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Abstract—Thekinetics of electron and hole accumulation in metal—oxi de—nitride—oxide—semiconductor struc-
turesis studied. Experimental data are compared with atheoretical model that takes into account tunnel injec-
tion, electron and hole capture by traps in amorphous silicon nitride SiN,, and trap ionization. Agreement

between experimental and calculated datais obtained for the band-gap width E; = 8.0 eV of amorphous SIO,,
which corresponds to the barrier for holes ®,, = 3.8 eV at the Si/SiO, interface. The tunneling effective masses
for holesin SIO, and SIN, are estimated at my; = (0.4-0.5)m,. The parameters of electron and hole trapsin
SiN, are determined within the phonon-coupled trap model: the optical energy W, = 2.6 €V and the thermal

energy Wy =1.3eV.
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1. INTRODUCTION

Amorphous dioxide SiO, and silicon nitride SigN,
are now two key dielectricsin silicon devices. Because
trandational symmetry is absent in the amorphous
state, band-structure calculations are inapplicable to
studying the electronic structure of these important
materials. Therefore, these materials are as a rule stud-
ied by experimental methods [1, 2]. The band-gap
width is a fundamental parameter of an amorphous
dielectric. In crystalline semiconductors, this value is
determined by band-structure calculations. Depending
on whether direct or indirect transitions occur, the spec-
tral dependence of the absorptivity is extrapolated in
corresponding coordinates and the band-gap width E,
is determined. The absorptivity in amorphous semicon-
ductors at quantum energies higher than E; exhibits a
power dependence a(w) on the quantum energy. It is
considered that the dependence a(w) is exponential at
quantum energies less than E; (Uhrbach’s rule) [3]. At
present, there is significant uncertainty in the value of
the fundamental parameter, namely, the band-gap width
of amorphous SIO,. According to data of various
authors, E, lies within the range 5.0-10.6 eV [3]. In
particular, Mott suggested the value E; = 10.6 eV in the
monograph [3].

The rate of electron and hole injection from silicon
into the diel ectric depends exponentially on the barriers

at the Si/SIO, interface and on the tunneling effective
mass of electrons and holesin SiO, and Si;N,. The bar-
rier height for electrons at the Si/SIO, interface was
reliably determined in experiments on internal photoe-
missiontobe ®,=3.1eV [1]. Becausethesilicon band-
gap width equals 1.12 eV, the hole-barrier height at the
Si/SIO, interface lies in the range ®,, = 0.8-6.4 eV a
values of the SIO, band gap equal to 5.0-10.6 eV. Such
alarge scatter in the hole-barrier height gives rise to a
large uncertainty in the predicted hole injection current
a the SiI/SIO, interface, because the latter value
depends exponentialy on this height. Therefore, a
refinement of the band-gap width of amorphous SiO,
and, hence, the hole-barrier height at the Si/SiO, inter-
face is of fundamental importance. The determination
of the hole-barrier height at the Si/SiO, interface in
Si/SiO,/Al metal—oxide—semiconductor (MOS) struc-
tures presents severe problems, because the electron
injection rate from Al at a negative potential at Al
exceeds the rate of hole injection from Si into SIO, by
many orders of magnitude.

These problems are overcome when silicon nitride
is used in metal—oxide—nitride—oxide—semiconductor
(MONOS) structures. The point is that silicon nitride
contains a high density (=10°-10%° cm~3) of electron
and hole traps [2] that can capture electron and holes
with agiant confinement time (about 10 years at 400 K)
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Fig. 1. Energy diagram of a MONOS structure (a) without an applied voltage (flat bands), (b) at a positive potentia at the metal
(recording), (c) at anegative potential at the metal (erasing), and (d) at a negative potential at the metal for the case when anegative
chargeis preaccumulated in the nitride (electrons are accumul ated).

in the localized state. Therefore, at a negative potential
at Al, electrons injected from this contact are captured
in silicon nitride, screen the field in the blocking oxide,
and, hence, suppress this spurious injection. Moreover,
the thickness of the lower tunneling SiO, layer in the
MONOS structures can be varied, which opens up a
possibility in principle for studying hole tunneling from
Si through the compound SiO,/SizN, barrier (Fig. 1).
Thus, the electron- and hole-barrier heights at the
Si/SIO, interface can be estimated by studying electron
and hole injection from silicon in MONOS structures,
and, thus, the band-gap width E, of amorphous SO,
can be estimated without using model concepts for the
matrix element of electron transition from the valence
band to the conduction band due to optical absorption.

