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The charge transport mechanism in amorphous alumina, Al2O3, is investigated both theoretically and
experimentally. We found that the experimental current–field–temperature dependencies can hardly
be understood based on the commonly used Frenkel effect or the thermally-assisted tunneling model.
Instead, we suggest that the charge transport in Al2O3 is related to the ionization of the deep trap by mul-
tiphonon tunneling. Excellent agreements between the predicted, the measured data were obtained by
using the proposed multiphoton model with the following values of trapping parameters: thermal ioni-
zation energy of 1.5 eV, optical ionization energy of 3.0 eV, phonon energy of 0.05 eV, electron effective
mass of 0.4me. The density of electron trap and electron capture cross-section of neutral traps are
2 � 1020 cm�3 and 5 � 10�15 cm2, respectively.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Aluminum oxide, Al2O3, is a material of much interested as an
alternative to silicon dioxide, SiO2, for suppressing the gate tunnel
current in silicon devices. The aluminum oxide has advantage of
high dielectric constant of about 10 [1,2], a large bandgap energy
of 6.2 eV and thus a high electron barrier (�2.0 eV) at the Si/
Al2O3 interface [3]. In addition, it was found that Al2O3 films grown
on silicon have lower leakage currents than that of hafnium oxide
[4,5] because of the lower trap density in Al2O3. Al2O3 films were
also proposed to be used as blocking layers in flash memory cells
[6–10]. To be used as a blocking layer in flash cells, the leakage cur-
rent must be extremely low in order to maintain charge storage for
a 10 year period at elevated temperatures (85 �C). Thus, a detail
investigation on the charge transport mechanism in this material
is very important.

Electrical conduction in dielectrics under high electric fields
(�5 MV/cm) is often considered to obey the widely-accepted Fren-
kel trap ionization model [11,12]. However, in high-k materials, the
leakage current characteristics are often diverged from the Frenkel
model [13,14]. It was proposed that the current conduction in
Al2O3 at room temperature is dominated by the Frenkel mecha-
nism [15,16]. A different trap ionization model which assumes that
the trap ionization rate in a semiconductor is controlled by a mul-
tiphonon mechanism was also proposed in the literature [12,17–
19]. As will be demonstrated in this work, the same mechanism
ll rights reserved.
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is also applicable to the Al2O3 case. The experimental details will
be given in Section 2 and the theoretical background will be given
in Section 3.
2. Experimental

Al2O3 films of about 20 nm thick were deposited on (1 0 0) ori-
ented p-type silicon substrates with resistivity of about 5 X cm by
using atomic layer deposition (ALD) from a trimethylaluminum
Al(CH3)3 and H2O precursors. Here we used much thick films in or-
der to minimize the effects of interface layer. After deposition, the
Al2O3 films were annealed in a dry nitrogen ambient for 5 s. Elec-
tron diffraction pattern indicates that the as-deposited film is
amorphous. Aluminum gate contacts with area of 5 � 10�3 cm2

were deposited onto the films by thermal evaporation technique.
To measure the current conduction of the p-Si/Al2O3/Al capacitor,
the sample was placed in a liquid nitrogen cryostat. All measure-
ments were performed in accumulation mode, i.e. with a negative
potential applied to the gate metal. Temperature-dependent cur-
rents were measured at fixed voltages applied to the gate at a heat-
ing rate of 1 K/s. Current–voltage characteristics were measured at
fixed temperatures at a voltage ramp of 0.2 V/s. For samples biased
at a constant voltage, the measured current displayed a slow relax-
ation similar to that reported in amorphous silicon nitride Si3N4

[20]. The nature of the slow current relaxation in both Si3N4 and
Al2O3 still remains unclear. The high-frequency dielectric constant,
eopt, of amorphous Al2O3 was calculated with eopt = n2, where n is
the refractive index which was measured by an ellipsometer
ort mechanism in amorphous Al2O3 with multiphonon trap ionization ef-
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operated at wavelength of 6328 Å. The high-frequency dielectric
constant of Al2O3 was about 3.0 based on this study.

