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Abstract. Electron and hole transport mechanisms in amor-
phous silicon oxide, silicon nitride, and aluminum oxide, dielec-
tric materials of high relevance to silicon device technology, are
reviewed. It is established that the widely accepted Frenkel
model provides a formal description of transport in trap-con-
taining insulators, but nonphysical model parameters must be
introduced in order to obtain quantitative agreement. It is shown
that the multiphonon model of trap ionization consistently de-
scribes charge transport in insulators with traps.

1. Introduction: the importance
of understanding electron and hole transport
mechanisms in silicon device dielectrics

Dielectric films in silicon devices have a thickness in the range
1-300 nm. The electric field in a dielectric is in the range
3 x 10*—107 Vcm™! for a voltage of 1 V. Although the most
frequently used dielectrics are amorphous films, polycrystal-
line films have also found applications in recent years. The
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most important silicon device dielectrics are the amorphous
silicon compounds SiO, (dioxide), SizNy (nitride), and
SiO.N, (oxynitride) [1]. Because electrons scatter strongly in
amorphous materials lacking a long-range order, amorphous
films have high breakdown fields, as is exemplified by the
value 1.1 x 10’ V cm~' for SiO,. This is too much for a
crystalline semiconductor to withstand because, due to the
large mean free path, the avalanche multiplication of carriers
results in breakdown fields ~ 10° V ecm™!.

Dielectrics placed in a strong electric field profusely
exhibit nonlinear phenomena that are difficult to observe in
crystalline semiconductors, such as tunnel injection of carriers
in contacts, Frenkel trap ionization, and multiphonon trap
ionization.

The following applications of dielectrics crucially require
understanding transport mechanisms for the development of
reliable silicon devices. Currently (as of 2013), silicon field
effect transistors based on metal-dielectric-semiconductor
(MDS) structures routinely use 63 m as a characteristic
transistor size (the length of the transistor channel is about
70% of this number), the subgate silicon oxide being 1.2 nm
thick. At the gate voltage ~ 1 V, the field in the dielectric is
close to 107 Vem™!, and the tunnel current reaches 1 A cm 2.
A high leakage current leads to the injection of electrons from
the inversion layer to the gate, thus decreasing the slope of the
transistor /-V curve and leading to additional power
dispersion (and hence to the overheating of the microcir-
cuit). A further decrease in the transistor design rule to 45, 32,
22, and 16 nm requires a corresponding increase in the
capacity of the subgate dielectric of the MDS transistor.

For four decades, MDS transistors have used thermal
silicon oxide SiO, on silicon as a subgate dielectric. The
capacity of subgate dielectrics was increased by decreasing
the SiO; thickness. As noted above, increasing the subgate
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capacity further by decreasing the SiO, thickness is impos-
sible because of the prohibitively large tunneling current. The
most general approach to solving this problem is to replace
SiO, by so-called alternative dielectrics, or dielectrics with
high dielectric constants (high-k dielectrics). We note that the
dielectric constant of silicon dioxide is ¢ = 3.9. The current
high-k dielectric candidates are AlL,O3; (e = 10), Hf,Si,O
(e =15), Hf(Al,O; (¢ =15), HION, (¢ = 15), HfO; (¢ ~=25),
ZrO; (e=40), and TiO; (e~ 80) [2-5]. Using high-k
dielectrics can increase the physical thickness while keeping
the capacity, and can therefore suppress the tunneling current
in an MDS transistor.

Similarly to silicon nitride Si3Ny, high-k dielectrics gen-
erally have a high density (=10'° cm~3) of electron and/or
hole traps. The injection of electrons and holes and their
subsequent localization on (capture by) traps leads to the
accumulation of charge in high-k dielectrics, shifting the
transistor threshold voltage, and degrading the device
performance. We note the extremely tight stability require-
ments for the MDS transistor threshold voltage. For example,
even after 10 years of the continuous operation of a
microprocessor, the accumulation of electrons (holes) on
traps should not exceed the threshold by more than 10 mV.
Therefore, predicting the stability and reliability of a high-k
MDS transistor requires a detailed understanding of the
mechanisms of charge carrier injection at the contacts and
the capture and trap ionization process.

Another important application of dielectrics is as insula-
tors in RAM storage capacitors. For charge accumulation on
the capacitor plates not to cause any loss of information
during the ~ 1 ms reprogramming cycle, the dielectric
leakage current at a voltage of 1 V should not exceed
107 A cm™2 [3, 4]. The first material used as an insulator in
a RAM storage capacitor was SiO,, followed by silicon
nitride Si3sNy (¢ = 7) as an element in oxide—nitride—oxide
(ONO) structures (oxide here meaning SiO;). Currently,
A1203, T3205, HfOz, ZI‘OQ, TiOz, and SI'TIO3 (P ~ 1000) arc
being studied for the role of storage capacitor insulator.
Using insulators in a storage capacitor requires the develop-
ment of technology for synthesizing low-conductivity dielec-
trics, which implies the need for understanding the conduc-
tion mechanism and the dependence of the conductivity on
the concentration, energy, and trap capture cross section
(understanding this allows directionally optimizing, i.e.,
decreasing, the conductivity of the RAM capacitor dielectric).

In addition to the RAM storage capacitor, passive
capacitors are involved in the design of silicon integrated
circuits, which typically use SiO, and Si3Ny4 as an insulator.
Increasing the information capacity of a silicon device
decreases the capacitor area. Currently, high-k dielectrics
(AL, O3, TayOs, HfO,, ZrO,, TiO,, and SrTiO3) are consid-
ered as candidates for such capacitors.

Flash memory design is yet another major application of
dielectrics [5-10]. A flash memory cell is an MDS transistor
whose threshold voltage is variable due to the accumulation
of electrons and/or holes in the storage medium. The thresh-
old voltage retention time is 10 years at 85°C. The storage
medium is insulated from the semiconductor channel by the
tunneling dielectric through which electrons and holes are
injected (read—erase system). The gate and the storage
medium are also insulated from each other by a dielectric.
Flash memory storage media include polysilicon ‘floating’
gates, silicon nitride with a high concentration of electron and
hole traps, and semiconductor (Si, Ge, SiGe) or metallic

(Ni, Au, Pt) nanoclusters. The materials used as flash
memory tunnel dielectrics are thermal silicon dioxide (SiO;)
and silicon oxynitride (SiON,).

