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ABSTRACT

Amorphous aluminum oxide a-Al2O3 deposited by atomic layer deposition (ALD) is widely used in nonvolatile memory devices. In this
paper, the leakage current dependence on the ALD synthesis temperature is investigated by six charge transport models: Schottky effect,
thermally assisted tunneling at a contact, Frenkel effect, Hill-Adachi model of overlapping Coulomb potentials, Makram-Ebeid and Lannoo
multiphonon isolated trap ionization model, and Nasyrov–Gritsenko model of phonon-assisted tunneling between neighboring traps. It is
shown that the leakage current exponentially increases with the ALD synthesis temperature, which is related to the increase in trap
concentration.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0217150

Amorphous aluminum oxide (a-Al2O3) is used in modern
TANOS (TaN/Al2O3/Si3N4/SiO2/Si) NAND flash memory devices
based on the localization effect of electrons and holes at traps in silicon
nitride.1,2 Currently, a-Al2O3 is intensively studied as an active layer in
the memristor memory.3–10 When a short (for example, in this
paper,11 the pulse duration of 100 ps was reached) voltage pulse is
applied, the memristor switches from a high-resistance state (HRS) to
a low-resistance state (LRS). To switch back from a LRS to a HRS, volt-
age pulse of a different polarity or a different value is used. At the same
time, HRS and LRS are retained, when the voltage is off, for 10years at
85 �C. Typically, the memory window [the HRS (ROFF) to the LRS
(RON) ratio] in a memristor based on different materials is in the range
of 2–4 orders of magnitude.12–14 a-Al2O3 is a unique material in which
the ROFF/RON ratio can reach six orders of magnitude.15

In microelectronic devices, a-Al2O3 films are grown by the atomic
layer deposition (ALD) method. The dependence of ALD a-Al2O3 film
properties on the synthesis temperature has already been noted,16,17

but no correlation has been made yet with leakage currents. One of the
most important ALD a-Al2O3 parameters is the leakage current, which
determines the breakdown voltage. The charge transport in stoichio-
metric a-Al2O3 films, at low trap concentrations, is limited by the mul-
tiphonon isolated trap ionization model.18,19

The leakage current value strongly depends on the a-Al2O3 syn-
thesis conditions in the ALD process. Increasing the synthesis temper-
ature of ALD a-Al2O3 leads to an exponential increase in the a-Al2O3

leakage current.20 In the experiment, a wide range of leakage currents
in silicon nitride21 and silicon oxide22 films is observed. Currently,
there is no universal explanation for the wide range nature of leakage
currents in dielectric films. The aim of this work is to establish the
physical cause of the wide range of alumina leakage currents at differ-
ent ALD synthesis temperatures.

Before the ALD process, the substrate surface was treated as fol-
lows: the removal of organic contaminants from the substrate surface
in a solution of H2O:NH4OH:H2O2 heated to 75 �C for 10min; rinsing
the substrate in de-ionized water; removal of native oxide from the
substrate surface in a 10% HF solution at room temperature for 2min;
and rinsing again the substrate in de-ionized water and drying the sub-
strate with compressed air.

The synthesis of the functional a-Al2O3 layer was carried out by
the ALD method using trimethylaluminum (TMA) and de-ionized
water as precursors. The a-Al2O3 structures were synthesized at 160,
200, and 250 �C to reveal the difference in the charge transport mecha-
nism in the a-Al2O3 layer at different ALD synthesis temperatures.
The thickness of the deposited ALD a-Al2O3 layers was controlled by
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ellipsometry and amounted to d¼ 376 1 nm. A magnesium (Mg)
metal contact was selected due to the work function to exclude the
hole conductivity in the structure. In the Mg contact case, unipolar
electronic conductivity occurred in the n-Si/Al2O3/Mg structure. The
Mg contact area was 0.5mm2. The current–voltage characteristics
were carried out on a Keithley 2400 electrometer. The temperature
range of 300–375K was set in the Linkam LTS420E cell and tempera-
ture controller Linkam T95.

