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Charge Transport Mechanism in
Metal–Nitride–Oxide–Silicon Structures

K. A. Nasyrov, V. A. Gritsenko, M. K. Kim, H. S. Chae, S. D. Chae, W. I. Ryu, J. H. Sok, J.-W. Lee, and B. M. Kim

Abstract—A charge transport mechanism in double oxide–ni-
tride dielectric was studied experimentally and theoretically. We
have found that widely accepted Frenkel effect or thermally as-
sisted tunneling could not explain experimental current-field-tem-
perature dependences. For the first time we demonstrate that ion-
ization mechanism of deep traps, which control charge transport
in silicon nitride, is due to multiphonon process.

Index Terms—Dielectric materials, EEPROM, MNOS devices,
silicon nitride, trap.

I. INTRODUCTION

T HE TRIPLE oxide–nitride–oxide (ONO) and double
oxide–nitride (ON) dielectrics are widely used in silicon

devices. The advantages of ONO and ON structures include
low pinhole density, high dielectric constant, low leakage
current, and high breakdown field. Electron and hole capture
by deep traps in silicon nitride SiN of ONO are exploited
in electrically erasable read only memory (EEPROM) devices
[1]–[4]. In dynamic random excess memory (DRAM) ONO
or ON dielectric are used in memory capacitor [5]. ONO
structures are also used as insulator in floating gate EEPROM
[6] and as interpoly-Si and gate insulator in CMOS devices [7].

It is important to know charge transport mechanism in SiN
especially for SONOS, floating gate EEPROM, and in DRAM.
In EEPROM nitride trap ionization defines the charge retention
time. In DRAM-based on ONO and ON structures, leakage cur-
rent must be small for information saving during refreshing.

In fact, charge transport in ONO and ON is controlled by deep
traps in SiN . It is widely accepted that in high temperature
regime trap ionization mechanism in SiN is Frenkel effect [8],
[9]. However, the fitting of the experimental data on the base of
Frenkel effect gives unphysical low the attempt to escape factor
in the range 10–5 10 s [10], [11]. Therefore, other trap
ionization mechanism should be introduced into consideration,
as, for example, the thermally assisted tunneling (TAT) [12],
[13] or multiphonon assisted electron detrapping [14], [15].

The goal of the present paper is experimental and theoretical
study of charge transport mechanism in SiN of stacked ON
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dielectric when transport is limited by trapped charge in nitride.
By obtained experimental data we examined TAT, and multi-
phonon assisted ionization models. We have found that only the
last mechanism shows a good agreement with the experiment
for reasonable physical parameters.

II. SAMPLES

As substrate silicon n-type with resistivity of 7.5cm was
used for MNOS structures fabrication. Tunnel oxide (18 Å) was
thermally grown on silicon at 740C. LPCVD silicon nitride
with thickness of 530 Å was prepared at 760C. The ratio of
SiH Cl /NH . Al electrodes with square 510 cm
were made with photolithography.

III. T HEORETICAL MODEL

A one-dimensional (1-D) and one band model of charge trans-
port is used, which takes into account Shockley–Reed statistics
for trap population. In the case of our experiment, when posi-
tive bias was applied on Al electrode, one band transport model
assumes only electron injection from silicon substrate and ne-
glects the hole injection from Al electrode [16]. In fact, the bar-
rier for hole injection from Al gate into SiN (2.5 eV) is larger
than the one for electron on the interface Si–SiN (2.0 eV, see
[17]). Moreover, the thin oxide between Si and SiN facili-
tates the electron injection because of electric field amplifying
in oxide due to the low dielectric constant of oxide ( ) in
comparison with one of nitride ( ). Under these assump-
tions, electron transport in SiN can be described by the fol-
lowing set of equations:

(1)

(2)

(3)

Here , , and are densities of free electrons, electron traps,
and occupied traps, respectively. is the local electric
field, is the electron charge, is the cross section of the trap,

is an electron drift velocity, and is a low-frequency di-
electric constant of SiN . P is the probability of trap ionization
per second.

Presently it is widely accepted that charge transport in SiN
at high temperatures ( K) is described by Frenkel effect
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[9], [10], [13], [17]–[19] and for this model the trap ionization
probability P is given by

(4)

Here, is the trap energy, is Frenkel constant,
is the high-frequency SiN dielectric constant, is an attempt
to escape factor. Obviously Frenkel model cannot describe trap
ionization at low temperature, where tunnel mechanism of elec-
tron escape dominates. Therefore in the present paper we inves-
tigate two models, which are able to describe of trap ionization
in entire temperature region.