Figure 1 presents the energy diagram of TaN-—Al,O3—
SisNy—SiO,—-Si (TANOS) flash memory for different
states [9, 10]. In the data recording mode, the conducting
TaN-based gate (TaN has metallic properties) is subjected to
a positive potential with respect to the silicon substrate
(Figs la,b). Silicon’s electrons perform Fowler—Nordheim
tunneling through the tunneling oxide into the silicon nitride,
to be captured there by deep electron traps (W, = 1.5 eV).
The essential requirement here is to block the parasitic
injection of holes from the gate to the silicon nitride, for
which there are two reasons: the high barrier to hole injection
and the fact that due to the large dielectric constant in the
blocking dielectric (Al,O3), the electric field in it is low. In the
storage mode, the negative electron charge in short-circuited
silicon nitride induces an enrichment layer in the p-silicon
substrate (Fig. Ic), and therefore there is no conducting
channel in the transistor (logic 0). The logic 0 hold time is
limited by the ionization of electron traps in silicon nitride, a
process which (similarly to hole traps) occurs by either the
Frenkel mechanism or the multiphonon mechanism. In the
erase mode, the tunneling mechanism results, for a negative
potential on the silicon gate, in holes being injected through
the silicon oxide into the silicon nitride, where they are
captured by hole traps (Fig. 1d). (Importantly, the parasitic
injection of electrons into the storage medium should be
blocked.) In the data store mode, an inversion layer
(conducting channel) is induced in the silicon substrate
(logic 1, Fig. le). The data storage time (for logic 1) is
determined by the ionization of hole traps in silicon nitride.
Parasitic electron injection from the silicon and from the gate
is also possible (Fig. le).

In the write—erase mode, knowing the carrier injection
mechanisms from the semiconductor and the conducting gate
(here, the conducting tantalum nitride TaN) to the dielectric
(here, SiO; and Al,O3) is essential. We note that the flash
memory data (logic 0 and logic 1) retention time should be
10 years at 85°C. To predict the retention time, a study is
made of the accelerated spread of electrons and holes in a
TANOS flash at increased temperatures (100-300°C).
Clearly, a reliable determination of the retention time
requires a detailed understanding of the ionization mechan-
isms of electron and hole traps in a storage medium (here,
silicon nitride).

In the store mode, the electron and hole charges
localized on traps in the silicon nitride can be compensated
by carriers parasitically injected from the silicon and the
gate. Predicting this phenomenon requires knowing the
electron and hole injection mechanisms in dielectrics in
weak electric fields.

Blocking layers used in TANOS flash memories are those
of amorphous aluminum oxide Al,O3, a material which, as
shown by experience, contains traps. In the logic 0 and logic 1
storage modes, a charge flow can occur via Al,O3 traps from
traps in the silicon nitride to the gate, resulting in limiting the
data retention time. In this connection, the conduction
mechanism in aluminum oxide is important to know.

In a yet another flash memory type that is currently
dominating the market, the memory medium is a so-called
‘floating’ polysilicon gate, separated from the channel by a
thermal SiO; layer and from the conducting silicon gate by an
ONO structure. Cycling write—erase processes involve the
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Figure 1. Energy diagram of a TaN—Al,0; —SizN; —SiO, —Si (TANOS)
flash memory with a silicon nitride storage medium: (a) without applied
voltage, (b) positive potential on metal, electron injection into silicon
nitride, (c) closed-circuit electron-accumulating state, information sto-
rage, logic 0, (d) negative potential on metal, hole injection into silicon
nitride, (e) closed-circuit hole-accumulating state, information storage,
logic 1.

formation of electron traps in the tunneling oxide of such a
flash memory. When in the store mode, the electrons residing
in the floating gate can flow to the silicon via traps in the
tunneling oxide by the thermally assisted tunneling mechan-

ism [8—12], decreasing the charge accumulated in the floating
gate. The thermally assisted tunneling limits the number of
write—erase cycles in the floating gate flash memory structure.
The number of flash memory reprogramming cycles lies in the
range 10* - 10°. The limited number of write—erase cycles is a
key disadvantage of flash memory versus magnetic (hard disc)
memory. The mechanism of thermally assisted tunneling is
currently the subject of intense research [11, 12].

Asilicon integrated circuit has its speed determined by the
signal delay in the circuit wire layout. Signal transfer between
instruments occurs by means of a multilevel metal layout, the
number of metallization levels reaching eight in current
microprocessors. The delay t of a signal passing through a
metal line is determined by the line resistance R times the
parasitic capacitance C between neighboring lines, 7 = RC.
The speed is increased by decreasing both the resistance of the
conducting lines and the parasitic capacitance between
neighboring lines. Whereas early integrated circuits used
aluminum lines, lower-resistivity copper is currently
employed. The microcircuit insulator used early on was
pyrolitic aluminum dioxide SiO; (¢ ~ 3.9). Increasing the
interline parasitic capacitance requires an increase in the
dielectric constant of the insulator (‘low-k’ insulators). The
low-k insulator currently in use is SiOC, —SiO\F, [13]. The
leakage current of a low-k dielectric should not exceed a
specified value.

In recent years, much work has been done toward
developing the next generation of high-speed (resistive)
memory technology [14-23]. Resistive memory (also known
as a memristor) consists of a metal-dielectric-metal-based
capacitor whose dielectric has its resistance varied and
memorized as the applied voltage is varied. A key problem
in the physics of the device is the charge transport mechanism
in high- and low-resistive states. Resistive memory dielectrics
used include stoichiometric SiO,, GeO,, TiO,, HfO,, TaO,,
Zr0O,, and AlO,.

The conductivity of a dielectric should, by definition, be
zero. However, in 1917, Pool observed an increase in the
conductivity of mica with an electric field [24]. In 1938,
Frenkel proposed a theoretical explanation of the exponen-
tial electric field dependence of the current in a dielectric with
traps [25, 26]. Currently, Frenkel’s model is ubiquitously used
for explaining charge transport in a wide class of dielectrics,
including nonstoichiometric oxide SiO, (x < 2), silicon
nitride SiN, (x < 4/3) [27], high-dielectric-constant dielec-
trics [28-31], and ferroelectrics [32]. However, as an explana-
tion of trap ionization in semiconductors, the Frenkel effect
can only be used for weak electric fields (< 10° V.em™!) [33].
For strong electric fields, the multiphonon mechanism should
be used [34, 35].

In two extreme cases, the conductivity of a dielectric can be
limited either by contact carrier injection (Fig. 2a) or by trap-
mediated transport in a bulk dielectric. This classification is
often vague, depending on how strongly the electric field on
the contact is screened by the space charge accumulated in the
traps (Fig. 2b).