The measurements of the current–voltage characteristics were
carried out on n-Si/Al2O3/Mg structures at different temperatures. The
experimental data of current–voltage characteristics were recalculated
in the current density dependence on the electric field [lg(j)-F] charac-
teristics taking into account the known sample thickness and contact
area. We assume that the leakage current increases with the increasing
ALD synthesis temperature, and the charge transport mechanism is
then different.

The Schottky effect is a phenomenon where the interface barrier
height decreases at strong applied electric field [Fig. 1(a)]. The
Schottky effect current density is described by the following equation:23

j ¼ AT2 exp �
W0 � e3

4pe1e0

� �1=2 ffiffiffi
F

p

kT

0
B@

1
CA
; (1)

A ¼ 4pm�k2e
meh3

¼ 120:4
m�

me

A
cm2K2

� �
; (2)

where j—current density, A—Richardson-Dushman constant, T—
temperature, W0—potential barrier height at the n-Si/Al2O3 interface,
F—electric field, k—Boltzmann constant, e—electron charge,
e1¼ n2—high frequency dielectric permittivity, n—refractive index,
e0—dielectric constant, m�—electron effective mass, me—electron
mass, and h—Plank constant.

The lg(j)-F characteristics of the n-Si/Al2O3/Mg structure synthe-
sized at 250 �C were measured in the silicon substrate accumulation

mode at a positive potential on Mg. The charge transport simulation
by the Schottky effect is shown in Fig. 1(a). The Schottky effect for-
mally describes the experimental data of the n-Si/Al2O3/Mg structure
synthesized at 250 �C, but the fitting parameters obtained during simu-
lation do not correspond to the given structure and Al2O3 material.
The potential barrier height, at the n-Si/Al2O3 interface, value
W0¼ 1.25 eV was determined from current density temperature
dependence. However, the theoretical potential barrier height at the
Si/Al2O3 interface value W0 is around 2.1 eV.24 The high-frequency
dielectric constant obtained by Schottky effect simulation is anoma-
lously small (e1¼ 0.85), compared to the experimental ellipsometric
data (e1¼ n2¼ 1.62¼ 2.56). In addition, the Schottky effect simula-
tion effective mass value (m�¼ 3� 10�8me) is also anomalously small.
All of those fitting parameters indicate that the Schottky effect cannot
describe the charge transport in the n-Si/Al2O3/Mg structure synthe-
sized at 250 �C.

The thermally assisted tunneling (TAT) at a contact is described
in the case when electrons are tunneling through the triangle barrier at
a higher energy than the Fermi level in the metal [Fig. 1(b)]. The cur-
rent density expression for the TAT at a contact has the following
form:25,26

j ¼ CF exp �
W0 � 1

6
heF

4pkT
ffiffiffiffiffiffi
m�p

� �2

kT

0
B@

1
CA
; (3)

where C ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pm�kT

p ðehÞ2.
The TAT at a contact model only has two fitting parameters, and

simulation by the TAT at a contact model gives the effective mass
value of m�¼ 0.8me and potential barrier height, at the n-Si/Al2O3

interface, value ofW0¼ 1.27 eV. The simulated potential barrier height
value is still lower than the theoretical one. The TAT simulation with
those parameters can only describe the experimental data at 300K and
cannot describe the experimental current density data at other temper-
atures [Fig. 1(b)]. Therefore, the TAT at a contact model cannot
describe the charge transport in the n-Si/Al2O3/Mg structure synthe-
sized at 250 �C.

A current density in the dielectric bulk is determined by following
expression:27

j ¼ eNPl � eN2=3P; (4)

where N—filled trap concentration, P—trap ionization probability,
and l—electron mean free path to the next capture on the trap, which
is approximately equal to a—average distance between traps
(l� a¼N�1/3).