Quantum-chemica band-structure calculations of
the electronic structure of crystaline SO, [4-6] and

Si;N, [7-9] yield an effective electron mass of m; =
(0.2-0.6)m, (here, my, is the free electron mass). The
values of the tunneling effective mass obtained in the
majority of experiments on the tunnel injection of elec-
trons into amorphous SiO, lie in the range m; = (0.3—
0.7)m, [10-14]. However, there are some papers, for
example, [15], in which “heavy” eectrons (m; =
3.0my) were observed in amorphous SiO,.

According to band-structure calculations of the
electronic structure of crystalline SIO,, itsvalence band
consists of two subbands [4-6, 16]. The upper narrow
band isformed by nonbonding oxygen 2p,; orbitals. The
narrow band of nonbonding oxygen 2p,, states is char-
acterized by large values of the effective hole mass
m;y = (3-10)m, (“heavy” holes) [4, 5]. At the same
time, experiments on studying the SiO, valence band
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by x-ray emission and photoelectron spectroscopy
techniques indicate that the top of the SiO, valence
band is formed not only by nonbonding oxygen 2p;
orbitals but aso by bonding 3s, 3p, 3d (Si)-2p (O)
orbitals [17-19]. The bonding orbitals form a broad
valence band, which must be characterized by “light”
holes.

A similar situation also occurs in SigN,, in which
band-structure calculations predict a large effective
hole mass m;; = 3m, corresponding to the narrow band
of nonbonding nitrogen 2p,; orbitals[7, 8]. At the same

time, there are reports on experimental observations of
“light” holesin amorphous Si;N, [20—26].

In thiswork, electronic processesin MONOS struc-
tures are studied with the aim of determining funda-
mental parameters (band-gap width, barriers, and effec-
tive masses) important for the description of electron
and hole transfer processes in amorphous silicon diox-
ide and nitride and also the parameters of traps respon-
sible for the localization of electrons and holes in sili-
con nitride.

2. SAMPLES
AND MEASUREMENT METHODS

P-type silicon with a [100Corientation doped with
boron at a concentration of 5 x 10% cm™ was used as
the substrate. A tunnel nitrided oxide with a thickness
of d,, = 32 A was obtained by the thermal oxidation of
silicon in dry oxygen at a temperature of 8650°C fol-
lowed by annealing in N,O at the same temperature.
Amorphous silicon nitride (from here on, silicon-
enriched SIN, . 45 Will be designated for ssimplicity as
SiN,) with a thickness of dy = 65 A was deposited at
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Fig. 2. Negative-charge accumulation in a MONOS struc-
ture at a positive gate potential. Points are experiment, and
lines are theory. The following parameters were used in the
simulation: the barrier for electrons at the Si/SIO, interface

was 3.0 eV, the difference in the electron affinity of SiNy
and SiO, was 1.1 eV, and effective electron masses were
0.45my in SIO, and 0.5mg in SIN,.. The parameters of elec-
tron trapsin SiN, were Wy = 2.6 eV, Wy = 1.3 eV, Wy, =
0.045 eV, and the trap concentration N = 10° cm™.