Since the hole barrier at the Si/Al2O3 interface, equals to 3.1 eV,
is greater than the electron barrier at the Si/Al2O3 or Al/Al2O3 inter-
faces which is about 2.0 eV only [3], electron injection from Al into
Al2O3 dominates the charge transport and the hole injection from
Si into Al2O3 should be negligible at negative bias. That is, the cur-
rent conduction in Al2O3 is unipolar and is governed by the elec-
tron current only which is similar to the HfO2 case [4].

The electron injection at the Al/Al2O3 interface was assumed to
be controlled by the Fowler–Nordheim (FN) mechanism with ther-
mally-assisted tunneling at the contact [21]. The experimental va-
lue of electron effective mass of about 0.45me was used in the
calculations [16]. The charge transport in metal/alumina/silicon
structures is normally controlled by the space charges localized
at the deep traps of the bulk Al2O3. The temperature and voltage
dependencies of conduction current in Al2O3 are therefore gov-
erned by the corresponding dependencies of trap ionization rate.
It was believed that the trap ionization process in dielectrics
should involve the Frenkel emission of charge carriers due to the
Coulomb barrier lowering under the applied electric fields [9].

3. Theory

In the Frenkel model, involving attractive Coulomb potential
(see Fig. 1a), the trap ionization probability, P, at low electric fields
and high temperatures is given by [11]

PFP ¼ m exp �Wt � b
ffiffiffi
F
p

kT

 !
ð1Þ
Fig. 1. (a) Coulomb trap ionization in a high electric field indicating pure tunneling
at high field and at low temperature, thermally-assisted tunneling in the interme-
diate temperature range, and thermal ionization (Frenkel emission) at weak field
and at high temperatures. (b) The configuration diagram for a neutral trap adopted
in the phonon-coupled trap model. The potential curves U1 and U2 refer to electron-
filled traps and empty traps, respectively.
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where Wt is the trap energy, b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e3=pe1e0

p
is the Frenkel constant,

and m is the attempt-to-escape factor; F is the local electric field; e is
the electron charge; e0 is dielectric constant; and the low-frequency
dielectric constant, e1, is about 10 for Al2O3.

At high electric fields and at low temperatures the Frenkel mod-
el can be further modified by taking into account trap ionization
involving thermally-assisted tunneling (TAT) which is given by

PTAT ¼
m

kT

Z Wt�b
ffiffi
F
p

0
dE

� exp � E
kT
� 2

�h

Z x2
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dx
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�ðeVðxÞ � EÞ

p� �
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where VðxÞ ¼Wt � e
4pe1e0x� Fx. Here, E is the excited energy level,

and m* is the electron effective mass. The points x1 and x2 are clas-
sical turning points and are given by

x1;2 ¼
1
2

Wt � E
eF

1� 1� eF

pe0e1ðWt � EÞ2

 !1=2
0
@

1
A ð3Þ

The electron tunneling is treated here within the semi-classical
approximation, and the integral over x can be expressed in terms of
elliptic integrals. The total trap ionization rate based on this ap-
proach is

P ¼ PFP þ PTAT ð4Þ

A phonon-coupled trap model was also considered to explain
the experimental data. Following the approach of Makram-Ebeid
and Lannoo [17], in this model we consider each empty trap as a
neutral center presenting an ‘oscillator’ or ‘core’, embedded in
the Al2O3 lattice and capable of capturing an electron. The trapping
characteristics are governed by the phonon energy (Wph = ⁄x),
thermal energy (WT) and the optical ionization energy (Wopt) as de-
picted in Fig. 1b. The rate of trap ionization can be approximated
by [17]:

P ¼
Pþ1

n¼�1
exp nWph

2kT � S coth Wph

2kT

h i
In

S
sinhðWph=2kTÞ

� �
PiðWT þ nWphÞ

PiðWÞ ¼ eF
2
ffiffiffiffiffiffiffiffiffiffi
2m�W
p exp � 4

3

ffiffiffiffiffi
2m
p

�heF W3=2
� �

; S ¼ Wopt�WT
Wph

ð5Þ

where In is the modified Bessel function and Pi(W) is the tunnel es-
cape rate through the triangular barrier of height W.

