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a b s t r a c t

The charge transport mechanism in amorphous silicon nitride, Si3N4, was experimentally examined to
compare measured data with theoretical calculations made within the Frenkel model and the multi-pho-
non model of trap ionization. A good agreement between the experimental data and theoretical predic-
tions could be achieved assuming the multi-phonon mechanism to be in effect. The widely accepted
Frenkel model, although capable of explaining the measured data, fails to yield realistic values of the elec-
tron tunnel mass and attempt-to-escape factor.

Crown Copyright � 2008 Published by Elsevier Ltd. All rights reserved.

1. Introduction

By definition, the conductivity of a perfect insulator at moderate
temperatures should be extremely low. In 1916, Pool [1] was the
first to show that the electrical conduction in mica increases in
the presence of strong electric fields, with the increase following
an exponential law. In 1938, Frenkel put forward a theoretical
model to explain the exponential growth of conductivity with
the field strength in dielectrics with traps [2]. Since then, the Fren-
kel model has been widely used to interpret charge transport-re-
lated phenomena in a wide class of dielectrics, including oxides,
nitrides [3], high-k dielectrics [4], and ferroelectrics [5]. The mul-
ti-phonon model, an alternative to the Frenkel model, in which
trap ionization was assumed to involve a multi-phonon process,
was used to analyze the ionization of traps in semiconductors
[6,7]. Not long ago it was argued, however, that trap ionization in
semiconductors could be adequately understood in terms of the
Frenkel model only in relatively low (<103 V/cm) electric fields [8].

Localization of electrons and holes is a common feature inher-
ent to dielectrics and amorphous semiconductors [9]. For instance,
amorphous silicon nitride, Si3N4, is known to localize electrons and
holes, with the storage time being amazingly long (over 10 years at
400 K) [10]. Currently, the memory effect in Si3N4 is widely used in
silicon-based nonvolatile flash memory devices [11,12]. The charge
transport in metal–nitride–oxide–silicon (MNOS) structures with

moderately thick Si3N4 layers (20–70 nm) is controlled by trapped
charge in the Si3N4 bulk. The electric current across the dielectric
as a function of applied voltage, and temperature is determined,
therefore, by the corresponding dependences for the rate of trap
ionization. Presently, it is generally accepted that the trap ioniza-
tion mechanism in Si3N4 involves a Frenkel process, in which the
electric field acts to lower the Coulomb barrier for trapped carriers,
thus facilitating their migration through the dielectric [3]. The pur-
pose of the present study was to investigate, both experimentally
and theoretically, the mechanism of charge transport in Si3N4 over
a wide range of temperatures and electric field intensities. To iden-
tify the mechanism underlying the charge transport in Si3N4, the
data gained in the experiments were compared to predictions
yielded by the Frenkel and the multi-phonon models of trap
ionization.

2. Experimental

The metal–nitride–oxide–silicon (MNOS) structures used in the
experiments presented were fabricated on n-type Czochralski-
grown silicon wafers with a resistivity of 7.5 X cm. Ellipsometry
was employed to measure the oxide and nitride thicknesses. A thin
tunnel oxide layer, 1.8 nm thick, was thermally grown on the sili-
con wafers at 750 �C. A low pressure chemical vapor deposited
(LPCVD) silicon nitride layer, 53 nm thick, was deposited onto
the silicon at 760 �C. The SiH2Cl2/NH3 ratio in the LPCVD process
was 0.1. Aluminum electrodes with a square area of 5 � 10�3 cm2

were prepared by means of photolithography.
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3. Model