730°C from a mixture of dichlorosilane SiH,Cl, and
ammonia in a reduced-pressure reactor at the ratio
SiH,Cl,/NH; = 2.0. The nitride was enriched with
excess silicon to increase the concentration of traps
responsible for the localization of electrons and holes.
Blocking SiO, with a thickness of dg = 60 A was
obtained at T =450°C by oxidizing silanein oxygenin
areduced-pressure reactor at theratio SiH,/O, =5. The
thicknesses of three dielectric films used in the
MONOS structures were determined by two methods:
using laser ellipsometry (A = 6328 A) and electron
microscopy. The film thicknesses determined by the
two methods differed by no more than 2 A. An alumi-
num contact with an area of 10~ cm obtained by sput-
tering aluminum in avacuum followed by photolithog-
raphy was used as the upper electrode.

The injection of electrons and holes into silicon
nitride (data recording and erasing) was performed by
applying rectangular pulses of positive and negative
polarities, respectively, to the MONOS structures. The
kinetics of charge accumulation (erasing) in the nitride
was studied by varying the pulse duration in a wide
range. The storage properties of the MONOS structures
were studied my measuring the flat-band potential
(Ugg), which was determined from the capacity—volt-
age (C-V) characteristics measured at a frequency of
100 kHz.
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3. EXPERIMENTAL RESULTS

The flat-band potentia in the initial structures was
Ugg =—2.2V, which was caused by the differencein the
Fermi energy for Al and the semiconductor substrate
and by the occurrence of a positive charge at the
Si/SiO, interface. The existence of this charge leads to
the formation of an inversion layer on the entire silicon
wafer and, as a consequence, provides a high injection
rate of minority charge carriers (electrons) from silicon
into the nitride at a positive potential at the metal.

Figure 1 presents an energy band diagram of a
MONGOS structure in the flat-band regime (&) without
an applied voltage and (b—d) at two polarities of the
potential at the metal. In the data-recording mode, a
positive potential was applied to the metal electrode
(Fig. 1b). In this case, electrons are injected from sili-
con through the tunnel oxide with their subsequent cap-
ture by traps in silicon nitride. Negative-charge accu-
mulation leads to a shift of Urg in the positive potential
direction. Experimental values of U are presented in
Fig. 2 (points) as functions of the pulse duration for
three values of the pulse amplitude: +6, +8, and +10 V.
The dependence of Ugz on the pulse duration at long
timesis close to logarithmic.

In the data erasing mode with the MONOS struc-
tures precharged with electrons (Ugg = +0.1 V), aneg-
ative potential was applied to the metal electrode (see
Fig. 1d). Experimental values of Ugg are presented in
Fig. 3 (points) as functions of the pulse duration for
three values of the pulse amplitude: -6, -8, and —10 V.
Under the action of a negative pulse, the negative
charge in silicon nitride decreases. The change in the
value of Ugg can be dueto (1) theionization of electron
traps in the nitride and the transfer of free electrons to
the silicon substrate, (2) the injection of holes from the
Si substrate and their capture by hole traps in the
nitride, and (3) the injection of holes from the Si sub-
strate and their recombination at electron traps. To
describe the experimental results and to determine the
parameters of the studied structures, a physical model
was devel oped and a computer program was created for
the calculation of processes of charge injection into sil-
icon nitride with regard to the ionization of trapsin the
nitride by the multiphonon mechanism [25].

4. MODEL

The model consider electron injection from the neg-
atively biased electrode and hole injection from the
positively biased electrode. The injection current
through the contact was calculated using the modified
Fowler—Nordheim mechanism of tunneling from the
conduction (valence) band of the semiconductor or the
metal into the corresponding band of the nitride. The
imageforcesfor electronsand holeswere not taken into
account. However, injection from the contact through
traps in the nitride near the SiO,/SIN, interface was
taken into account.
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Charge transfer in the nitride bulk was described by
the Shockley—Read-Hall equations and the Poisson
equation for the electric field distribution in silicon
nitride

on(x,t) , 9nv,

ot ()4 (1)
= —ovn(N,—n) +nP"(x, t) —o,vnp,,

+1nj™(x, t)(N, —n,) —lon™(x, t)n,,
op(x.t) , 9PV,
ot 0X ©)
= —oVvp(Ny—py) + ptp(p)(xl t)—o,vpn,