The Frenkel mechanism is the thermal ionization of an isolated
Coulomb trap in a strong electric field.28,29 The trap ionization proba-
bility of isolated Coulomb traps by the Frenkel mechanism was given
by the following expression:28,29

P ¼ � exp �
W �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e3

pe1e0
F

s

kT

0
BB@

1
CCA
; (5)

where W is the trap ionization energy and � is the attempt-to-escape
factor (electron collisions frequency with the walls of a potential well
evaluated in the Frenkel model asW/h).

FIG. 1. Current density dependence on the electric field in n-Si/Al2O3/Mg (ALD
250 �C) at different temperatures and the theoretical dependences obtained based
on (a) the Schottky effect and (b) the thermally assisted tunneling (TAT) at a con-
tact. Above are a schematic representation of the Schottky effect, the TAT at a con-
tact model, and a 3D image of the n-Si/Al2O3/Mg structure.
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The charge transport simulation of the n-Si/Al2O3/Mg structure
by the Frenkel effect is presented in Fig. 2(a). The trap ionization
energy value was determined from the current density temperature
dependence as W¼ 1.4 eV. From the known ionization energy value,
the attempt-to-escape factor was found: �¼W/h¼ 3.4� 1014 s�1. The
remaining selected parameters are trap concentration and high-
frequency dielectric constant. When simulating with the Frenkel effect,
anomalously small values of trap concentration (N¼ 13 cm�3) and
high-frequency dielectric constant (e1¼ 0.85) are obtained.
Therefore, the Frenkel effect does not describe the charge transport
mechanism in the n-Si/Al2O3/Mg structure synthesized at 250 �C.

As the trap concentration increases, the distance between them
becomes such that the ionization energy decreases due to the overlap
of two neighboring Coulomb traps. The conductivity at a high
Coulomb trap concentration is described by the Hill-Adachi (H-A)
model of overlapping Coulomb potentials.30,31 The ionization proba-
bility in the H-A model is given by the following expression:30,31

P ¼ 2� exp �
W � e2

pe1e0a
kT

0
@

1
A
sinh

eFa
2kT

� �
: (6)

The experimental data and simulation results obtained by using
the H-A model are presented in Fig. 2(b). Model H-A qualitatively
describes the charge transport in the n-Si/Al2O3/Mg structure with the
trap concentration of N¼ 7� 1018 cm�3, high-frequency dielectric
constant of e1¼ 2.56, and ionization trap energy of W¼ 1.2 eV. The
attempt-to-escape factor used in model H-A is �¼W/h¼ 2.9
� 1014 s�1. However, from the experimental data, the H-A model pre-
dicts the abnormally low attempt-to-escape factor value of �¼ 900 s�1.
Therefore, the H-A model does not describe the charge transport
mechanism in the n-Si/Al2O3/Mg structure synthesized at 250 �C.

Similar to the Frenkel effect, the multiphonon isolated trap ioni-
zation model of Makram-Ebeid and Lannoo (ME-L) describes the trap
ionization in the case of a large distance between traps or a low trap

concentration, but the ME-L model describes the multiphonon ioniza-
tion of a neutral isolated trap instead of the Coulomb trap ionization
in a strong electric field. In the ME-L model, the electron is excited
into the conduction band due to the multiphonon absorption, where it
moves along the electric field until it is captured by the neighboring
trap. Such electron movements are repeated until the electron reaches
the contact [Fig. 3(a)].32 The multiphonon trap ionization probability
of the ME-L model has the following form:32

P ¼
X
n

exp
nWph

2kT
�Wopt �Wt

Wph
coth

nWph

2kT

� �

� In
Wopt �Wt

Wphsinh Wph=2kT
� �

 !
Pi: (7)

Herein, Pi ¼ eF
2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�ðWtþnWphÞ

p exp � 4
3

ffiffiffiffiffiffi
2m�p
�heF ðWt þ nWphÞ3=2

	 

, where

Wt is the thermal trap energy, Wopt is the optical trap energy, Wph is
the phonon energy, In is the modified Bessel function, Pi is a tunneling
probability through a triangular barrier, and � is the reduced Planck
constant.