Fig. 1a shows the energy diagram of the MNOS structure. The en-
ergy parameters in the diagram, also used in the simulations de-
scribed below, are as follows: silicon nitride gap Eg = 4.5 eV [10],
barrier height for holes at the Si/SiO2 interface uh = 3.8 eV [13], bar-
rier height for holes at the Si/Si3N4 interface uh = 1.5 eV [14,15].
Fig. 1b and c illustrate the two-band model of electron and hole
transport in Si3N4 under a positive bias voltage applied to the struc-
ture [16–18]. In this model, electron injection into the nitride from
the negatively biased silicon substrate and hole injection from the
positively biased Al contact are assumed. Free electrons can recom-
bine with localized holes, and free holes can recombine with local-
ized electrons in deep traps. The recombination cross-sections are
assumed to be identical, re

r ¼ rh
r ¼ rr ¼ 5� 10�13 cm2 [17]. The

charge transport in the nitride layer is assumed to be due to elec-
tron and hole drift in the dielectric under the applied electric field.
In the model, the Shockley–Read–Hall approach for the trap occu-
pation probability was adopted in combination with the Poisson
equation and continuity equations for the hole and electron cur-
rents. Double carrier injection from the silicon substrate and from
the Al contact was assumed to proceed by the modified Fowler–
Nordheim mechanism. Thus, the following system of governing
equations was adopted:
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Here, n, Nt, and nt are the densities of free electrons, electron traps,
and occupied electron traps, respectively; p and pt are the densities
of free and trapped holes, respectively. The number of traps for elec-
trons and holes was assumed to be identical, Ne

t ¼ Nh
t . In (5) F(x, t) is

the local electric field, e is the electron charge, r = 5 � 10�13 cm2 is
the cross-section for electron or hole capture at the traps,
t = 107 cm/s is the electron and hole drift velocity, e0 is the dielectric
constant, and e = 7.5 is the Si3N4 low-frequency dielectric constant.
The electron and hole drift currents are written as j = ent and
jp = �ept, and P(n,p) is the rate of trap ionization.

For the charge transport in silicon nitride, the crucial point is
the mechanism of trap ionization. As mentioned previously, here
we consider two models of trap ionization: (i) a modified Frenkel
model with thermally assisted tunneling (TAT) and (ii) multi-pho-
non trap ionization. It should be noted that, presently, it is gener-
ally accepted that the charge transport in Si3N4 at high
temperatures (T > 300 K) involves field-assisted tunneling of
charge carriers between traps, or the Frenkel effect [2,3].

The rate of trap ionization, P, in the Frenkel model is given by
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Here, Wt is the trap energy, b is the Frenkel constant, e1 = 4.0 is the
Si3N4 high-frequency dielectric permittivity, and m is the attempt-
to-escape factor.

In addition to the classical Frenkel model, the thermally assisted
tunnel mechanism for trap ionization was also considered. In the
latter case, for a Coulomb center, the trap ionization probability
is given by

PTAT ¼
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Here E is the excited energy level (see Fig. 2), m* is the tunnel effec-
tive mass, and x1 and x2 are the classical turning points,
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The electron tunneling is treated here within the semi-classical
approximation, and the integral over x can be expressed in terms of
elliptic integrals. Thus, the total rate of trap ionization in the mod-
ified Frenkel model is

P ¼ PFP þ PTAT ð9Þ

The model assuming the multi-phonon mechanism to be in ef-
fect will now be discussed. Following Makkram-Ebeid and Lannoo
[6], phonon-coupled traps are considered here. Each such trap pre-
sents an ‘‘oscillator”, or a ‘‘core”, embedded in the nitride lattice,
which can capture an electron (electron trap) or a hole (hole trap).
The trap is completely defined by the phonon energy, Wph = �hx, the
thermal ionization energy, WT, and the optical ionization energy,
Wopt; the meaning of these parameters is clear from Fig. 2. The trap
can undergo ionization, i.e., decomposition into an empty ‘‘core”
and a free carrier, with the sum of their energies being equal to

Fig. 1. Energy diagrams of the MNOS structure for the two-band model of charge
transport in Si3N4: without applied voltage (a) and with a positive potential applied
to the metal gate (b).
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the initial energy of the filled trap. Following the ionization process,
the ‘‘core” enters an intermediate exited state, with the excess en-
ergy being spent to excite lattice vibration modes. For such traps,
the quantum theory [6] yields the following equation for the rate
of trap ionization

P ¼
Xþ1
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Here, In is the modified Bessel function, and the value Pi(W) is the
rate of tunnel escape of the charge carrier through a triangular bar-
rier of height W.