api(x,t) »
———= = oVp(N;—n,) —pP" (X t) —0o,vpn
ot P(N;—ny) —p; (x, 1) pn; @

+1n®(x, t) (N, = p) —lon®(x, t) p,,

oF _ (% t) = pu(x t)
ox €€, '
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Here, n and n, are electrons; p and p; are the concentra-
tions of the free and trapped holes; N, is the concentra-
tion of traps, which in thiswork is assumed to be equal
for electron and hole traps; F(x, t) is the local electric
field; e is the electron charge; v, and v, are the drift
velocities of electrons and holes, respectively; v =
Vol = IVpl; and € = 7.5 is the low-frequency dielectric
constant of SiN,.. The same capture cross-section o on
traps and the same recombination cross-section o, of a
free charge carrier with a carrier of the opposite sign
localized on a trap were used for electrons and holes.
PP are the probabilities of trap ionization in SiN, per
unit time. Inj(x, t)™ P and lon(x, t)™ P describe the tun-
nel injection of charge carriers from the corresponding
band of the semiconductor to traps |ocated in the nitride
bulk and the reverse process, that is, the ionization of a
trap into a band of the semiconductor. To calculate
PP, the multiphonon trap ionization model was used
[27], in which it is assumed that a trap for an electron
or a hole is neutral. An “oscillator” or a “nucleus’
embedded in the nitride | attice and capable of attracting
and capturing an electron or a hole serves respectively
asan electron or holetrap. It is assumed that the energy
of abound electron (hole) depends linearly on the gen-
eralized coordinate Q of the “nucleus” Thus, in the
course of nucleus vibrations, the energy of the bound
electron (hole) varies during the period of nucleus
vibrations. In this work, the description of such atrap
and its ionization rate fully follows the quantum-
mechanical approach developed in the work by
Makram-Ebeid and Lannoo [27]. Thetrap is character-
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Fig. 3. Kinetics of negative-charge erasing in a MONOS
structure at a negative gate potential . Points are experiment,
and lines are theory. Trapsin the nitride were prefilled with
electrons to the value that corresponded to Vgg = 0.1 €V.

The following parameters were used in the simulation. The
electron barriers at the Si/SiO, and SiN,/SiO, interfaces

were 3.0 and 1.1 eV, respectively. The same effective
masses were taken for electrons and holes 0.45m, in SiO,

and 0.5mg in SiN,. The same parameters were used for elec-
tron and hole traps Wy = 2.6 €V, Wy = 1.3 eV, Wy, =

0.045 eV, and the trap concentration N; = 10° cm™.

Uy(Q)

(0

Wopt Q

E(Q)

Fig. 4. Configuration diagrams for empty Up(Q) and filled

U(Q) traps. E(Q) is the dependence of the energy level of a
trapped electron on the “nucleus’ position.

ized by the thermal Wr and optical W, ionization ener-
gies (Fig. 4) and by the phonon energy W,, =70, where
wisthe nucleus vibration frequency. The external elec-
tric field can assist the process of trap ionization. lon-
ization results in an empty nucleus and a free carrier,
whosetotal energy equalstheinitial energy of thefilled
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trap. Asarule, after trap ionization, the nucleus energy
corresponds to an excited vibrational state. The excess
energy is spent for the excitation of other vibrational
modes of the lattice. According to the quantum
approach outlined in [27], the following equation is
obtained for the trap ionization rate in an external field:

> nw nw
— ph _ ph
P 2 exp[ kT Scoth 2kT}

n=-—ow

0 S Op.
x In[gnh(wph/ZkT)DPI(WT + anh)1
(6)
eF 044J2m,, 347
4/2m, oy

2 /amw O 3TieF

- Wopt _ WT
Wopt

Pi(W) =

S

Here, |, is the modified Bessel function, and P;(W)
describes the probability of charge carrier tunneling
from atrap with a short-range potential with the level
depth W [28].

