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1. Dielectric breakdown stength measurements:
Breakdown strength results are analyzed using two-parameter Weibull statistic

described as

P(E)=1-exp(- (E/a)ﬁ)

Where P(E) represents the cumulative probability of breakdown failure, £ denotes
the experimental electric field, o is the scale parameter, which is the breakdown
strength at cumulative failure probability of 63.2%. The shape parameter £ is the slope

of the fitted Weibull curve, suggesting the scattering of the experiment results.

2. Conduction mechanism:
(1) Conduction in the lower electric field range:

Schottky emission is the main mechanism for the electrode-limited conduction
loss in the lower electric field regime at elevated temperatures. The thermally activated
electrons from the electrode can overcome the energy barrier height at the interface of
the electrode and dielectric, followed by being injected into the dielectric surface. The
Schottky emission model related to the leakage current density (J) and electric field (£)

can be expressed byl’

-q(p - «/qE/4T[8i€O))
kT

J= ATZexp(

where 4 denotes Richardson constant, T is the absolute temperature, g is the
electronic charge, g ¢ represents the barrier height, & is Boltzmann’s constant, &, is the

vacuum dielectric constant, and & is the optical dielectric constant. The InJ is linearly

proportional to VE. The calculated injection barrier height for PEI, H-PEI, Al,O5/PEI

and H-AL,O3/PEI films are 1.071 eV, 1.127 eV, 1.135 eV and 1.151 eV, respectively.
(2) Conduction in the higher electric field range:

The hopping conduction is the main mechanism for the bulk-limited conduction
loss in the higher electric field range at high temperatures. The hopping conduction
describes the transport of carriers inside the bulk phase of dielectrics.[?! The thermally

activated carriers can leave their localized state and move to another localized state.
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Where d is the average hopping distance between adjacent trap centers, n is the
electron concentration in the dielectric, v is the thermal vibration frequency of trapped
electrons, and E,, is the activation energy, E is the electric field, g is the electron charge,
k is Boltzmann constant and 7 is the temperature, respectively. A smaller hopping
distance usually represents the increase in trap density. The calculated hopping distance

for PEI, H-PEI, Al,O5/PEI and H-Al,O3/PEI films are 0.81 nm, 0.79 nm, 0.74 nm and

0.66 nm, respectively.
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Figure S1. Schematic illustrating the hydrolysis and rinse processes of PEI films.
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Figure S2. (a) FT-IR spectra of pristine PEI and H-PEI with various hydrolysis periods
at 40 °C. (b) The hydrolytic degree of PEI films as a function of hydrolysis period at 40
°C. (c) FT-IR spectra of pristine PEI and H-PEI with various hydrolysis periods at 80
°C. (d) The hydrolytic degree of PEI films as a function of hydrolysis period at 80 °C.
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Figure S3. Comparison of FT-IR spectra of Al,O3/PEI and H-Al,O5/PEI films.



Figure S4. SEM images of the surface morphologies of (a) pristine PEI, (b) H;(s-PEI,
(C) le()s-PEI and (d) H48()S-PEI films.

Figure S5. SEM images of the surface morphologies of (a) Al,Os/PEI and (b) H-
A1203/PEI films.



Figure S6. EDS spectrum of (a-d) pristine PEI and (e-h) Hygos-PEI films with C, O, N

and K elements.

Table S1. Binding energies of elements of the PEI and H-EPI films.

Atomic C Is O 1s N Is Kgp
element C-1 C-2 C-3 O-1 0-2 K-1 K-2
1 2 3 4 5 6 1 2

BE (eV) 284.6 286.2 288.3  531.7 5332 4003 2929 295.6
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Figure S7. (a) XPS survey spectrum of pristine PEI and H-PEI films with various

hydrolysis time. XPS Oy, spectrum of (b) pristine PEI and (c-e) H-PEI films with

various hydrolysis time. (f) XPS N spectrum of PEI and H-PEI films with various

hydrolysis time.
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Figure S8. (a) XPS survey spectrum of Al,O;/PEI and H-Al,O5/PEI films. XPS Cj;

spectrum of (b) ALO;/PEI and (c) H-Al,O5/PEI films. XPS Oy spectrum of (d)

ALO3/PEI and (e) H-AL,O3/PEI films. (f) XPS Ny spectrum of Al,O3;/PEI and H-

A1203/PEI films.
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Figure S9. Zeta potential of Al,O3/PEI and H-Al,O3/PEI films.
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Figure S10. XPS Oy spectrum of (a) pristine PEI, (b) H-PEI (c) H-PEI-L and (d) H-