Early work assumed that the conductivity of a dielectric is
due to electrons, whether monopolar or single band in nature.
Figure 3a presents the energy diagram of an MDS structure in
the absence of an applied voltage, and Figure 3b shows an
MDS structure for a monopolar (electron) conduction model.
More detailed studies have shown that similarly to crystalline
dielectrics, holes can contribute to the conductivity of a
dielectric. In general, dielectrics exhibit bipolar, two-band



1002

K A Nasyrov, V A Gritsenko

Physics— Uspekhi 56 (10)

Figure 2. Electron injection at a contact and electron transport in a bulk
dielectric for a dielectric (a) with and (b) without the electron space charge.

T

Figure 3. Energy diagram of an MDS structure in the absence of an applied
voltage: (a) monopolar (electron), (b) bipolar, and (c) dielectric conduc-
tion model.

conduction (Fig. 3c) with electrons and holes respectively
injected from the negatively biased contact (cathode) and
from the positively biased contact (anode), and possibly with
electron—hole recombination in trap centers near contacts.

2. Two-band conduction in dielectrics

As is known, conduction in crystalline semiconductors
usually occurs via free electrons and/or holes that arise from
the ionization of shallow donors and acceptors or results from
band-to-band excitation due to the small width of the gap. At
low temperatures (7'<20 K), when carriers are frozen out to
donors and acceptors, the hopping mechanism sets in.

With their wide band gap (3-8 eV), dielectrics have a
negligibly low concentration of intrinsic carriers. With the
exception of thermal SiO, oxide on silicon, all the remaining
dielectrics (the oxides SiO,, Al,O3, Ta, 05, HfO,, ZrO;, TiOy;
the nitrides SizNy, Ge;Ny, BN) have a high density of traps,
~ 10 —10% cm~3. Amorphous silicon nitride Siz;N4, a
typical high-trap-density material, is currently a model

dielectric to study electron and hole transport mechanisms
and the nature of electron and hole localized states (traps).
The lifetime of localized (trapped) electrons and holes in
silicon nitride is 10 years at 400 K (the so-called memory
effect, which in SizNy is used in flash memory devices).

The energy of electron and hole traps in dielectrics lies in
the range 0.5-2.0 eV. Also, the experimental evidence is that
when in the original state, traps in a dielectric are empty of
electrons and holes. For these reasons, and unlike donors
and acceptors in semiconductors at relatively high tempera-
tures (sufficient to ionize donors and acceptors), traps do
not supply free electrons and holes to the conduction band.
As shown by experiment, conduction in dielectrics is due to
the nonequilibrium electrons and holes injected from a
contact.

In semiconductors, the sign of charge carriers (electrons
and holes) is determined from the Hall effect (or thermo-emf)
measurements. For dielectrics, with their negligibly low
concentration of free carriers (see above), this is not possible.
Silicon nitride is the first material for which methods for
separating the electron and hole current components were
developed. Three such methods are currently known.

The first method is based on the accumulation in traps of
electrons or holes injected from silicon or metal [36—40], while
the other two rely on determining the sign of charge carriers at
the silicon—dielectric interface, respectively, by measuring the
lgJ—V and C—V curves in the regime of nonequilibrium
depletion of silicon [41-44] or by separating the electron and
hole current components in an MDS transistor [45].

As already noted, silicon nitride exhibits bipolar two-
band conductivity, with electrons and holes respectively
injected from the negatively and positively biased contacts.
In general, for either potential polarity, bipolar injection of
electrons from the cathode and of holes from the anode
occurs (Fig. 3c). The electron and hole contributions to the
injection current can vary strongly depending on the follow-
ing factors:

o the height of the contact—dielectric barrier,

o the thickness of the tunneling oxide,

e the pulse duration,

e the polarity of the potential,

o the thickness of the silicon nitride.

3. Contact-limited mechanism of electron
and hole injection

As noted in the Introduction, two mechanisms can be
conventionally identified for the conductivity of thin dielec-
tric films: carrier injection from a contact into the dielectric
and charge transfer in the bulk dielectric. In the former case,
three injection mechanisms are usually considered: the
Fowler—Nordheim mechanism, thermally assisted tunneling,
and Schottky thermoelectron emission (Fig. 4)

3.1 Fowler-Nordheim tunneling injection at a contact

The Fowler—-Nordheim mechanism (autoelectron emission)
(Fig. 4, arrow ) dominates in high electric fields and at low
temperatures, at which charge carriers can tunnel from the
conduction band of a (metal or semiconductor) contact into
the conduction band of the dielectric. Although tunneling is
of a quantum mechanical (and hence temperature-indepen-
dent) nature, the number of free carriers at the Fermi level
depends on the temperature, leading to a weak temperature
dependence in the electric current [46-50].
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Figure 4. Electron injection mechanisms at a metal-semiconductor
contact: /, Fowler-Nordheim tunneling; 2, thermally assisted tunneling;
3, over-barrier emission; 4, Schottky effect. The hatched region is a metal.

For the electron injection from a metal, the current is
given by [48]

B *¢3/2
J:AF%xp(——”mFo), (1)
e’ 8mv/2

A= B =
Snhd, ’ 3he

where J is the current density, F is the electric field strength,
@, is the height of the triangle potential barrier at the
electrode—dielectric interface, and m* is the effective tunnel-
ing mass.

Because the Fowler—Nordheim mechanism leads to a weak
temperature dependence of the current, it manifests itself at
high electric fields such that the barrier for tunneling becomes
sufficiently narrow. The Fowler—Nordheim effect is observed
at sufficiently large contact—dielectric barrier heights.

It has been established that the Fowler—Nordheim effect
limits the electron injection in Si—SiO,; — Me structures [48].
Represented in Fig. 5 are the V—I curves of such structures
with different metal contacts. The height of the Si—SiO, — Me
barrier for electrons depends on the work function of the
metal, and the leakage current depends exponentially on the
work function of the metal. The V'—I curves are straightened in
the coordinates that correspond to expression (1) (Fig. 6) [48].
In accordance with theoretical predictions, the tunneling
current in silicon oxide depends weakly on the temperature.
The effective tunneling electron mass in silicon oxide
estimated from the slope of the V—I curve in Fig. 6 is m} =~
0.4my, where my is the free electron mass. In [49], electron and
hole injection from silicon to silicon oxide were studied in the
case where the upper contact material was taken to be corona
discharge plasma rather than a metal. It was found that for a
positive potential on the silicon, hole injection from the
silicon to the silicon oxide occurs.