The experimental data and simulation results obtained by using
the ME-L model are presented in Fig. 3(a). The comparison of the
experimental data for the n-Si/Al2O3/Mg structure with the ME-L
model is given with the parameters of thermal trap energyWt¼ 1.5 eV
and the optical trap energy of Wopt¼ 3.0 eV. However, the ME-L
model predicts the low effective mass ofm�¼ 0.05me and the unphysi-
cally low trap concentration value of N¼ 0.6� 1014 cm�3. With the
obtained parameters, the ME-L model does not describe the charge
transport in the n-Si/Al2O3/Mg structure synthesized at 250 �C.

At a high trap concentration, the distance between neutral traps
is small. The Nasyrov–Gritsenko (N-G) model of phonon-assisted
tunneling between neighboring traps takes into account the overlap-
ping integral of neighboring neutral traps. After ionization, it is more

FIG. 2. Current density dependence on the electric field in n-Si/Al2O3/Mg (ALD
250 �C) at different temperatures and the theoretical dependences obtained based
on (a) the Frenkel effect and (b) the Hill-Adachi (H-A) model of overlapping
Coulomb potentials. Above is a schematic representation of the Frenkel model and
the H-A model.

FIG. 3. Current density dependence on the electric field in n-Si/Al2O3/Mg (ALD
250 �C) at different temperatures and the theoretical dependences obtained based
on (a) Makram-Ebeid and Lannoo (ME-L) model of multiphonon isolated trap ioniza-
tion and (b) Nasyrov–Gritsenko (N-G) model of phonon-assisted tunneling between
neighboring traps. Above is a schematic representation of the ME-L model and the
H-A model.
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advantageous for the electron to immediately tunnel to the neighbor-
ing trap, without entering the conduction band [Fig. 3(b)].33 The trap
ionization probability in the N-G model has the following form:33

P ¼ 2
ffiffiffi
p

p
�hWt

m�a2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kT Wopt �Wtð Þ

p exp �Wopt �Wt

kT

� �

� exp � 2s
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�Wt

p
�h

� �
sinh

eFa
2kT

� �
: (8)

The experimental lg(j)-F characteristics of the n-Si/Al2O3/Mg
structure and the curves simulated by means of the N-G model are
presented in Fig. 3(b). The lg(j) -F characteristics at various tempera-
tures are described by the N-G model with the following parameters:
thermal trap energy of Wt¼ 1.5 eV, optical trap energy of

Wopt¼ 3.0 eV, trap concentration of N¼ 0.7� 1019 cm�3, and effec-
tive mass of m�¼ 0.17me. Consequently, the charge transport mecha-
nism in the n-Si/Al2O3/Mg structure synthesized at 250 �C is
described by the N-G model of phonon-assisted tunneling between
neighboring traps.

Similar simulations and their analysis were used for the n-Si/
Al2O3/Mg structure synthesized at 160 and 200 �C. All fitting parame-
ters are presented in Table I. An increase in the synthesis temperature
of a-Al2O3 from 160 to 250 �C is accompanied by a transition from the
multiphonon isolated trap ionization model to the phonon-assisted
tunneling of electrons between neighboring traps model (Fig. 4). In
this transition, the thermalWt¼ 1.5 eV and opticalWopt¼ 3.0 eV trap
energies do not change. At a low synthesis temperature (160 �C), the
trap concentration is relatively low; the trap ionization occurs in the
conduction band [Fig. 3(a)]. Increasing the synthesis temperature leads
to an increase in the trap concentration [Fig. 3(b)]. In this case, when
traps are ionized, it becomes more favorable for the electron tunnel to
a neighboring trap, but not into the conduction band [Fig. 3(b)].