One of these models is the thermally assisted tunnel (TAT)
detrapping, which was proposed in [12], [13]. We use the
following modification of this model when the trap ionization
probability is given:

(5)

for Coulomb potential. Here, is the excited energy level, and
is the tunnel effective mass. Unlike paper [18] we assume

a continual distribution of excited electron levels for thermally
assisted tunneling. One can see that this model coincides with
Frenkel model in high temperature limit and also describes the
pure tunnel ionization at low temperature (see Fig. 1).

The second model of carrier detrapping we consider is the
multiphonon trap ionization [14], [15]. Theory of multiphonon
processes [15] gives the following equation for the probability
of ionization:

(6)

Here, , are the optical and thermal energies of trap ion-
ization, and is the phonon energy.

IV. RESULTS AND DISCUSSION

Two sets of experiments were performed to obtain the most
information about trap ionization mechanism. For the first set
the current dependence on temperature was measured and for
second one the current as a function of applied voltage was reg-
istered. The experimental current dependence on temperature

Fig. 1. Experimental current–temperature dependence at different electric
fields (dots) compared with simulation for multiphonon and TAT mechanisms
of trap ionization. The rate of temperature decrement is 1 K/s. Best fit
parameters: multiphonon mechanism (solid line)W = 1:85 eV,W = 3:7

eV,W = 0:064 eV,N = 7.5� 10 cm , � = 5� 10 cm ; TAT
(dashed line)W = 1:25 eV;m = 4 m ; � = 10 s ; N � 2.5� 10
cm ; and� = 5� 10 cm .

Fig. 2. I–V characteristics at different temperatures and positive potential on
gate (dots) compared with multiphonon mechanism. Parameters for simulation:
W = 1:71 eV,W = 3:6 eV,W = 0:064 eV,N = 1� 10 cm ,
and� = 5� 10 cm .

at different fixed positive voltages (on Al) is shown in Fig. 1 in
Arrhenius coordinates log J-T. Current is approximately con-
stant for the temperature lower than 200 K and increases with
temperature in high temperature region ( K). Similar
behavior of current was previously observed in [8], [9], [19].

The measured current–voltage (– ) characteristics are
shown in Fig. 2 at different temperatures for positive potential
on metal. These graphics demonstrate that current magnitude
increases exponentially with the electric field.

For data fitting on the base of TAT, the varied parameters were
, , , and , whereas we used fixed 5 10

cm for trap cross-section [18]. The numerical method to solve
(1)–(3) is similar to the one described in [20]. The results of
simulation are reported in Fig. 1. A satisfactory agreement with
experiment can be obtained only for low the attempt to escape
factor 1/s and abnormal high tunnel effective mass in
Si N for electron m . The last contradicts to experi-
mentally measured m [17], [21], [22].
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Fitting results on the base of the multiphonon trap ionization
model [see (6)] are presented Figs. 1 and 2 as solid lines. In
this case the varied parameters for fitting were: , , .
For simulation we used in this case the fixed values
m , trap density , and the same trap cross-section as in TAT
simulation. One can see that there is a good agreement between
experiment and simulation for all temperature diapason and for
all values of applied voltage. Thus, the simulation of both ex-
periments gives close trap parameters. Small difference in these
parameters can be related with experimental errors and slow cur-
rent relaxation phenomenon [23]. Multiphonon model gives the
physical reasonable attempt to escape factor value in order of
5 10 s and trap energies eV.

V. CONCLUSION

In this letter, experimental results of charge transport in
SiO /Si N stacked dielectric were analyzed on the base of two
theoretical models. It was found TAT can describe experimental
data only with unphysical low attempt to escape factor, and
enormously high tunnel effective mass. For these reasons, it
appears that this model is not suitable for charge transport in
Si N .

In contrast, the model of multiphonon trap ionization satis-
factory describes charge transport experiments in SiN . It gives
the physical reasonable values for trap parameters. Multiphonon
mechanism of trap ionization in silicon nitride should be used
for retention simulation in SONOS and floating gate EEPROM.
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