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The distributions of traps and electron density in the interfaces between polyimide (PI) matrix and Al2O3

nanoparticles are researched using the isothermal decay current and the small-angle x-ray scattering (SAXS) tests.
According to the electron density distribution for quasi two-phase mixture doped by spherical nanoparticles, the
electron densities in the interfaces of PI/Al2O3 nanocomposite films are evaluated. The trap level density and
carrier mobility in the interface are studied. The experimental results show that the distribution and the change
rate of the electron density in the three layers of interface are different, indicating different trap distributions
in the interface layers. There is a maximum trap level density in the second layer, where the maximum trap
level density for the nanocomposite film doped by 25wt% is 1.054 × 1022 eV·m−3 at 1.324 eV, resulting in the
carrier mobility reducing. In addition, both the thickness and the electron density of the nanocomposite film
interface increase with the addition of the doped Al2O3 contents. Through the study on the trap level distribution
in the interface, it is possible to further analyze the insulation mechanism and to improve the performance of
nano-dielectric materials.
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Polymer matrix nanocomposites with numerous
superior properties have attracted much attention and
have been widely applied in many different fields such
as insulation materials, frequency conversion motor
and electronic devices.[1−4] The trap effects on electric
characteristics have received a great deal of attention
due to their unique properties through combination
of the properties for organic component.[5] Lei et al.
adopted the isothermal decay current (IDC) method
to directly measure the trap level density of the
Dupont 100CR nanocomposite film and the original
polyimide 100HN film, which shows that the trap level
density of 100CR is more than twice of 100HN.[6,7]
Lewis pointed out that plenty of complex interfaces
and traps are formed between polymer and inorganic
nanoparticles, where the interface structure of com-
posite films is different from the polymer matrix.[8]
Liu et al. also proposed the multi-fractal nanostruc-
tures of polyimide films based on SAXS tests.[9] The
traps in the interface of polymers can influence the
distribution and transport of space charges in nano-
dielectrics. The distribution of electron density in the
interface of polymers is closely related to space charge
distribution, which can reflect the characteristics of
trap distribution and carrier transport.

To the best of our knowledge, the understanding
of the distribution of electron density in the interface
of polymers is critical to improve the electrical prop-
erties of polymers. In this Letter, we report the study
on the electron densities in the interface of PI/Al2O3

nanocomposite films prepared by the in situ polymer-
ization method, based on the theory of electron den-

sity distribution for quasi two-phase mixture doped
with spherical nanoparticles. On the basis of the
Tanaka multi-core model,[10] the studies on the trap
distribution and carrier mobility in the three interface
layers were carried out by IDC and SAXS tests, which
are also adapted to other nano-dielectrics doped with
spherical nanoparticles.

Based on the variations of outer circuit current and
injected charges, the relationship of carrier mobility
𝜇 and time 𝑡 can be obtained. When the circuit is
shorted, the short circuit current density 𝐽(𝑡) can be
expressed as[11]

𝐽(𝑡) = 𝜇𝜌𝐸 = 𝜇𝐸𝑙−1

∫︁ 𝑡

0

𝐽(𝜏)𝑑𝜏, (1)

where 𝜇 is the carrier mobility, 𝜌 is the injected charge
density, 𝐸 is the electric field strength, and 𝑙 is the
depth of the injected charges. According to Pois-
son’s equation, the carrier mobility can be given as
follows:[12]

𝜇t =
𝐽(𝑡)𝜀𝑙

[
∫︀ 𝑡

0
𝐽(𝜏)𝑑𝜏 ]2

, (2)

where 𝜀 is the permittivity of PI/Al2O3 nanocompos-
ite films doped by Al2O3 (with density of 3.9 g/cm3)
contents of 5 wt%, 10wt%, 15 wt%, 20 wt% and
25 wt% in the PI matrix (with density of 1.42 g/cm3),
and the calculated values are 4.01 × 10−12, 4.03 ×
10−12, 4.04×10−12, 4.06×10−12 and 4.08×10−12 F/m,
based on the Maxwell–Garnett equation.[13] The sam-
ple is shorted when 𝐸 = 0, the carriers in the low
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traps are released first, and then the carriers in the
deep traps are released. At room temperature, the
short circuit current caused by the carriers released
with decay time 𝑡 represents the trap level distribution
of the sample surface. Supposing that the carriers re-
leased cannot be trapped again, the trap level 𝐸t and
the current density 𝐽(𝑡) can be expressed as[14]

𝐸t = 𝑘𝑇 ln(𝜈𝑡), (3)