4. Comparison of experimental to theoretical data

Two sets of experiments were performed to gain information
about the trap ionization mechanism. In experiments of the first
type, the electric current across the silicon nitride layer was mea-
sured versus temperature at fixed positive bias voltages applied to
the structure. In experiments of the second type, the electric cur-
rent was measured as a function of applied bias voltage. The exper-
imental current-vs-temperature curves taken at various fixed
positive voltages applied to the Al contact are shown in Fig. 3 as
plotted in the Arrhenius coordinates log J � T�1. The current is
approximately constant at temperatures below 200 K, exhibiting
a rapid growth at higher temperatures (T > 200 K).

First, an attempt was made to fit the experimental curves with
data calculated by the modified Frenkel model (including TAT). Fit-
ting the high-temperature portions of the experimental current-vs-
temperature curves yields a trap energy of Wt = 1.2 eV and equal
electron and hole trap densities of Nt = 7 � 1019 cm3. However,
the deduced attempt-to-escape factor turned out to be unreason-
ably low, m = 6 � 106 s�1, contrary to the original paper by Frenkel
in which this factor was estimated as m �Wt/h � 1015 s�1 [2]. Pre-
viously, for the Frenkel effect in Si3N4, attempt-to-escape factor
values ranging in the interval m = 106–109 s�1 were reported
[18,19]. Fitting the low-temperature portions of current-vs-tem-
perature curves allows one to determine the effective mass of tun-
neling charge carriers. To obtain a satisfactory fit of our
experimental curves taken at different bias voltages with the mod-
ified Frenkel model, we were forced to vary the tunnel mass in the
interval from 2.0me to 4.8me (m�e ¼ m�h ¼ 4:8 me for V = 44 V, 3.8me

for V = 37 V, and 2.0me for V = 30 V). These mass values are one or-
der of magnitude larger than the experimentally determined elec-
tron and hole tunnel masses in Si3N4, 0.3–0.6me [14–16,20,21].
Thus, we can conclude that the modified Frenkel model, although
capable of furnishing a formal description of the electron and hole
transport in Si3N4, leads to an unreasonably low value of the at-
tempt-to-escape factor, and to an abnormally large effective mass
of tunneling charge carriers.

In fitting the experimental data with the model assuming pho-
non-assisted trap ionization, the varied parameters were Wopt, WT,
and Wph. For the effective masses of tunneling charge carriers, a
fixed value of m�e ¼ m�h ¼ 0:5mo was adopted. Here, a fairly good
agreement between the theory and the experiment could be
achieved, with the parameter values obtained being Wopt = 2.8 eV,
WT = 1.4 eV, and Wph = 60 meV (see Fig. 3).

The current–voltage curves for positive bias voltages applied to
the metal are shown in Fig. 4. Here, the best agreement between
the experimental curves and the data calculated by the multi-pho-
non model was achieved with the same trap parameters as those
obtained from the best fit of the current–temperature curves.

Fig. 2. Coulomb-trap ionization in a high electric field: pure tunneling at low
temperatures and high fields; thermally assisted tunneling at middle temperatures;
and thermal ionization (Frenkel emission) at low fields (a). The configuration
diagram for the trap in the multi-phonon model (b).

Fig. 3. The current–temperature characteristics of MNOS under different positive
voltages (with respect to Al). Dots – experimental data, dashed curves – theoretical
data predicted by the Frenkel model (with the effective masses indicated at each
bias voltage), solid curves – theoretical data predicted by the multi-phonon model.
MNOS geometry: tunnel oxide thickness dox = 1.8 nm, nitride thickness dN = 53 nm.
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5. Discussion

The best agreement between the experimental I–V–T data and
theoretical calculations was obtained assuming identical parame-
ters of electron and hole traps such as densities, cross-sections,
optical energies, thermal energies, and effective tunnel masses.
Previously, this assumption was adopted to explain the experimen-
tal data of [18], indicative of identical behaviors of hole- or elec-
tron-induced charges in discharge processes observed in nitride
under different applied bias voltages. This hypothesis is also cor-
roborated by the relatively weak dependence of the electric current
on the bias-voltage polarity in MNOS structures [3,16].

