T TR ke

Fig. 2. (a) Development history of soft magnetic materials®!, including silicon steel sheets, Permalloy, soft magnetic ferrites,

Fe(Co)-based amorphous, nanocrystalline and composite magnetic powder cores; (b) performance comparison of different soft mag-

netic materials at 1 kHz); (c) power losses of different soft magnetic materials at 100 kHzP"; (d) power losses of Heng Dian Group
Dmegce Magnetics Co., Ltd. DMR 52 W MnZn ferrite at different frequencies.
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Fig. 3. Co-Ni-Fe ternary phase diagram!*"*: (a) Region of low coercivity; (b) region of high saturation magnetic flux density;

(c) region of low saturation magnetostriction coefficient.
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Fig. 5. (a) M-H curves along the easy and hard axes of a 200 nm-thick CoZrTa single-layer film; (b) cross-sectional SEM image of

the Ta/[CZT/SiOy]y multilayer filmP2.
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Fig. 6. (a) 4nM, and p of the thin film as a function of z; (b) variation of the film p with temperature; (c) variation of o with Fe

volume fraction (4) in experimentally measured Fe-Al-O nanogranular filmsP”; (d) TEM image of Fe-Co-Ti-O nanocomposite gran-

ular filmsb4,
F 1 REEASTEEA B SEON
Table 1. Comparison between magnetic paramet-
ers of soft magnetic thin film materials.
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Fig. 7. M-H loops and imaginary permeability spectra of FeCoTiO magnetic films deposited under different externally applied bias

magnetic fields: (a), (d) 15 Oe; (b), (e) 70 Oe; (c), (f) 115 Oe.
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Fig. 8. M-H loops of FeCoTiO magnetic films sputter-deposited at different oblique angles 3: (a) 10° (b) 17°% (c¢) 32°. Low-field
FMR spectra of the imaginary part permeability for FeCoTiO magnetic films sputter-deposited at different tilt angles 8: (d) 10°;

(e) 17° (f) 32°.
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Fig. 9. Comparison of f2-Hj,, curves for magnetic films deposited under different inducing magnetic fields (a) and at different

oblique angles (b); AfH,,s curves for magnetic films deposited under different inducing magnetic fields (c) and at different tilt

angles (d).
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Fig. 10. (a) High-frequency magnetic losses of FeCo-Ti-O films deposited under an in-situ 115 Oe field and by oblique sputtering at
a tilt angle of 17°; (b) high-frequency magnetic losses of pattered [FeCoSiB(100 nm)/NiFe(5 nm)|; films with different lateral di-

mensions(™!,

500 pm X 500 pm 1 mmX1 mm 3 mm X3 mm

With

intercalated layer

With no
intercalated layer

B 11 #3545 mT FEA 0 SE iR A 6 R T BB Ak FeCoSiB WY Moke 8 + (a)—(c) ¥ NiFe {fi)z; (d)—(f) %% 100 nm
4 A 5 nm NiFe JZ ™

Fig. 11. Moke images of patterned FeCoSiB films after decreasing in-plane magnetic field from +5 mT to 0 with different lateral
sizes: (a)—(c) Without NiFe intercalated layer; (d)—(f) with 5 nm NiFe intercalated layer every 100 nm!(™.

—1mT 0mT 1.4 mT 1.5 mT 1.6 mT

sens.

—1mT

B
—>

B 12 ANFEJEE R EEAL FeCoSiB # 51 Moke B (a)—(e) 50 nm; (f)—(j) 300 nm. £ 5 e 1T i 07 A A, SR,
TR 7 160 9 5 K T 1) BT 7 )

Fig. 12. Moke images of patterned FeCoSiB films with different thicknesses: (a)-(e) 50 nm; (f)—(j) 300 nm. The magnetic states are
approached from saturation by a magnetic field in negative direction, the magnetization directions are indicated by arrows in the

images!™.
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Fig. 13. (a) Sketch of gradient-composition sputtering system; (b) imaginary permeability spectra of FeCoTa film, FeCoZr film,
FeCoHf film, and FeCoLu film measured at different temperatures!s3l.
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Fig. 14. (a) Annealing temperature dependence of the induced anisotropy field and hard axis coercivity in the FeCoHfO; (b) XRD

patterns for different annealing temperatures, the vertical line indicates the position of the CoFe (110) peak®!l; TEM micrographs of
FeCo (30.5%)-Si0, film annealed at (c) 300 K (as-deposited film), (d) 373 K, (e) 473 K and (f) 573 K.
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Very-high-frequency magnetic core films for
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Abstract

With the rise and widespread applications of three-dimensional (3D) heterogeneous integration technology,
inductive voltage regulators are becoming increasingly important for mobile terminals and high-computing-
power devices, while also offering significant development opportunities for high-frequency soft magnetic films.
According to the requirements of on-chip power inductors, we first review the advantages and limitations of
three types of magnetic core films: permalloy, Co-based amorphous metal films, and FeCo-based nanogranular
composite films, with a focus on the technical requirements and challenges of several pm-thick laminated
magnetic core films. Secondly, almost all on-chip inductors are hard-axis excited, which means that the
magnetic field of inductors should be parallel to the hard axis of the magnetic core. We thus compare the
characteristics of two methods of preparing large-area films, i.e. applying an in-situ magnetic field and oblique
sputtering, both of which can effectively induce in-plane uniaxial magnetic anisotropy (IPUMA). Their
influences on the static and high-frequency soft magnetic properties are also compared. The influences of film
patterning on the domain structures and high-frequency magnetic losses of magnetic cores, as well as
corresponding countermeasures, are also briefly analyzed. Furthermore, the temperature stability of magnetic
permeability and anisotropy of magnetic core films is discussed from the perspectives of process compatibility
and long-term reliability. Although the Curie temperatures and crystallization temperatures of the three types
of magnetic core films are relatively high, the upper limits of their actual process temperatures are affected by
the thermal effects on the alignment of magnetic atomic pairs, microstructural defects, and grain size. Finally,
the current bottlenecks in testing high-frequency and large-signal magnetic losses of magnetic core films are
discussed, and potential technical approaches to achieving magnetic core films that meet the future demands of

on-chip power inductors for higher saturation current and lower magnetic losses are outlined.
Keywords: integrated voltage regulator, on-chip inductor, soft magnetic film, high frequency magnetic loss
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