The Fowler—Nordheim effect was observed at liquid
nitrogen and room temperatures for electron injection from
aluminum to silicon oxide (Fig. 7) [39]. The effective
tunneling electron mass in silicon nitride determined from
the slope of the V—I curve is m; ~ 0.4m,. Observations at
liquid nitrogen temperatures were made for hole tunneling
injection from gold to silicon nitride (see Fig. 7) [39]. The
effective tunneling hole mass in silicon nitride as determined
from the slope of the V-1 curve is my = 0.35my.
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Figure 5. V-I characteristics of Si—SiO,— Me structures for electron
injection from metals with different work functions.
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Figure 6. V—I characteristics of Si—SiO,—Me structures in Fowler—
Nordheim coordinates.

3.2 Thermally assisted contact tunneling

The process of thermally assisted tunneling in a contact
(Fig. 4, arrow 2) can be divided somewhat loosely into two
stages. The first is the phonon-absorption-assisted excitation
of charge carriers to a certain energy level, and at the second
stage, the carriers tunnel through a triangle barrier. For the
carrier injection from a metal, the expression for the current
has the form [47, 51]

@y — (1/6) [(heF)/(4nkTv/m)]? } @

J:CFexp{— T

where C = (ZT:m*kT)l/z(e/h)z.
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Figure 7. Fowler—-Nordheim effect for (/) electron injection from alumi-
num into silicon nitride and (2) hole injection from gold into silicon
nitride.

Thermally assisted tunneling dominates at medium fields
and medium temperatures (when the thermal energy is
insufficient to overcome the contact barrier by the Schottky
mechanism) and has the following features: the current
density depends exponentially on the square of the field, the
activation energy increases with the temperature, and the
current strongly (exponentially) depends on the metal work
function.

The effect was predicted for the vacuum—metal system [47,
52] and analyzed theoretically (for electrons) for a metal—
dielectric interface [51]. Experimentally, thermally assisted
injection of holes was observed at the gold-silicon-nitride
interface in Ref. [39]. Figure 8 presents VI curves for hole
injection from gold into silicon nitride in coordinates
corresponding to the mechanism of thermally assisted
tunneling (Fig. 8a) and the Schottky effect (Fig. 8b). In case
(a), the VI curves are straightened at temperatures of 523 K
and 593 K, and in case (b) are not straightened at all.

3.3 Thermoionic contact emission: the Schottky effect
Unlike the Fowler—Nordheim emission, the thermoelectron
Schottky emission (Fig. 4, arrow 3) dominates at increased
temperatures at which thermal energy is sufficient for over-
coming the junction barrier, and charge carriers can be
excited from the contact Fermi level to the dielectric
conduction band. The strong field dependence in the
Schottky effect occurs because of the lowering of the barrier
due to imaging forces.

a [ b
—‘> 10—12 L 4
T
=)
o
< 5
- 10°16 L /
5
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| | | | | | | |
5 10 15 20 0.5 1.0 1.5 2.0

F?x 1072, V2 cm—2 F12 % 1073, V1/2 cm™1/2

Figure 8. V-1 characteristics for hole injection from gold to silicon nitride
in coordinates corresponding to (a) thermally assisted tunneling coordi-
nates and (b) the Schottky effect. Curve 5: theoretical dependence of the
Schottky effect at 523 K. Curves: I, T=1593K; 2, 4, T=523 K;
3, T=77K.

The expression for the current for the metal-to-dielectric
injection has the form [47, 52]

Py — ﬁShFl/2>

J=AT? exp(— £T (3)

where A= (4nm*k2e)/(m.h?)=120m*/m, [A cm~? deg~?]is
the Richardson—-Dushman constant, g, =[e3/(4mes080)] 12 s
the Schottky constant, and ¢ is the high-frequency dielectric
constant.

A characteristic feature of the Schottky emission is that the
current depends exponentially on both the temperature and
the electric field. The V- curves plotted in the coordinates
lgJ=f(V/F) are straight lines. The Schottky effect is
characterized by an exponential variation of the current with
the work function of the contact (i.c., the contact—dielectric
barrier height) and dominates at high temperatures and low
values of the potential barriers at the MDS contact.

3.4 Trap mediated injection in silicon nitride

If the silicon oxide layer at the silicon interface is thick
(> 5 nm), then charge carriers can be injected through traps
contained in the silicon oxide (a charge first tunnels from
the silicon to a trap in the bulk silicon oxide and then from
the trap to the free band of the silicon nitride). Due to the
lower subbarrier factor, this process, occurring in stages,
can be more advantageous, for example, than the Fowler—
Nordheim injection through a triangle barrier. Theoretical
and experimental studies of thermally assisted tunneling for
electron injection are cited in Ref. [53]. We note, however,
that this injection mechanism also applies to holes. The
expression [54]

3 eFh

e2FhP, ( @

TTAT = 51716

2 (zm*)‘/2q>3/2)
can be used to describe the thermally assisted injection of
electrons and holes. The notation here is as follows: @ is the
barrier height (for a hole or an electron) and Py is the density
of the energy and volume distributions of traps (assumed to
be uniform in the derivation). It is to be noted that the
underbarrier factor in the exponent turns is two times less
than the one for the Fowler—Nordheim law. For this
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mechanism to be efficient, the traps must have the density
greater than 10'® cm~3 for the given value (8 eV) of the silicon
oxide gap width.

4. Trap ionization models

If traps have a high concentration in a dielectric, the volume
charge on them limits injection from the contact, and the
conductivity is determined by the trap ionization rate. There
are currently two trap ionization mechanisms dominating the
literature on trap modes: the Frenkel effect and the multi-
phonon ionization. In semiconductors containing shallow
traps, hopping conductivity is observed at low temperatures,
when the carriers are localized on traps [55].

4.1 Trap ionization by the Frenkel mechanism

The Frenkel effect is the reduction in the Coulomb potential
of an isolated trap due to an applied electrical field (Fig. 9). It
is assumed that there is a trap (localized state) with a captured
electron in the band gap of the dielectric and that this electron
interacts via the Coulomb law with a positively charged defect
[25, 26]. The electric field lowers the potential barrier,
increasing the probability of an electron to undergo a
transition from a localized state to the conduction band.
Three trap ionization mechanisms are possible:

1. Over-barrier ionization dominating at sufficiently high
temperatures and relatively low fields, for which the barrier
width is important and the barrier tunneling probability is
low (Fig. 9, case 7). It is this case that was treated in the
original work of Frenkel [25, 26].

2. Thermally assisted tunneling (Fig. 9, case 2), the
intermediate case between tunneling and over-barrier ioniza-
tion.

3. Tunneling through a potential barrier (Fig. 9, case 3)
dominates in high fields (for which the potential barrier is
narrow enough to allow tunneling) and at low temperatures.

