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Fig. 1. (a) Schematic diagram of the sandwich-structured dielectric films; (b) photograph of TPI coated with aluminum oxide layer;

(¢) DSC heating curves of TPI films before and after Al,O3 deposition; scanning electron microscope (SEM) images of TPI films
with Al,O3 coating layers of (d) 100, (e) 200, and (f) 300 nm thickness; (g) SEM images and EDS analysis of the Al,03/TPI/Al,O4
films; 3D AFM images of the surface of (h) the Al,O3/TPI/Al, Oy films and (i) pristine TPI films.
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Fig. 2. Dielectric constant and dielectric loss of TPI and its sandwich-structured films as a function of frequency at (a) Room tem-

perature and (b) 200 °C; (c) dielectric constant and dielectric loss at 10 kHz as a function of Al,O3 coating thickness; (d) dielectric

constant and dielectric loss of TPI and its sandwich-structured films as a function of temperature at 10 kHz.
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Fig. 3. Leakage current density of TPI films before and after Al,04 deposition at (a) 150 and (b) 200 °C; (c¢) comparation of electrical
conductivity for TPI films before and after Al,O5 deposition at 150 and 200 °C; (d) energy band diagram of TPI and Al,O3 ob-

tained from density functional theory (DFT) calculations; (e) energy band structure at the interface between the Au electrode and

the TPI dielectric; (f) energy band structure at the interface between the Au electrode and the Al,O coating.
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Fig. 4. Weibull distribution of breakdown strength for TPI and TPI-200 nm Al,Oj3 films at (a) 150 and 200 °C; (c) comparation of
the weibull breakdown strength for TPI and TPI-200 nm Al,Oj films at different temperatures.
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Fig. 5. D-E loops of (a) pristine TPI and (b) TPI-200 nm Al,Oj3 films at 150 “C; D-E loops of (c) pristine TPI and (d) TPI-200 nm
AlLOj films at 200 C.

% 5 4 TPI Al Al,O4/TPI/ALO; =HHIAZEH B {H. 5 TPIAH L, TPI-200 nm AlL,O; = A
TR 2 SAETRE 9 150 A1 200 °C WY D-F k. 5 R TS LA o 1 o 2R R, BRI A2 T S A
M 5 A DL Y, TPIFI AlLO5/TPI/ALO; = Yinw B, PR RS S KB A& il an, 200 °C
FF Y 235 g T B 1) B R P 7 R 240 B 7 Pl S8 1Y) iF, TPI Al TPI-200 nm Al,Oq T i B K HE A7 5
T m, A S W R A R LR, A3 %14 0.012 C/m? F1 0.017 C/m?2. M40, I 5
R T 1 L A R B s DR LA R R Y LA HA T LG 1, 5 TP AL, 7EAH A L3758 R

177701-7


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

Y 32 % 3R Acta Phys. Sin. Vol. 73, No. 17 (2024)

177701

TPI-200 nm Al,Og ¥ 5 B B8 75 1y D-E iih
2. X IH TR 2 X R A R,
17 400 25 MR ATG 1 Pl i, SR WTHLEAA T i i S ik

M D-E W& MR R RE R E (Uy) M
T AR (n) B S 5R B R AR AR 0 1A 6(a) FI
K 6(b) ftzs. H T4 AL R 2 X F R Al R
[F) 5% 2 L FE Y Al,O4/TPI/AlyOy = BIA 45 46 HE
TEAN[A] L 3758 B2 1) s T e AR 34 A 4 7
AR S N T O . WFoT A SRR, B
JZIRFEA 200 nm B, X 70 AR I i i 2
XA REZ AR, 8RR AR T 200 nm B, Tk
R R R AT A T SRR ST
200 nm B}, Fras A TTRI A B il o A rh ] B
SIAEZEEE. B, 475N 200 C B, TPI-
200 nm Al,O HAE 350 MV /m T n A 93.0%,
i1 TPI WAL A 72.9%. 70750 H A50R il 25 i

(a) 8
8=0=0—0=0—0— 1100
,,,,,m!{,,E ,,,,,,, t%‘:s't:‘kk S
<A
6180
6 —M— Pristine TPI \'
—@- TPI-100 nm Al,O; 160
& A \
i E —A— TPI-200 nm Al,O3 I
S 4f @ TPI-300 nm AlOs Yy = g
= > é./ {20 £
o Z )
2 Z 0
o
=
,"‘é @150 °C
o ®—f . . . .
0 100 200 300 400 500

Electric field/(MV-m~—1)

() . /] pristine TP1
N TPI-200 nm Al,O4

51 @Efficiency = 90%

U./(J-cm—3)