𝐽(𝑡) =
𝑒𝑑𝑘𝑇

2𝑡
𝑓0(𝐸t)𝑁(𝐸t), (4)

where 𝑘 is the Boltzmann constant, the escape fre-
quency 𝜈 of electrons is 3 × 1012 s−1,[15] 𝑇 is the test
temperature, 𝑑 is the thickness of the sample, 𝑒 is
the electronic charge, 𝑁(𝐸t) is the trap level density,
𝑓0(𝐸t) in accordance with the Fermi–Dirac distribu-
tion function is the probability of energy level 𝐸t oc-
cupied originally by electrons, and 𝑓0(𝐸t) = 1/2. The
electron density distribution for quasi two-phase mix-
ture doped by spherical inorganic nanoparticles can
be given as

𝜌c(𝑟) = 𝜌(𝑟) × ℎ(𝑟), (5)

where 𝑟 is the scattering vector from the center of the
nanoparticle, 𝜌c(𝑟) is the electron density for quasi
two-phase mixture doped by nanoparticles, 𝜌(𝑟) is the
electron density distribution for the ideal two-phase
mixture, ℎ(𝑟) is a smooth function associated with the
electron density distribution in the interface of quasi
two-phase mixture, and it can be expressed as

ℎ(𝑟) = (2𝜋)−
3
2𝜎−3 exp

(︁
− 𝑟2

2𝜎2

)︁
. (6)

The electron density 𝜌(𝑟) of a nanoparticle is given as

𝜌(𝑟) =

{︂
𝜌0, 0 ≤ 𝑟 ≤ 𝑅,

0, 𝑟 > 𝑅,
(7)

where 𝑅 and 𝜌0 are the radius and the electron density
of a nanoparticle, respectively. In a polar coordinate
system, the electron density 𝜌c(𝑟) of quasi two-phase
mixture can be expressed as

𝜌c(𝑟) =

∫︁
𝜌(𝑦)ℎ(𝑟 − 𝑦)𝑦2 sin𝛼𝑑𝛼𝑑𝛽𝑑𝑦, (8)

where 𝜌(𝑦) and ℎ(𝑟 − 𝑦) represent the electron den-
sity distributions at 𝑦 and 𝑟− 𝑦 having the properties
of spherically symmetric function. Here 𝜌c(𝑟) can be
derived further into

𝜌c(𝑟) =
𝜌0√
2𝜋𝜎𝑟

∫︁ 𝑅

0

𝑦
[︁

exp
(︁
− (𝑟 − 𝑦)2

2𝜎2

)︁
− exp

(︁
− (𝑟 + 𝑦)2

2𝜎2

)︁]︁
𝑑𝑦, (9)

where 𝑟 is the radius from the center of nanoparti-
cle, 𝜎 is a parameter of the interface thickness 𝐷 cal-
culated according to Porod’s Law. Figures 1(a) and
1(b) depict the electron density distribution models

of sphere and cross-section views for quasi two-phase
mixture, where the fixed layer, the semi-fixed layer
and the movable layer in the interface are referred to
as the 1st, 2nd and 3rd layers, respectively. The elec-
tron density distributions in the three layers of inter-
face are different, where the electron density decreases
along the 𝑟-direction.

Positive charge Negative charge

3rd layer

2nd layer

1st layer

(a) (b)

Fig. 1. The electron density distribution models for quasi
two-phase mixture: (a) spherical model and (b) cross-
section model.
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Fig. 2. The characteristic curves of three kinds of
nanocomposite films: (a) isothermal decay current 𝐼 ver-
sus time 𝑡, (b) trap level distributions 𝑁(𝐸t)–𝐸t, and (c)
𝑢t–𝐸t.

The PI/Al2O3 nanocomposite films doped by
Al2O3 contents of 5wt%, 10 wt%, 15wt%, 20 wt%
and 25wt% were prepared by the in-situ polymer-
ization method. Figure 2(a) gives the characteristic
curves of isothermal decay 𝐼–𝑡 for the pure PI and
PI/Al2O3 films at a direct current (DC) electric field
of 30 kV/mm. As seen in Fig. 2(a), the IDC change of
pure PI with the decay time 𝑡 in the range of 0–12000 s
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is not obvious. The IDC of PI/Al2O3 nanocomposite
films, on the other hand, decreases quickly with 𝑡 in
the same time range, and the IDC change increases
with the doping contents.