4. Results and discussion

Fig. 2 shows experimental curves of temperature-dependent
currents measured at various bias voltages applied to the samples.
Results based on Frenkel effect with trap ionization involving ther-
mally-assisted tunneling are illustrated in solid curves. Here, we
assumed that the capture cross-section of the Coulomb potential
is 5 � 10�13 cm2. At high temperatures and at weak electric fields,
the conduction current depends exponentially on temperature. Fit-
ting the experimental curves in the ln J versus l/T plot yields a trap
energy of 1.4 eV and an electron trap density of 5 � 1019 cm�3. The
absolute values of the electric current in the high temperature
range and weak fields yield an attempt-to-escape factor of
1 � 109 s�1 which is anomalously low. In the original paper for
Frenkel theory [11] the frequency factor m is evaluated as m = Wt/
h � 4 � 1014 s�1, which is much larger than the present value.
Meanwhile, the interpretation of amorphous Si3N4 conductivity
based on the Frenkel effect also results in an anomalously low-fre-
quency factor in the range of 106–109 s�1 [19,22].

At low temperatures, the electric current is almost independent
on temperature and can be explained with the trap-assisted tun-
neling. The effective mass of escaped electron can be evaluated
port mechanism in amorphous Al2O3 with multiphonon trap ionization ef-
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Fig. 2. Experimental current–temperature curves measured at different electric
fields (dots) with theoretical fitting based on the Frenkel effect with thermally-
assisted tunneling trap ionization (curves). The best-fit parameter values are:
Wt = 1.4 eV; m* = 3.5me; m = 1 � 109 s�1; r = 5 � 10�13 cm2 and Nt = 5 � 1019 cm�3.

Fig. 4. Current–temperature characteristics measured at different negative poten-
tials applied to the Al contact (dots) in comparison with data calculated using
quantum multiphonon mechanism (solid line). The parameters used in the
simulation are: WT = 1.5 eV, Wopt = 3.0 eV, Wph = 0.05 eV, electron effective mass
m* = 0.4me, density of electron traps Nt = 2 � 1020 cm�3, cross-section of electron
capture at the neutral trap r = 5 � 10�15 cm2.
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from fitting the experimental dependence with a calculated curve.
For Al2O3, m* = 3.5me. An anomalously high effective mass of
m* = 4.0me was reported for tunneling ionization of Coulomb traps
in amorphous Si3N4 [19]. Both values suggest that the current con-
duction in amorphous Al2O3 can be adequately described neither
by the Frenkel effect nor by including trap ionization by thermal-
assisted tunneling.

Fig. 3 shows the current–voltage characteristics measured at
various temperatures and fitted with the Frenkel model. The values
of parameters for traps are identical to those used in the I–T calcu-
lations. Note that here we used different effective electron masses
for Al2O3 bulk (m* = 3.5me) and at the Si/Al2O3 interface
(m* = 0.45me). As if the effective electron mass at the interface ex-
cess 0.45me, contact-limited conduction would emerge. This effect
manifests as a sharp decrease in the electric current as the bias
voltage decreases. That is not the case of the present experiments.

Fig. 4 plots the relationship of electric current versus tempera-
ture measured at various potentials. The solid curve was calculated
according to the Makram-Ebeid quantum theory of multiphonon
Fig. 3. Current–voltage characteristics measured at different temperatures with
negative potentials applied to the Al contacts (dots) with theoretical fitting based
on the Frenkel effect with thermally-assisted tunneling trap ionization (curves).
Best-fit parameters are: Wt = 1.4 eV; m* = 3.5me; m = 1 � 109 s�1; r = 5 � 10�13 cm2