The thermal ionization of traps, which is exactly what is
called the Frenkel effect, yields the following expression for
the trap ionization rate:

W — BV F
P=vyexp| - ——>— 5
p(- ). (5
E
—qFr
r ]
Over-barrier emission
d, 2
Thermally assisted
tunneling 3
L Tunneling through

\ potential barrier

Figure 9. Frenkel effect: electric-field-assisted lowering of the trap
Coulomb potential. Arrows indicate possible ionization mechanisms:
1, thermal over-barrier emission; 2, thermally assisted tunneling;
3, tunneling ionization. ¢ is the electron charge and r is the spatial
coordinate.

where v is the frequency factor and fig, = (63/(1'[80080))1/2 is
the Frenkel constant.

For thermally assisted tunneling, the trap ionization
probability per unit time takes the form [56]

W — BVF v
P—VeXp (—T> +ﬁ
W*/f\/;‘ P 2 [x2
XL exp (— T ELI \2m*(eV(x) —¢) dx) de,
(6)
e
=W-—— —F
Vix)=w 4meseox e

where ¢ is the energy of the excited level, and x; and x; are the
classical turning points

1 W—¢ eF 12
X1 == 1¢<1—7> . 7
12=5 "% ( (Vo) (7)

Tunneling through the Coulomb potential barrier is
observed at low temperatures in strong electric fields.

A high concentration of traps results in lowering the
barrier due to an overlap of the Coulomb potentials of
neighboring traps (Fig. 10) [57]. At high temperatures, the
expression for the V—I characteristic in the one-dimensional
model has the form

74 el
_ 2/3 _ : =
J=veN " exp < kT) smh(2N 1/3kT> . (8)

In strong fields, the logarithm of the current is proportional to
the electric field strength (Pool’s law).

4.2 Multiphonon ionization of traps
This model assumes that a free charge can be captured by
(generally neutral) lattice defects.

As noted above, traps in dielectrics are deep, and their
captured electrons have small localization regions. Such a
concentrated charge deforms the nearest vicinity of the trap,
which in turn affects the energy level of the captured charge. It
is thus assumed that the energy of the trap and the dielectric
lattice are strongly related (the so-called phonon-coupled
trap).

Because the binding energy of electrons in deep centers
greatly exceeds the mean phonon energy, only multiphonon

a2 a/2

Figure 10. Potential barrier reduction due to an overlap of the Coulomb
potentials of neighboring traps (Hill model).




1006

K A Nasyrov, V A Gritsenko

Physics— Uspekhi 56 (10)

processes can provide thermal ionization. The theory of
multiphonon ionization uses configuration diagrams to
describe electron transitions from a localized to a deloca-
lized state. Vibrational motions of the defect and those of
the nearest surroundings of the trap are described by a
change in the coordinate Q. Clearly, this one-dimensional
description is approximate if the trap has many nearest
neighbors. Figure 11a shows the configuration diagram of a
defect (trap) for an empty trap and for the trap with a
captured electron. The potential curve Us(Q) corresponds to
the trap with a captured electron, and Uy(Q) corresponds to
the empty trap. The tilted line is the dependence of the
energy of the captured electron ¢(Q) on the configuration
coordinate. When ¢(Q) < E; (E. is the dielectric conduction
band edge), the electron is considered to be captured; w is
the defect vibration frequency and W, = 7w is the local
phonon energy.

As can be seen from Fig. 11, there are two ways in which a
trap can be ionized. In the first case, the transition from the
ground to an excited state occurs due to a vertical (optical)
transition; such a transition occurs at a fixed value of Q and
requires the optical trap ionization energy Wop:. In an optical
transition, the electron becomes free, and the nearest vicinity
of the defect remains deformed at the first instant. This
deformation is then carried by phonons throughout the
diclectric. In the second case, an electron is excited by
absorbing phonons with a change in the configuration
coordinate (to ensure that ¢(Q) > E.). The required energy

Uo(Q) a

UnQ)

Wopl WT Q

&(Q)

Figure 11. (a) Configuration diagram of a trap in the theory of multi-
phonon ionization. Potentials Uy and U, respectively correspond to a
trap with a captured electron and an ionized trap. (b) Oscillator model

illustrating the multiphonon trap ionization, equilibrium state.
(b) Perturbed state, transition to the continuous spectrum.

is the thermal ionization energy Wrt; Wy, always exceeds Wr.
A trap with a captured electron has the minimum energy at
Qo = 2(Wop—Wr)]'"2.

In the simplest case, a deep trap has one bound state. The
position of the local level is determined by the defect-induced
potential and depends essentially on the distance between the
defect and the neighboring atoms. Thus, the vibrations of the
defect modulate the position of the level of the localized
electron (Fig. 11b). In the case of strong thermal vibrations,
the level can move to the continuous spectrum, leading to the
ionization of the trap [58].

A trap can also be ionized by a DC electric field, resulting
in a strongly temperature-dependent ionization rate.

Treating defect vibrations in the semiclassical approx-
imation, the ionization probability per unit time is given
by [35]

el 42m 3p
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The corresponding quantum mechanical result is [24]
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Here, I, is the modified Bessel function and P;(W) is the
tunneling probability through a triangle barrier of height .

4.3 Charge transport by trap-to-trap tunneling

The Shockley—Reed—Hall transport theory assumes that a
charge (which we specify to be an electron) is injected from a
contact into the dielectric conduction band and can be
captured by a trap in the bulk dielectric. This captured
electron can then escape into the conduction band and be
again captured by another empty trap lower down in the field.
A transitional trap filling process occurs and continues until
the filling rate of empty traps becomes equal to the ionization
rate of the filled ones. Following this, a steady-state charge
transport process sets in.

But when the trap concentration is high and the distances
between them are small, there is a possibility for the electron
to tunnel between traps without being excited to the
conduction band.