Figure 2(b) shows the curves of the trap level den-
sity and the trap level of PI/Al2O3 films doped by
different contents. It is clearly seen that the trap
level density in the energy range of 1.24–1.34 eV in-
creases when the doping increases,[16] and the maxi-
mum trap level density of the film doped by 25wt%
is 1.054× 1022 eV·m−3 at 1.324 eV. From Eqs. (2)–(4),
the relationship curves of the carrier mobility and the
trap level in the nanocomposite films are shown in
Fig. 2(c). As seen in Fig. 2(c), the carrier mobility
ranges from 0 to 1.0 × 10−14 cm2/(V·s) and decreases
with not only the doped Al2O3 contents but also the
trap level. The reason is that there are a large num-
ber of traps in the interface region introduced by dop-
ing, and the average distance of free electrons to be
trapped is reduced, resulting in a significant decrease
of the carrier mobility.[17] The distribution of electron
density in the interface is associated with the trap level
and the trap level density that can be evaluated by
the SAXS test. The Porod plots (ln[𝑞3𝐼(𝑞)]–𝑞2) of the
PI/Al2O3 nanocomposite films in the SAXS test are
shown in Fig. 3 (where 𝑞 is the scattering vector, and
𝐼(𝑞) is the scattering strength).[18]
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Fig. 3. The Porod test ln[𝑞3𝐼(𝑞)] of the PI/Al2O3

nanocomposite films versus 𝑞2.

As shown in Fig. 3, the slopes 𝜎 of the Porod plots
gradually change from positive to negative with the
addition of doped contents when 𝑞2 ranges in 0.3–
1.0, indicating that there are multi-fractal interfaces
formed between the Al2O3 nanoparticles and the PI
matrix. According to Porod’s Law, when the Porod
plot has a negative slope, the interface thickness 𝐷
is relative to the slope 𝜎 of the Porod curve (where
𝐷 =

√
2𝜋𝜎) and can be calculated as listed in Table

1.
As listed in Table 1, 𝐷 increases with the addition

of doped Al2O3 contents, showing that the interac-
tion between PI matrix and nanoparticles is enhanced
and the action for binding and anchorage of nanopar-
ticles is improved as well. According to the electron
density distribution 𝜌c(𝑟) of spherical nanoparticle for
quasi two-phase mixture, there is an interface with

thickness 𝐷 to be formed between the PI matrix and
nanoparticles. From Eq. (9), Fig. 4 shows the distri-
bution curves of electron density of the films related
to the distance ∆𝑅 from the radius 𝑅 position (where
the zero point on the horizontal axis is the position of
the distance 𝑅 from the nanoparticle center).
Table 1. Interface thicknesses 𝐷 of PI/Al2O3 nanocomposite
films doped with different contents.

Contents (wt%) 5 10 15 20 25
𝐷 (nm) 0.54 0.61 1.31 1.40 1.48
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Fig. 4. The electron density distributions in the interface
of nanocomposite films.

As shown in Fig. 4, taking the PI/Al2O3 nano-
composite film doped with content of 25 wt% as an
example, the interface can be divided into three lay-
ers corresponding to the above spherical model. Both
the trapped electron density and interface thickness
increase with the addition of doped Al2O3 contents.
It is shown that a transition region for the change
rate of electrons density occurs around the radius 𝑅.
The change rate of electrons density in the first layer
increases along 𝑟 direction, and it is an approximate
maximum in the second layer closed to the radius 𝑅,
after that it decreases in the third layer slowly, cor-
responding to the changes of trap level density and
carrier mobility in the interface.

According to the Tanaka multi-core model, the
different change rates of electron density along the
𝑟-direction indicate that the trap level distributions
are also different in the three layers. The first layer
is formed via close links for ion bonds and covalent
bonds between PI and Al2O3 nanoparticles, where the
segments of PI molecular chains are fixed on the sur-
faces of Al2O3 nanoparticles. It is the reason for the
absence of movable mobility and the high trap level
density to occur responding to the high electron den-
sity distribution. Through winding between polymer
chain segments, the chain segments in the second layer
has a certain degree of crystallinity via the binding of
fixed layer, thus the change rate of electron density is
the most significant compared with the other layers,
resulting in the forming of the maximum trap level
density and the lowest carrier mobility in this region.
The structure of the third layer region being close to
the PI matrix is similar to the PI matrix having a
small amount of traps, with reduced change rate of
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the electron density and improved carrier mobility in
this region.

In conclusion, the maximum trap level density and
interface thickness for the nanocomposite film doped
with Al2O3 of 25 wt% are 1.054 × 1022 eV·m−3 at
1.324 eV and 1.48 nm, respectively, and both of them
increase with the addition of doped Al2O3 contents.
The change rate of electron density in the interface is
modeled with three layers and the change rates in the
three layers are different, thus the trap distributions
in the three layers are also different. The maximum
trap level density is in the second layer of the interface
corresponding to the highest change rate of electron
density, resulting in the lowest carrier mobility. The
study on the distributions of traps and electron den-
sity in the interface of polymers helps to provide the
guide for obtaining a higher electrical performance of
nano-dielectrics.
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