It was shown that oxygen vacancies act as traps in a-Al2O3.
34

Si–Si bonds act as traps in SiNx and SiOx.
35,36 The exponential increase

in the current of SiNx and SiOx, with the enrichment in silicon, is
explained by an increase in the concentration of Si-Si bonds, a decrease
in the barrier to the tunneling between traps in the N-G model.

In this paper, the charge transport mechanisms in amorphous
a-Al2O3 films synthesized at different temperatures were studied. At
the synthesis temperature of 160 �C, the charge transport mechanism
is described by the Makram-Ebeid and Lannoo model of multiphonon
isolated trap ionization. Increasing the synthesis temperature to 200
and 250 �C leads to an increase in the trap concentration, and the
Nasyrov–Gritsenko model of phonon-assisted tunneling between
neighboring traps is used for describing the charge transport mecha-
nism in a-Al2O3 films.

The part of the work related to the charge transport study was
carried out under the Russian state contract with the ISP SB RAS

TABLE I. Fitting parameters for all charge transport models for different samples. Red colored parameters are unfitted for simulating experimental data.

Sample Schottky TAT Frenkel H-A ME-L N-G

160 �C m�¼ 4� 10�5 me

W0¼ 1.8 eV
e1¼ 0.18

m�¼ 1.0me

W0¼ 1.36 eV
N¼ 8.0� 1014 cm�3

W¼ 1.6 eV
�¼ 3.8� 1014 s�1

e1¼ 1

N¼ 5.0� 1018 cm�3

W¼ 1.5 eV
�¼ 7.8� 104 s�1

e1¼ 2.56

N¼ 4.0� 1018 cm�3

m�¼ 0.24me

Wt¼ 1.5 eV
Wopt¼ 3.0 eV
Wph¼ 60meV

N¼ 5.0� 1018 cm�3

m�¼ 0.07me

Wt¼ 2.2 eV
Wopt¼ 4.4 eV

200 �C m�¼ 5� 10�9 me

W0¼ 1.25 eV
e1¼ 0.25

m�¼ 0.9me

W0¼ 1.3 eV
N¼ 0.7 cm�3

W¼ 1.4 eV
�¼ 3.4� 1014 s�1

e1¼ 0.85

N¼ 6.0� 1018 cm�3

W¼ 1.2 eV
�¼ 67 s�1

e1¼ 2.56

N¼ 0.3� 1013 cm�3

m�¼ 0.05me

Wt¼ 1.5 eV
Wopt¼ 3.0 eV
Wph¼ 60meV

N¼ 6.0� 1018 cm�3

m�¼ 0.19me

Wt¼ 1.5 eV
Wopt¼ 3.0 eV

250 �C m�¼ 3� 10�8 me

W0¼ 1.25 eV
e1¼ 0.25

m�¼ 0.8me

W0¼ 1.27 eV
N¼ 13 cm�3

W¼ 1.4 eV
�¼ 3.4� 1014 s�1

e1¼ 0.85

N¼ 7.0� 1018 cm�3

W¼ 1.2 eV
�¼ 900 s�1

e1¼ 2.56

N¼ 0.6� 1014 cm�3

m�¼ 0.05me

Wt¼ 1.5 eV
Wopt¼ 3.0 eV
Wph¼ 60meV

N¼ 7.0� 1018 cm�3

m�¼ 0.17me

Wt¼ 1.5 eV
Wopt¼ 3.0 eV

FIG. 4. Current density dependence on the electric field in a-Al2O3 films at different
synthesis temperatures and the theoretical dependences obtained based on the
Makram-Ebeid and Lannoo (ME-L) model of multiphonon isolated trap ionization
and the Nasyrov–Gritsenko (N-G) model of phonon-assisted tunneling between
neighboring traps. The thermal trap energy is Wt¼ 1.5 eV and the optical trap
energy is Wopt¼ 3.0 eV for both models.
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