Figure 12 shows a diagram of electron tunneling from one
phonon-coupled trap to another through a distance « in the
presence of an electric field F. Solid and dashed lines
respectively represent the original (prior to tunneling) and
final (post-tunneling) states of the system. In an external field,
the electron levels in neighboring traps are not coincident,
and it therefore follows that inelastic processes — the emis-
sion and absorption of lattice phonons— should be involved
in the transition to compensate the energy difference. The
phonon-coupled trap model easily takes this into account.
Within this model, the tunneling transition rate between traps
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Figure 12. Diagram of electron tunneling from one phonon-coupled trap
to another over a distance a in the electric field F. Solid lines: initial state of
the system before tunneling. Dashed lines: final state of the system after
tunneling. Horizontal dashed line: the tunneling transition of an electron
from one trap to another.

is given by [59]
_ /mhWr ox (_ Wop[—WT+€Fa>
m*a*QovVkT P 2kT
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X exXp (—w) . (12)
i

The numerical transport model uses the following equa-
tion to calculate the trap-filling rate in the bulk of the
dielectric:

0 n; ni|
3, i = Pi-rinio 1_ﬁl =P 1- N,
n; Nit1
+Pj i n; 1**)7}31‘,‘ I’l,<1* ) 13
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Here, N; is the total trap density and n; is the density of
electron-filled traps on site i of the model lattice. The distance
between sites is equal to the mean distance between traps,
a= me, and P;_; ; is the tunneling rate from site i — 1 to
site i; for the inverse process, the tunneling rate is P; ;.

The filling of the very first trap occurs from the contact
and is described by

0 n
—n = Uinj(Nt — 1) — Vjon N1 + Pyinp|( 1 N

ot t
n
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where iy is the rate of trap filling by electrons from the
contact and vjo, is the inverse ionization of the trap into the
contact:
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Here, @ is the energy difference between the conduction band
bottom of the dielectric and the Fermi level of the contact, z is
the trap—contact distance, and V,, is the velocity of the
escaped electron in the contact.

The boundary condition assumed for the opposite end of
the dielectric is that the trap is empty near the contact.

5. Space charge in a dielectric
and the Shockley—Reed—Hall equations

The experimental evidence is that in the unperturbed state,
electron and hole traps in a dielectric are neutral and unfilled.
As electrons and holes are accumulated on traps, a space
charge forms in the dielectric. Charge transport, the capture
of electrons and holes injected from the contact to the traps,
and the ionization of traps are described by the Shockley—
Reed—Hall equations
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ot e Ox
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— orop(x, ) ny(x, 1), (19)

where n (n;) is the concentration of free (trapped) electrons,
p (py) is the concentration of free (trapped) holes, N¢ (Nth) is
the concentration of electron (hole) traps, F(x, ¢) is the local
electric field, e is the electron charge, ¢ is the trap capture
cross section, o, is the recombination cross section between
the free and trapped carriers of the opposite sign, v is the drift
velocity, ¢ is the low-frequency dielectric constant, and P is
the probability of the ionization of filled traps per unit time.
The electron drift velocity is related to the current density as
J = env.

The corresponding laws of injection (Fowler—Nordheim
injection, the Schottky effect, thermally assisted tunneling,
etc.) are used as boundary conditions, and the Poisson law

oF ne(x, 1) — pe(x, 1)

=—e———'" 20
ox ¢ &€ (20)

is used to describe the space charge of trapped electrons and
holes.

6. Two-band conduction
and trap parameters in SizN4

Amorphous semiconductors and amorphous dielectrics share
the ability to localize electrons and holes. Amorphous silicon
nitride Siz; Ny can localize electrons and holes for long periods
of time (a holding time of 10 years at 400 K [6]). The memory
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effect in Si3Ny is widely used in energy-autonomous memory
microcircuits. The mechanism governing charge transport in
silicon—oxide—nitride—oxide-silicon (SONOS) memory
devices is the ionization of deep centers in SizN4. The
dominant current view is that the ionization mechanism in
Si3Ny is due to the Frenkel effect.

In this section, experimental results on charge transport in
SisNy are presented for a wide range of electric fields and
temperatures and are quantitatively compared with the
predictions of the Frenkel model and with those of the
quantum model of the multiphonon trap ionization mechan-
ism. In Ref. [56], a quantitative comparison is made between
the experimental results on the conductivity of metal-nitride—
oxide—semiconductor (MNOS) structures and the theory of
multiphonon ionization for a monopolar conduction model,
where only the electron injection from silicon is considered
and the hole injection from a metal is neglected. Here,
experimental results are compared with a more general
bipolar model, which allows the electron injection from
silicon and the hole injection from the metal and in which
free electrons recombine with localized holes and free holes
recombine with localized electrons (Fig. 13). For a MNOS
structure, the temperature dependence of the current (Fig. 14)
was measured for different voltages, and V—I characteristics
were measured for different temperatures (Fig. 15). In all
measurements, the voltage on the metal was positive, a
polarity at which both electron injection from the silicon
substrate and hole injection from aluminum occur (Fig. 13b).

For comparison with experiment, a one-dimensional
bipolar model of conduction in SizNy [56] was used. Charge
transport was described using Shockley—Reed—Hall equa-
tions (16)—(19) and Poisson equation (20), which takes the
nonuniform distribution of the electric field in silicon nitride
into account. The capture and recombination cross sections
in silicon nitride were taken to have the values ¢¢ = o =
o, =5x10"B cm? [6, 36, 54, 56]. The trap ionization
probability P in SizNy is estimated using either the Frenkel
model in (5)—(7) or the multiphonon ionization model in (10).

For modeling purposes, electrons and holes were taken to
have the same effective mass 0.5m1. The electron and hole
injection from the silicon substrate and the aluminum
electrode were respectively calculated for the Fowler—Nord-
heim mechanism.

The temperature dependence of the current was measured
in the temperature range 77-410 K for voltages of 44, 37, and
30 V. Referring to Fig. 14, which plots the results in the
Arrhenius coordinates Ig J— 7!, the current depends weakly
on temperature for 7' < 200 K, suggesting tunneling as the
trap ionization mechanism.

Using first the Frenkel model with thermally assisted
tunneling to describe the experimental data, the best fit is
obtained for electron and hole traps having the same energies
(W= W"h=Ww¢e =1.2 eV), the same effective masses (m ** =
m"™ =m*), and the same concentrations (NS = NI =
7 x 10" ecm~3) (dashed lines in Fig. 14). Complete agreement
was obtained only by using an unphysically small frequency
factor,v = 6 x 10° s~ (comparedtov = W/h ~ 4 x 1014 57!
originally estimated by Frenkel [25]). Earlier work [60—63] also
used a lowered frequency factor, v = 10°—10° s~!, to obtain
agreement with experiment. The low-temperature range is
dominated by the tunneling effect, and of key importance is
the tunneling effective mass. Maximizing the agreement
between experiment and calculations required using different
effective masses for different voltages: m* = 4.8my for
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Figure 13. Energy diagram of an MNOS structure (a) in the flat band
regime and (b) for a positive potential on the metal.
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Figure 14. Temperature dependence of the current in an MNOS structure
for different positive potentials on the metal. Dots: experiment, solid
lines: multiphonon model calculations. Model parameters: m; =
myy = 0.5my, Wop =2.8¢eV, Wr=14¢eV, Wy, =60 meV, of = olh =
6y =5 x 10713 cm?. Dashed lines: Frenkel model for equal trap energies,
W=Wh=Wwe=12¢V, equal effective masses m®* = m" =m* and
equal concentrations N¢ =N =7x10" cm for electron and hole traps.
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Figure 15. V-] characteristics of Si3;N4 measured at different temperatures
(dots) for a positive potential on Al and calculated (solid lines) from the
multiphonon ionization theory. The parameters are the same as in Fig. 14.