PEI-HCI films.
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Figure S11. XPS Ny spectrum of pristine PEI, H-PEI, H-PEI-L and H-PEI-HCI films.
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Figure S12. (a) XPS survey and (b) C;; spectrum of H-PEI-Longer film.
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Figure S13. The comparison of XPS Cys spectrum of H-PEI, H-PEI-L and H-PEI-

Longer films.
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Figure S14. UV-vis spectrum of pristine PEI, H-PEI-HCI, H-PEI-L and H-PEI-Longer
films, in which the inset exhibits the optical bandgaps calculated from the UV-vis

spectrum.
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Table S2. Statistical data of Cy4, Oy, Ny, Ko, Ko, and Aly, atomic percentages of PEI,
H-PEI, Al,0O5/PEI and H-Al,O3/PEI films from XPS survey.

Element PEI H63%°;Z_PEI H?g:)(;_PEI Hfg;ﬁ_PEI H?g:)g_pEI_ H?%E—PEI—L ALO3/PEI  H- ALLO/PEL
categories  Atom (%)  Atom (%)  Atom (%)  Atom (%) HCI Atom (%) Atom (%) Atom (%)
Atom (%)
Cis 77.73 74.63 68.42 72.01 75.89 68.61 78.92 72.45
() 15.45 16.76 18.64 18.4 17.07 21.62 14.47 17.83
Nis 6.82 5.98 7.57 4.57 7.04 7.73 5.99 6.66
Ko 0 0.36 0.93 0.85 0 0 0 0.63
Ko, 0 2.27 4.44 4.17 0 2.04 0 2.04
Aly, 0 0 0 0 0 0 0.62 0.39
(a)4 0.20 ( ) 4 0.20
@RT @RT
[ \ mnmn TYATEATErrtt ettt e el
E | ——pEI " E ‘ 2
*é‘ —e— HSC-PEI 4012 E @ —=—PEI 4012 S
S s i 2 O, ——ngerm -
2 21— HYCPEI £ 2 [ ——necpr g
g —+— HYC.PEI +0.08 g E e mECrEI 4 0.08 2
B | ——HTCPEI = 2 a
= ks > H{-PEI 10.04 1r 4 0.04
—e— HIC-PEI e —
ii““ﬂ&ﬂ"‘ - AA: . “"‘f . Sohey 3321588000000 0 00000 o ““'“"f 0.00
1 1 Il uf 0 1 I 1
"o 0 10° 108 10° 107 10 10* 10° 10°
Frequency (Hz) Frequency (Hz)

Figure S15. Frequency-dependent of the dielectric constant and dielectric loss of
pristine PEI and H-PEI films with different hydrolysis (a) time (b) temperatures at room

temperature.
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Figure S16. Frequency-dependent of the dielectric constant and dielectric loss of

AL O3/PEI and H-Al,0O5/PEI films with different hydrolysis time at room temperature.
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Figure S17. Frequency-dependent of the dielectric constant and dielectric loss of PEI,

H-PEI, AL,O5/PEI and H-Al,O5/PEI films at 200 °C.
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Figure S18. Weibull distribution analysis of (a) pristine PEI and Al,O5/PEI films with
different loadings of AlL,O; at 150 °C and (b) H-Al,Os/PEI films with different

hydrolysis time.
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Figure S19. Weibull distribution analysis of PEI, H-PEI, Al,O;/PEI and H-Al,O5/PEI
films at 150 °C.
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Figure S23. Schematic illustration of the ultraviolet photoelectron spectrum (UPS) for
a polymer dielectric. In the UPS characterization, the electrons in the occupied state are
excited by the incident photon energy (hv =21.22 eV). The work function (¢,) is
calculated by the difference between the photoelectron energy and the energy of
secondary electron cutoff (Egyofr).!> The position of Eyf can be obtained from the
intersection of the baseline and the tangents of the curve in the secondary electron cutoff
region. Epome 18 the minimum binding energy of photoelectron from the polymer
dielectric (HOMO represents the highest occupied molecular orbital of the polymer
dielectric). The position of Ey,o can be extracted from the intersection of the baseline

and the tangents of the curve in HOMO region.

17



(a)

Cutoff Region

—PEI
—— H-PEI

— H-AlLO,/PEI

Intensity (a.u.)