In addition, Egs. (2) and (4) contain terms that
describe the tunnel injection of charge carriersfrom the
corresponding band of the semiconductor to traps
located in the nitride bulk and the reverse process, that
is, the ionization of atrap into a band of the semicon-
ductor. For thefirst time, this injection mechanism was
considered in works by Svensson et al. [29, 30], where
injection to multilevel traps and their ionization in the
reverse direction were studied. In this work, we gener-
alize this approach to the case of a phonon-coupled
trap. In particular, the ionization rate of electrons from
the trap to the conduction band of the semiconductor is
described by the equation (compare with Eqg. (6))

_ NWon nW,,
lon(x) = Zexp[ T Scoth }

2kT

0 S Op.
gz (Wt nWon).
F(W) = ——ou T(x) "
2(dox + X) + UL*N _ IEWDZ
e~ Do)
1 0
% %l_ 1+ e

Here, Wisthe energy depth of the trap from which tun-
neling occurs, my and mg are respectively the effec-
tive electron masses in the nitride and the semiconduc-
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tor, T(x) is the tunnel transparency of the compound
barrier SIN,/SIO,, d, is the thickness of SIO,, x isthe
distance from the trap to the Si;N,/SIO, interface, Ex is
the Fermi energy in the semiconductor, and v is the
electron velocity in the conduction band of the semi-
conductor with an energy E equal to the electron energy
in thetrap. Thus, E and W are related by the equation

E=d,—®,—~W-eV(x),

where V(X) isthe potential at the point x of trap location
in the nitride, and @, and @, are respectively barrier
heights at the Si/SIO, and SiN,/SiO, interfaces. We
assume that the semiconductor substrate is at a zero
potential. Thus, V() is summed from the voltage drops
across the semiconductor, the lower silicon oxide, and
the section between the SiIN,/SiO, interface and the
point X. Summing over nin Eq. (7) iscarried out within
the limits for which the value of E is higher than the
bottom of the conduction band of the semiconductor
near the interface with SO, .

The coefficient of electron injection to traps Inj(x)
can be found from the notion that traps in an equilib-
rium state must be filled in accordance with the Fermi
statistics

N,

KT U

n(x) =

1+ exp

From stationary Eq. (2), this condition leadsto therela-
tionship

(Dl—(DZ—WT—eV(X) - EFD

Inj(x) = Ion(x)exp% T il

The coefficients of electron injection to traps and their
reverse ionization in the case of holes are calculated
quite similarly.

The voltage drop across the semiconductor was
found by solving self-consi stently the Poisson equation
and the charge-carrier distribution in accordance with
the Fermi statistics. Quantum size effects associated
with the quantization of the carrier spectrum in the
inversion layer and the accumulation layer were not
taken into account.

5. COMPARISON OF EXPERIMENTAL DATA
WITH THEORY

Figure 2 presents the calculated results (solid lines)
and experimental data (points) for the case of electron
injection from silicon at apositive potential at the metal
(see Fig. 1b). The best agreement between the experi-
ment and calculations was obtained at the values of
parameters given in the figure caption. From a compar-
ison between the experiment and the calculation, it was
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Fig. 5. Thesame asin Fig. 3 but the cal cul ation was carried
out for the case when only ionization of electron traps is
allowed and hole injection is blocked.
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Fig. 6. Experimental dependence of the shift of Vg in the

erasing mode (points) for a potential at the metal of —8 V.
The solid lineis the result of simulation for the trap energy
W/ Wr = 2.6/1.3 €V. The dotted line is the result of simu-

|ation for the trap energy W /Wy = 2.2/1.1 eV. The other
parameters are the same asin Fig. 3.

found that electron injection at pulse amplitudes of +8
and +10V occurs from Si to the SiN, conduction band
followed by electron capture by traps in the nitride. At
a pulse amplitude of +6 V, injection occurs directly to
traps in SIN, by the multiphonon mechanism. At long
times, the calculated dependences Ugg(t) exhibit aten-
dency toward saturation (Fig. 2), which is associated
withtheionization of trapsin SiN, followed by electron
tunneling through the blocking oxide.