V=44V, m*=3.8my for V=37V, and m* = 2.0my for
V' =30 V. The effective mass values used in the calculations
are an order of magnitude greater than the electron and hole
tunneling effective masses 0.3-0.6m, found experimentally
for Si3Ny [39]. We therefore conclude that the Frenkel model
does describe charge transport in Si3Ny formally, but
requires an unphysically small frequency factor and an
anomalously large tunneling effective mass for the quantita-
tive agreement.

At the next stage, the experimental and calculated
results were compared using the multiphonon ionization
theory in Ref. [34] (solid lines in Fig. 14). It is established
that the agreement is closest when the parameters of the
electron and holes traps are taken to be the same:
Wi=Wp=14eV, WS =WE =28eV, Nf=N!=
7 x 101 em™3, W, = 0.06 eV. Calculations using the multi-
phonon theory were performed to obtain V—I characteristics
for T="77, 300, and 410 K (Fig. 15, solid lines) and
temperature dependences of the current for V' = 44, 37, and
30 V (Fig. 14, solid lines). Overall, rather good agreement is
observed between the modeled and measured results. The
small discrepancy observed for voltages below 35 V may be
due to the slow relaxation of the current in silicon nitride, a
phenomenon whose nature is not yet understood [64].

Therefore, the theory of multiphonon trap ionization
quantitatively describes experimental charge transport in
silicon nitride in a wide range of electric fields and tempera-
tures.

The results suggest that the theory of multiphonon
ionization fits the data best if the concentration, the capture
cross section, and the optical and thermal energy are taken
to be the same for electron and hole traps. The idea of equal
parameters was first introduced in Ref. [38] to explain
experimental results on the draining of charge at different
‘contracting’ potentials and was also hypothesized in
Refs [65, 66] (see also Ref. [67]) based on luminescence
experiments and quantum mechanical modeling.

The calculations predict the optical energy to be twice the
thermal energy, Wop = 2Wr, suggesting that the activation
energy for the capture of an electron or a hole is near zero.

This fact is consistent with the observed weak temperature
dependence of the capture cross section for electron and holes
in SizNy4 [36].

The calculated phonon energy Wy, = 60 eV is equal to
the phonon energy in amorphous silicon obtained from
Raman scattering spectra, identifying amorphous silicon
nanoclusters in silicon nitride as likely candidates for
electron and hole traps.

Quantum size effects in amorphous silicon dots in silicon
nitride were observed in optical absorption and photolumi-
nescence experiments [68, 69]. Amorphous Si nanoclusters
can capture electrons and holes in silicon nitride [70]. The
large difference between the thermal and optical ionization
energies predicted by the multiphonon theory is possibly due
to the strong deformation of the Si;Ny lattice. The capture
of electrons and holes in SizN4 probably occurs on the
minimal silicon cluster, the Si—Si bond. This model assumes
that the Si—Si bond or, alternatively, a cluster of a few silicon
atoms, is a deep center for electrons and holes and that it
also makes an ionization center. The quantum mechanical
modeling of the Si—Si bond in Si3; Ny supports this hypothesis
qualitatively [66].

7. Conduction in silicon-enriched silicon nitride

The theory of transport by tunneling between traps was tested
by comparing its predictions with experimental results on the
conductivity of silicon-enriched amorphous films of SiN,
grown at various SiH4/NHj ratios [71]. The experiment
measured the dependence of the current on the voltage
applied to a dielectric with a thickness of &~ 100 nm [16]. It is
known that as the SiHs/NHj; ratio increases during the
synthesis of Siz;Ny, and the parameter x decreases, signifying
an increase in the concentration of stoichiometrically exces-
sive silicon. Increasing the SiH4/NHj ratio increases the
refractive index n (see the caption to Fig. 17 below for its
value).

In Fig. 16, the measured room-temperature V-/
characteristics of stoichiometric (/) and silicon-enriched (2)
silicon nitride are presented in coordinates corresponding
to the Frenkel law and in coordinates corresponding to
Pool’s law, 1g J ~ F. Worthy of note, the current in silicon-
enriched nitride is much larger than in its stoichiometric
counterpart. Furthermore, the former compound conducts
a noticeable current even at low voltages, whereas in the
latter this is only possible after a certain voltage threshold
is reached —a striking contrast, which we believe is due to
the high concentration of traps in the enriched compound.
This is consistent with the earlier hypothesis [65] that the
nature of traps in silicon nitride relates to silicon clusters
and, in particular, the Si—Si bond can serve as a trap in the
compound, and a local phonon is associated with this
bond.

To obtain the voltage dependence of the current, we
performed numerical calculations that allowed the ioniza-
tion of neutral traps, but not tunneling between them. The
calculations showed good agreement with experimental data
for near stoichiometric nitride (curves /, 2 in Fig. 17), but
under no conditions could they reproduce the results
obtained for silicon-enriched nitride. This could only be
satisfactorily done by introducing trap-to-trap tunneling
(curves 3, 4 in Fig. 17). To achieve good agreement between
theory and experiment, a high concentration (> 102! cm™)
of traps is needed.
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Figure 16. (a) V—I characteristics of silicon-enriched silicon nitride in coordinates corresponding to the Frenkel law: SiH4/NH3 = 0.02 (7); 0.1 (2); 0.2 (3);
0.33 (4); 0.5 (5). (b) The same in coordinates corresponding to the Pool law: SiH4/NH; = 0.02 (1'); 0.1 (2'); 0.33 (3).
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Figure 17. Experimental (dots) and calculated (solid lines) V—/ character-
istics of SizNy for different trap concentrations. The trap parameters
used in the calculations are (/) SiH4/NHj; =0.02, n=1.96; other
parameters: N, =10"cm™>, Wr=1.7eV, Wyu=3.5¢eV, ®=23¢V,
m* = 0.5mg; (2) SiHy/NH; = 0.1, n =2.05, Ny =2 x 10" ecm™3, Wr =
1.5eV, Wy =3¢V, & =18¢eV, m* =0.5my; (3) SiH4/NH;3; =0.2,
n=22, N =3x10" cm™3, W =1.55¢V, Wopt =3 €V, @ =21¢V,
m* =0.5mp; (4) SiHy/NH; =0.5, n=235 N =3x102cm3,
Wr=17eV, Woy =3¢V, &=2.1¢eV, m*=0.5my. Here, @ is the
barrier height for electron injection from the silicon substrate into nitride
(the energy difference between conduction bands in silicon nitride and
silicon). Calculations are done by varying Ny, Wr, Wep, and @ while
keeping the effective electron mass fixed.