The value of the attempt-to-escape factor determined from the
best fit of our experimental data with the modified Frenkel model,
m = 6 � 106 s�1, seems to be unrealistically low. Previously, values
of the attempt-to-escape factor for Si3N4 traps ranging in the inter-
val m = 106–109 s�1 were reported in [18,19]; these values, how-
ever, were also obtained assuming that the Frenkel mechanism
controlled the charge transport in Si3N4. Contrary to these reports,
experiments on MNOS discharge in retention mode [22] yield a va-
lue of m = 1013 s�1 for the attempt-to-escape factor. Experiments
with metal–oxide–nitride–oxide–semiconductor (MONOS) struc-
tures [23] yielded a value of m = 2 � 1013 s�1 for electron traps. In
[24], the attempt-to-escape factors for electron and hole traps in
silicon nitride were found to be m = 4 � 1013 s�1 and m = 1014 s�1,
respectively. In thermally stimulated current experiments with sil-
icon oxide layers [25,26], frequency factors in the range of (1.0–
1.8) � 1014 s�1 for traps in SiO2 were established.

In the quasiclassical approximation [7], as well as in the quan-
tum approach [6], the attempt-to-escape factor for phonon-cou-
pled trap ionization can be written as

m ¼ eF
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�Wopt

p ð11Þ

With a typical electric field strength of F = 5 � 106 V/cm, the ob-
tained optical trap ionization energy Wopt = 3 eV yields a value of
m = 6 � 1013 s�1 for the attempt-to-escape factor, this value is close
to the experimentally estimated factors in [22–26].

Fit of experimental data with the multi-phonon of trap ioniza-
tion model yields a value two times greater than the thermal trap

ionization energy, Wopt � 2WT, for the optical trap ionization en-
ergy. This means that the energy barrier for the electron and hole
capture by traps is close to zero. This fact agrees with the weak
temperature dependence of the cross-sections of electron and hole
capture in Si3N4 experimentally observed in [27].

Quantum-mechanical calculations show that the Si–Si bond in
silicon nitride, which represents the smallest silicon cluster, can
capture electrons and holes [28–30].

The phonon energy Wph = 60 meV obtained in our simulations
closely coincides with the phonon energy in amorphous silicon
determined by means of Raman spectroscopy [31,32]. The coinci-
dence of the trap phonon energy with the amorphous silicon pho-
non energy suggests that amorphous silicon nanoclusters possibly
act as electron and hole traps in silicon nitride. This hypothesis was
previously advanced in [33]. The quantum confinement in amor-
phous silicon quantum dots embedded in silicon nitride was ob-
served in optical absorption and photoluminescence experiments
[34,35]. Recently, it was shown directly that amorphous Si nanocl-
usters indeed can capture electrons and holes in silicon nitride
[36].

The data obtained in the present study allow no definite choice
to be made in favor of the silicon cluster or Si–Si bond model. A de-
tailed study of the nature of traps responsible for the memory ef-
fect in silicon nitride falls outside the scope of the present study.

6. Conclusions

The Frenkel model of Coulomb-trap ionization, in combination
with the two-band conduction model, although capable of offering
a formal description to the experimental J–V–T data for Si3N4, fails
to yield realistic values for the effective electron tunnel mass and
attempt-to-escape factor, which turn out to be, respectively, too
large and too low in the offered description. On the other hand,
the charge transport in silicon nitride can be adequately under-
stood, with physically reasonable values of carrier masses and trap
energies, assuming the two-band conduction model and the multi-
phonon mechanism of trap ionization. A best fit of the experimen-
tal data can be achieved assuming constant parameter values for
electron and hole traps such as densities, optical and thermal ion-
ization energies, and phonon energies. The phonon energy deduced
from our data coincides with the phonon energy in amorphous sil-
icon, providing support to the assumption that it is amorphous sil-
icon nanoclusters that act as the electron and hole traps in silicon
nitride.
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