16.27 eV

Figure S24. UPS measurement of the (a) secondary electron cutoff region and (b)
HOMO region of the PEI, H-PEI, Al,O;/PEI and H-Al,O3/PEI films. The E ¢ values
of PEI, H-PEI, Al,Os/PEI and H-Al,Os/PEl are 16.27 eV, 16.22 eV, 16.59 ¢V and 16.46
eV, respectively. The Epyyo values of PEIL, H-PEI, Al,O3/PEI and H-Al,O3/PEI films
are 1.53 eV, 1.24 eV, 1.85 eV and 1.66 eV, respectively. The ¢, calculated by the
difference between the incident photoelectron energy (21.22 eV) and E s, are 4.95

eV, 5.00 eV, 4.63 eV and 4.76 eV for PEI, H-PEI, Al,O3/PEI and H-Al,O3/PEI films,
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respectively.
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Figure S25. Band diagrams at the electrode/dielectric interface of Au/PEI, Au/H-PEI,
Au/Al,O5/PEI and Au/H-Al,O3/PEI films. The work function of gold electrode (¢.,)
(5.20 eV) is obtained from previous work.!> The contact of the gold electrode and
polymer dielectric will cause the alignment of their Fermi level. The ionization potential

IP=hv-(E

IP) can be calculated b cutof f Ehomo).l'z Thus, the position of HOMO
Yy p

level can be determined through the IP value. With the bandgap values from the UV-vis
spectrum, the position of the LUMO level can be further deduced. The calculated
barrier height for the electrons (¢.) are 2.10 eV, 2.36 eV, 2.11 eV and 2.18 eV for PEI,
H-PEI, Al,O5/PEI and H-Al,O3/PEI films, respectively. The electron affinity (EA,) are
3.10 eV, 2.84 eV, 3.09 eV and 3.02 eV for PEI, H-PEI, Al,O5/PEI and H-Al,Os/PEI

films, respectively.
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Figure S27. (a-h) Unipolar D-E loops of pristine PEI and H-PEI films with different
hydrolysis time at 40 °C as a function of electric field at 150 °C. (i) Comparison of

unipolar D-E loops of pristine PEI and H** *C-PEI films with different hydrolysis time
at 150 °C and 460 MV/m.
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Figure S28. (a-g) Unipolar D-E loops of pristine PEI and H-PEI films with different

°
H

e

500

hydrolysis time at 80 °C as a function of electric field at 150 °C. (h) Comparison of
unipolar D-E loops of pristine PEI and H® “C-PEI films with different hydrolysis time
at 150 °C and 460 MV/m.

22



~
o
~—

2%

1.8F —— 100 MV/m + 100 MV/m
o ——200 = ——200 =
= ——300 E ——300 //
2 ——400 2 ———400 57
Si3sk 460 4 Qiast 460 e
= ——520 Y = —— 520 A
5 ———540 . E /
§ // 3 /
g 0ot . 2 0ot
z Y 4 2 P
a 7 a A
2 # 2 P
Eo04sf // S 045 S
g g
= 7 7 4 60°C =
y Hi3-PEI-L - @150 °C HYC-PEI-HC @150 °C
0 L I 1 L I I 0 1 1 1 1 1
0 100 200 300 400 500 0 100 200 300 400 500
(C) Electric Field (MV/m) (d) Electric Field (MV/m)
1.80 F —— 100 MV/m 1.80 - ——PEI
— ——200 - ——H-PEI
£ —300 s H-PEI-L
S ——400 > 2 ——H-PEI-Longer
Grast ——a60 S Qiast
= ——— 480 p -
s A £
g g
g g
F090 Zo0o0f
2 =5
2 2 ./
a a
2 2
E0451 £ 045
= =
(=] e =
Hizy,-PEl-Longer @150 °C @150 °C and 460 MV/m
0.00 . L L L L 0.00 L L L .
0 100 200 300 400 500 0 100 200 300 400 500
Electric Field (MV/m) Electric Field (MV/m)
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Figure S30. Unipolar D-E loops of (a) pristine PEI and (b-f) AL,Os/PEI films with
different volume contents of Al,O; NPs at 150 °C.
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Figure S32. (a-e) Unipolar D-E loops of Al,Os/PEI and H-Al,Os/PEI films with
different hydrolysis time as a function of electric field at 150 °C. (f) Comparison of
unipolar D-E loops of pristine Al,O3/PEI and H-Al,Os/PEI films with different
hydrolysis time at 150 °C and 500 MV/m.
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Figure S33. Unipolar D-E loops of (a) PEIL, (b) H-PEI, (¢) ALOs/PEI and (d) H-
Al,O5/PEI films as a function of electric field at 200 °C.
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