The physical picture of the erasing of the negative
charge preaccumulated in Si;N, is more complicated.
The calculated results (solid lines) and experimental
data (points) are presented in Fig. 3. It isfound that the
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decreasein the negative charge at relatively small dura-
tions of the erasing pulse is associated with the ioniza-
tion of electron trapsin the nitride through back tunnel-
ing to the silicon conduction band. Hole injection from
the silicon substrate to silicon nitride occurs only at
long times. It was suggested in the model that no hole-
electron recombination occurred in silicon nitride.
Turning off the recombination process does not sub-
stantially change the dependence Ugg(t). Thisis dueto
the fact that the process of negative-charge compensa
tion by positively charged trapsresultsin the sasmetotal
charge as the recombination of injected holeswith elec-
tronslocalized in SIN,.

Figure5 presentsthe results of calculationsthat take
into account only the ionization of electron traps in
SiN, while hole injection from silicon is blocked. It is
evident that the calculated results are in reasonable
agreement with the experimental data at short times.
However, a significant discrepancy between experi-
ment and theory is observed at long times because of
the depletion of traps filled with electrons.

An analysis showed that the dependence Ugg(t) in
the erasing mode essentially depends on the trap ener-
giesat short times. Figure 6 presentsthe results of mod-
eling the process of negative charge erasing for two dif-
ferent trap energies at —8 V. A decrease in the trap
energy to W,,/Wr = 2.2/1.1 eV leads to a shift of the
calculated dependence Upg(t) toward shorter times as
compared with experiment. This phenomenon is
explained by the fact that the trap ionization probability
increases as the trap energy decreases.

Figure 7 presentsthe el ectron emission current from
traps and the hole injection current from silicon to the
nitride as functions of time for two trap energies. It is
evident that the electron ionization current from traps
dominates at short times and the hole injection current
from silicon dominates at long times. A decreasein the
energy of electron trapsis accompanied by an increase
in the electron ionization current from traps.

To reveal therole of hole injection from silicon at a
negative potential at the metal, smulation was per-
formed under conditions when the ionization of elec-
tron traps was blocked. In this case, the decrease in the
negative charge is due to only the injection of holes
from silicon (see Fig. 1d). The ionization of traps was
blocked in the calculation by increasing the effective
electron mass. Simulation was performed for different
values of the hole barrier at the SiO,/SIN, interface.
The results of simulation are presented in Fig. 8. The
best agreement with experiment is achieved when the
difference in the hole barrier at the SiN,/SiO, interface
equals2.1 eV, which correspondsto the band-gap width
of SiN, equal to E; = 4.8 €V.

To illustrate the effect of the hole-barrier height at
the Si/SIO, interface on the tunnel injection of holes
from silicon, Figure 9 presentsthe cal culated resultsfor
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Fig. 7. Results of simulation of the electron (solid line) and hole (dashed line) currents as functions of time through atunnel oxide
for apotential at the metal of —8V. (&) W/ Wi = 2.6/1.3 €V and (b) Wo,/Wr = 2.2/1.1 €V. The other parameters are the same asin

Fig. 3.

the SO, band-gap width, which is found to be E; =
8.7 eV. The band-gap width 8.7 eV corresponds to the
hole-barrier height at the SI/SIO, interface equal to
@, = 4.5 eV. In this casg, the calculated dependences
are strongly shifted toward the region of long times as
compared with experiment. Agreement with experi-
ment is observed at the SIO, band-gap width E; =
8.0 eV, which corresponds to the hole barrier at the
Si/SIO, interface equal to ®,, = 3.8 eV. (see Fig. 14).