and Nt = 5 � 1019 cm�3.
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trap ionization [17]. From the fitting point of view, Fig. 4 does
not yield much better fitting than that in Fig. 2. The rather obvious
improvement is that the multiphonon model has a better fit at high
temperature and high voltage (see the curve for �11.2 V bias) than
the TAT case. However, the accuracy of the fitting is not our pri-
mary concern. Our primary concern is that the values of the param-
eters must be sound physically. The TAT model does not yield
reasonable values of the model parameters. Considering the cur-
rent conduction in Al2O3 in term of the quantum Makram-Ebeid
multiphonon theory [17], the electron cross-section again assumed
to be 5 � 10�15 cm2 for neutral traps. At low temperatures and at
high electric fields, the rate of trap tunnel ionization is defined
by the effective mass and the effective barrier height which is close
to the optical ionization energy Wopt [19]. At temperatures close to
the liquid nitrogen temperature, effective mass of 0.4me, optical
ionization energy of 3.0 eV and trap concentration of
2 � 1020 cm�3 were obtained by fitting the experimental data with
theoretical curves (see Fig. 4). The effective mass obtained in pres-
ent study agrees with the experimental and theoretical values re-
ported earlier [16,23,24].

In the case of high temperatures and weak electric fields the
trap ionization probability depends on the energies WT and Wopt.
As shown in Fig. 1b, the combination of these energies defines
the trap ionization energy (WT + W2). In the quantum multiphonon
theory [17], core tunneling under parabolic potentials U1 and U2,
respectively, for traps with captured electrons and for empty traps
is considered. Hence, the trap ionization energy can be smaller
than WT + W2 in weak electric fields. The best-fit of the experimen-
tal data in Fig. 4 yields a WT value of 1.5 eV. The ratio between the
optical and thermal ionization energies of traps in Al2O3 is Wopt/
WT � 2, resulting in W2 � 0 eV. The same result was found earlier
for trap energies in Si3N4 [21]. The best agreement with the exper-
iment was obtained with a phonon energy Wph = 0.05 eV.

Fig. 5 shows the current–voltage characteristics measured at
various temperatures. Because of the slow current relaxation in
Al2O3 films, the measured current values from a voltage sweep
over the range of 6–11.2 V is slightly different to those given by
the temperature sweep. As shown in Fig. 5, a satisfactory agree-
ment with the experimental data is achieved. Comparing with
Fig. 4, although the fittings were based on different sets of data,
the fitting parameters obtained from Fig. 5 are only slightly differ-
ort mechanism in amorphous Al2O3 with multiphonon trap ionization ef-
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Fig. 5. Current–voltage characteristics measured at different temperatures with
negative potentials applied to the Al contacts (dots) in comparison with data
calculated using quantum multiphonon mechanism (solid line). The parameters
used in the simulation are: WT = 1.5 eV, Wopt = 3.0 eV, Wph = 0.05 eV, electron
effective mass m* = 0.4me, density of electron traps Nt = 2 � 1020 cm�3, cross-
section of electron capture at the neutral trap r = 5 � 10�15 cm2.
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ent to those obtained from the I–T fittings in Fig. 4. Similar differ-
ences were also found between the I–T and I–V as given in Figs. 2
and 3, respectively.

In summary, we have demonstrated that the fittings of the
experimental I–T and I–V curves with the Frenkel ionization model
(for traps with a Coulomb attractive potential) yields an extremely
low attempt-to-escape factor for trapped electrons (which is five
orders of magnitude lower than the theoretically-predicted value)
and an anomalously high value of the tunneling effective mass (an
order of magnitude greater than the experimental value). Hence,
the widely-accepted Frenkel model fails to produce a satisfactory
description for the current conduction in amorphous Al2O3. The
current conduction in Al2O3 film should be due to multiphonon
ionization of neutral trap.

5. Conclusions

We show that the current conduction in amorphous Al2O3 can
be modeled well with the multiphonon ionization of neutral trap
in a wide range of temperatures and electric fields. Parameters of
electron trap in amorphous Al2O3 were determined. These results
Please cite this article in press as: Novikov YN et al. Modeling the charge trans
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enable accurate prediction of leakage current and charge accumu-
lation at traps in Al2O3.

It is interesting that the electrical conduction behaviors in
amorphous Al2O3 are similar to that reported in amorphous silicon
nitride Si3N4. In both cases the conduction mechanism is controlled
by the multiphonon trap ionization. In addition, the value of the
effective electron mass obtained in the present study, m* = 0.4me,
agrees well with both the experimental value m* = 0.45me and the-
oretical value obtained previously in band calculations.
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