8. Monopolar electron conduction in Al,O3

In amorphous aluminum oxide, the band gap is E, ~ 6.2 eV
and the barrier height for electrons at the Si/Al,Os interface is
¢° ~ 2.0 eV [5]. Al,O; films have a relatively low concentra-
tion of traps, and hence their leakage current is lower than in
HfO,. Using Al,O; as a blocking layer in silicon nitride
quantum dot flash memories was proposed in [6, 9, 10].
Conduction in Al,O3 has been interpreted by many in terms
of the Pool-Frenkel model [72,73].

The potential barrier for holes at the Si/Al,O3 interface
equals 3.1 eV, which is much larger than the barrier for

electrons at the Si/Al,05 and Al/Al,Os interfaces. Therefore,
if the Al electrode is at a negative potential, the dominant
mechanism is the electron injection from the upper electrode
(i.e., from aluminum) [74]. For this reason, monopolar
conduction in Al,O3 due to electrons is considered. The
injection current at the Al/Al,O3 interface was calculated
using the Fowler—Nordheim mechanism, with the electron
effective mass taken to be 0.45my [75-77].

The experimental and predicted results (the Frenkel
model with thermally assisted tunneling) on the temperature
dependence of the current in and V-1 characteristics of Al,O3
are compared in Figs 18 and 19. The calculations were
performed for the capture cross section ¢ = 5 x 10713 cm?
and the electron trap concentration N, = 5 x 10" cm™3. At
high temperatures in weak electric fields, the conductivity
depends on the temperature exponentially. The trap energy is
estimated as W = 1.4 eV from the slope of the lg J—T !
curve. The best fitting value of the frequency factor was
v =10% s~'. This value is also anomalously small. At low
temperatures, the current depends weakly on temperature
and is determined by the tunneling mechanism. The best
fitting tunneling electron effective mass is m* = 3.5my. We
note the necessity of using different electron effective masses
at the boundary and in the bulk of Al,O3 (m* = 3.5my in the
bulk and m* = 0.45my at the Si/Al,O3 interface). Using the
bulk value m* = 0.45my at the boundary results in a contact-
limited conductivity.

In Fig. 20, the experimental temperature dependences of
the V-I characteristics (dots) are compared with those
calculated for the multiphonon ionization in Al,O3 (solid
lines) [34] using a cross section of 5x 107!° cm? and a
concentration of 2 x 102 em~? for neutral traps. The elec-
tron effective mass and the magnitude of W, were estimated
under low-temperature, high-field conditions to give the
electron effective mass 0.4m., Wy =3.0 eV, Wr =1.5¢eV,
and Wp, =0.05eV as the best fitting values for liquid
nitrogen temperature.

A detailed study of optical transition on a hydrogen
vacancy in amorphous aluminum oxide yielded the lumines-
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Figure 18. Temperature dependences of the current in Al;O3; measured for
different negative potentials (dots) on Al and calculated using the Frenkel
model including thermally assisted tunneling (solid lines). Trap para-
meters: W=1.4 eV, m* =3.5m,,v=1x10° s, ¢ =5 x 10713 cm?, N, =
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Figure 20. V-1 characteristics of Al,O3; measured at different temperatures
for negative potential on Al (dots) and calculated using the theory of
multiphonon ionization (solid lines). Trap parameters: Wt = 1.5¢V,
Wop = 3.0 €V, Wy, =0.05eV, m* =0.4me, N, =2x10® ecm™3, 6=
5x 1075 cm?.
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Figure 19. V-I characteristics of Al,O; measured (dots) at different
temperatures and calculated (solid lines) using the Frenkel model includ-
ing thermally assisted tunneling. Trap parameters: W =1.4¢eV,
m* =35me,v=1x10°s"",6=5x10"" cm?, N, == 5 x 10" cm~.

cence energy 3.0 eV and the excitation energy 6.0 eV [78-80].
The half of the luminescence Stokes shift is 1.5 eV, which
equals the thermal energy of the trap. This identifies oxygen
vacancies as traps for electrons in amorphous aluminum
oxide.

In amorphous aluminum oxide, the ratio Wy /Wt =2
corresponds to the zero activation energy for trapping.
Previously, the same value of this ratio was obtained for
SizNy [61].

Thus, just as for silicon nitride, the Frenkel model
quantitatively (formally) describes charge transport in a
wide range of electric fields and temperatures, but requires
an anomalously large effective mass and an anomalously
small frequency factor to fit the data. At the same time, the
multiphonon conduction model is capable of quantitatively
(consistently) describing the transport of electrons in amor-
phous aluminum oxide.

9. Conclusion

With the exception of thermal oxide on silicon, the majority
of dielectrics have their conduction limited by the ionization
of traps. The widely accepted Frenkel model based on the
ionization of charged Coulomb traps describes experiment
quantitatively (formally) over a wide range of fields and
temperatures. However, quantitative agreement with experi-
ment requires an unphysically large frequency factor and an
anomalously large effective mass, an order of magnitude
larger than in experiment. Experimental -/ dependences
are described quantitatively by the theory of multiphonon
ionization of neutral traps in a wide temperature range.
Depending on the barrier height for electrons and holes, a
dielectric can be a monopolar conductor, as exemplified by
amorphous Al,Os;, for which hole barriers are much higher
than those for electrons. Al,O3 exhibits monopolar electron
conduction, and in amorphous silicon nitride, with its nearly
equal-height barriers for electrons and holes, two-band
bipolar conduction occurs, with electrons (holes) injected
from the negatively (positively) biased electrode. In the bulk
of the dielectric, two recombination processes occur: between
free electrons and localized holes, and between free holes and
localized electrons. Experiments on transport are quantita-
tively explained by assuming that traps for electrons and holes
are neutral.

As shown by experiment, concentrations, energies, and
cross sections are the same for electron and hole traps in
silicon nitride. The thermal activation energy is twice the
optical ionization energy, suggesting that there are no barriers
for the capture of electrons and holes onto traps. This does
not contradict the weak temperature dependence of the cross
section for the capture of electrons and holes in silicon nitride.
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