Experiments on polarization of theinitial (without a
charge preaccumulated in the nitride) MONOS struc-
tures by a negative potential on the metal (see Fig. 1¢)
were a so performed. Negative-charge accumulation in

Upg, V

N
—6f —10 By .

sl vl vl vl vl vl vl vl 3wl 3l
10 10* 102 10° 102 10*
Time, s

Fig. 8. Results of calculations for the kinetics of negative-
charge erasing for various values of hole barriers at the
SiN,/SiO, interface: 1.8 eV (dotted lines), 2.1 eV (solid
lines), and 2.4 eV (dashed lines). The other parameters are
thesameasin Fig. 3.
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SiN, was observed in an experiment at short times
(Fig. 10). It is natural to suggest that the accumulation
of electronsin the nitride is associated with their injec-
tion from the metal through the blocking SO, layer. If
it issuggested that electron injection through the bl ock-
ing oxide is described by the mechanism of tunneling
through atriangular barrier

0 4(2m*)112q33/2|:|

JDexpD— 3heE L (8

then thetime T of the start of an increasein the negative
charge (on the Ugg-In(t) coordinates) is described by

Upg, V

-6

A
AL
)

cvvoml oovvomd vovvoomd voveowmd oovvoond vl oovvosed vl 3wl 3wl
10°° 1074 1072 100 102 10*
Time, s

Fig. 9. The same as in Fig. 3, but the calculation is per-
formed for the case when only holeinjectionisallowed and
the ionization of electron traps is blocked. The band-gap
width of SO, is8.7 eV.
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the equation

ﬂ_(zm*)ll2q)3/2 .

(0 = 3= FeF

C. )

From acomparison of Ugg(t) plots (Fig. 10) constructed
at different applied voltages (or different values of F),
the barrier height at the Al/SIO, interface can be esti-
mated from Eq. (9). At m% = 0.5my, this height equals
® =1.0eV, whichissubstantially lower than the known
barrier for electrons ® = 3.2 eV at the Al/SIO, interface
[1, 31]. It may be suggested that the blocking oxide
most likely contains a great number of traps, through
which electrons from aluminum are actualy injected
[32, 33]. A more detailed study of this phenomenon is
beyond the scope of this work.

6. DISCUSSION OF THE RESULTS

In this work, from experiments on the tunnel injec-
tion of electrons from silicon to silicon nitride through
a compound SiO,/SIN, barrier, we obtained tunneling
effective masses for electrons in SiO, and SiN, in the

range m; = (0.4-0.5)m,. These dataarein good agree-
ment with the results of band-structure cal cul ations and
with effective masses determined previously in experi-
ments on electron tunneling in SIO, and SizN, [10-14,
20-26]. At the same time, it was reported in [15] that
electrons with an effective mass of m = 3.0m, were
observed in SiO,. It seemsthat thisresult can be due to
an incorrect interpretation of the experiment, in partic-
ular, the neglect of the possibility of direct electron tun-
neling from silicon to traps in silicon nitride. On the
other hand, the effective masses for el ectrons and holes
obtained for Si;N, in [34] equal m{ = (0.05-0.13)m,

and m} = 0.005m, (superlight electrons and holes).
The latter results can be explained by the neglect of the
tunnel-thin SIO, layer between Si and SizN,, which
increases the probability of the tunnel injection of elec-
trons and holes into the dielectric by several orders of
magnitude because of the low dielectric constant of the
oxide (enhancement of thefieldin SIO,).

Thetunneling effective massesfor holesin SIO, and
SiN, obtained from our experiments on the tunnel
injection of holesfrom silicon to silicon nitride through

the compound SiO,/SIN, barrier areintherange m =

(0.4-0.5)m,. These values are in good agreement with
the experimental values determined previoudly in [12,
20, 21, 35, 36]. However, these data contradict the
results of band-structure calculations of crystalline
SiO, and Si;N,, which predict the occurrence of only
heavy holesin SiO, and Si;N,.

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Voal. 102

817

Urp, V

3+ am

[T MM RATIT L
100 10%
Time, s

11 [RETIT Y FRRTIT
107° 107¢ 1072

Fig. 10. Charge accumulation kinetics in a nonpolarized
MONOS structure at various values of the negative poten-
tial at the metal (see Fig. 1¢). Points are experiment, and
lines are calculated for electron injection by the Fowler—
Nordheim mechanism for the barrier @ = 1.0 eV and atun-
neling effective mass of 0.5my.