Temperature/°C

E 6 (a) 150 °C 1 (b) 200 °C i@ B T A fiE i
ALO; Al TPL B A J5E i I 7E 90% 0% B 114 73 FL 7
350 MV /m T RE it %5 B 451 2% (1 X L

s
w
E=A
H

—~

Energy density loss/(J-cm—3) &

FIFETE, il ALO5/TPI/ALO, = HTALS IR AL
LB I 25 B W 4 . N, 7E 150 °C H > 90%
i, TPI-200 nm Al,O4 L) Uy i 4.06 J/cm?,
I TPI A 2.05 J/cm?, 3R LS 98.0%;
1E 200 °C H. 1> 90% B}, TPI-200 nm Al,O 8 i
B Uy R 2.72 J/cm?, 1 TPT #EARAU K 0.66 J/cm?,
PETH IR R ik 349.4%. & 6(d) B7n T 350 MV /m
FL3758 B N, TPI-200 nm Al,O4 Al TPI i Ji5 ) g
B EMEE. ££ 150 °C Bf, TPI-200 nm Al,O4 7
JEE 1Y) e i 2% FE AR 0.14 T /em?®, T TPT AR M)
B EEIFE RIS 0.29 J /cm3; 1 200 °C i, TPI-
200 nm Al O 1) g 1t 25 BE 4L FE R 0.16 J /em?,
il TPT WA 3k 0.75 J /em3. R, = BIAS5H
R I AR Y BE 2 FEBFE, X R HAE
H I R PP T FE S RE A8 T SO Rk, X AN AT
DLk G B I TR B, 180T LR 1E e AR S 2L
AR R AL, DT G X A Ak B B4 5 ).

(b)

——0—p_4 4 11
°r —B- Pristine TPI \:Qz\ A s

_@ TPI-100 nm Al,O;
_A TPI-200 nm AlLO; \ 160
41 —@- TPI-300 nm AlO; ® |4

%‘10-20

U./(J-cm~3)
() 2
Efficiency /%

-
of_a—8—%" .
0 100 200 300 400
Electric field/(MV-m~1)

] pristine TPI
L0 R TP1-200 nm Al,04

@350 MV-m~!

Temperature/C

JE (U,) 138750 i 0% Bl vl 37 58 2 /9 A8 AR 265 (o) R [RIIRE T TPI-200 nm
R (d) AR EE T TPI-200 nm Al,O5 FI TPT Hy A J5 M IR 75 o 37 98 8

Fig. 6. Discharge energy density (U,) and charge-discharge efficiency (n) at different electric fields at (a) 150 C and (b) 200 °C; (c) com-
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Abstract

Dielectric capacitors are essential components in advanced electronic and power systems due to their high
power densities, fast charge-discharge rates, low losses, and excellent cycling stabilities. Polymer dielectrics, such
as biaxially oriented polypropylene (BOPP), are preferred dielectric materials for high-voltage capacitors
because of their high breakdown strength, flexibility, and easy processing. However, their relatively low thermal
stability limits their applications in high-temperature environments, such as in electric vehicles and photovoltaic
power generation systems. In this study, sandwich-structured dielectric films are prepared by using physical
vapor deposition (PVD) to deposit aluminum oxide (Al,Os3) layers onto thermoplastic polyimide (TPI) films to
achieve high capacitive energy storage at high temperatures. The TPI films are chosen for their high glass
transition temperature (7,), while Al,O; layers are deposited to enhance the Schottky barrier, thereby
suppressing electrode charge injection, reducing leakage current, and improving breakdown strength at high
temperatures. Various characterization techniques are employed to assess the microstructure, dielectric
properties, and energy storage performance of the prepared Al,O3/TPI/Al,05 sandwich-structured films. The
results demonstrate that the Al,O5 coating exhibits excellent interfacial adhesion with TPI films, successfully

inhibiting charge injection and thereby reducing leakage current. For instance, at 150 °C and 250 MV /m, the
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leakage current density of TPI film is 3.19x107 A/cm?, whereas for Al,03/TPI/Al,O5 sandwich-structured film,
its leakage current density is 2.77x10% A/cm?, a decrease of one order of magnitude. The suppression of charge
injection and reduction of leakage current contribute to outstanding discharge energy density (U;) and charge-
discharge efficiency (n) at high temperatures. Specifically, at high temperatures of 150 and 200 °C, the U
reaches 4.06 and 2.72 J/cm?, respectively, with n > 90%, i.e. increasing 98.0% and 349.4% compared with those
of pure TPI films. Furthermore, the PVD process used for fabricating these sandwich-structured films is highly
compatible with existing methods of producing metal electrodes in capacitors, offering significant advantages in
production efficiency and cost control. This study suggests that the Al,O3/TPI/Al,05 sandwich-structured
films, prepared by using the PVD process and exhibiting exceptional high-temperature capacitive energy storage
performance, are highly promising for applications in environments with high temperatures and high electric
fields.

Keywords: dielectric capacitors, energy density, sandwich structure, physical vapor deposition
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