Aswas aready mentioned above, the band-structure
calculations of the electronic structure of SIO, demon-
strate that the top of the valence band isformed by non-
bonding oxygen 2p, orbitals, which form a narrow
band and, hence, yield a large value for the effective

hole mass m;; = 5m,. However, experiments on x-ray

emission, photoelectron, and ultraviolet photoel ectron
spectroscopies indicate that the narrow band of non-
bonding oxygen 2p,, orbitals overlaps by energy in SiO,
with the broad band of bonding silicon 3s, p, d-0, and
2p orbitals. The same result was obtained in quantum-
chemical cluster calculations of the electronic structure
of SO, by both semiempirical [18] and abinitio [19, 37]
methods. Unfortunately, cluster calculations give way
of determining the effective masses for neither elec-
trons nor holes. Hence, it is of interest to perform
refined band-structure calculations for SiO, with the
aim to identify light holes.

Band-structure calculationsfor SizN, also predict an

effective hole mass of m}; = 3m,. At the sametime, the

tunnel injection of holes in our experiments is ade-
quately described by a tunneling effective mass of

m; = 4m,. Thisvalue agreeswith the valuem; = (0.4—
0.5)m, obtained previoudly in experiments on the tun-
nel injection of holes into SiN,. Quantum-chemical
cluster calculations of the electronic structure of SizN,
also point to the occurrence of not only the narrow bond
of nonbonding nitrogen 2p states but also a broad band
of bonding 3s, p-N, and 2p states of silicon [37-40].
This broad band of bonding states must correspond to
light holes observed in tunneling experiments. Thus, it
isalso of interest to perform refined band-structure cal-
culations for Si;N, with the aim to detect light holes.

No. 5 2006



818

Experiments on the determination of the hole-bar-
rier height at the Si/SiO, interface by x-ray photoelec-
tron spectroscopy (the exciting quantum energy is
1486.6 eV) yield avalueof ®,=4.3+0.2¢eV [41]. The
value obtained in this work ®,, = 3.8 €V is by 0.5 eV
lower. Thisdiscrepancy isexplained by the fact that the
top of the SIO, valence band is mainly formed by oxy-
gen 2p orbitals, whereas silicon 3s, p, and d orbitals
make a relatively small contribution at the top of the
valence band. At the sametime, it is the silicon 3s and
p orbitals that make the main contribution to the photo-
ionization of valance electrons, because the photoion-
ization cross-section of oxygen 2p orbitals is by an
order of magnitude |ess than the photoionization cross-
section of silicon 3s and p electrons [42]. The sensitiv-
ity of x-ray photoel ectron spectroscopy is not sufficient
for the detection of oxygen 2p electrons, which form
the top of the valence band. Thus, x-ray photoelectron
spectroscopy overestimatesthe hole-barrier value at the
Si/SIO, interface. The hole barrier d,, = 3.8 eV obtained
in this work coincides with that obtained previously
in [43] by the internal photoemission of holes at the
Si/SIO, interface.

Theholebarrier at the Si/SiO, interface ®, = 3.8 eV
determined in this work corresponds to the band-gap
width of amorphous SiO, E; = 8.0 eV. This value coin-
cides with the fundamental optical absorption edge and
the photoconductivity threshold of amorphous thermal
SiO, oxide on silicon according to the data published
in [44, 45]. At the same time, the band-gap width of the
thermal oxide on silicon obtained in [46] from the same
experiments equals 9.3 eV. In the latter work, it is sug-
gested that the absorption at quantum energies in the
range 8.0-9.3 eV isdueto the occurrence of “tailsinthe
density of localized states.” The notions of “tailsin the
density of localized states’ in amorphous semiconduc-
tors and dielectrics are widespread and are discussed
in detail, for example, in the books by Mott [3] and
Ziman [47]. The band-gap width of SiO, obtained in
thiswork E;= 8.0 eV indicates most likely that “tailsin
the density of localized states’ are absent in this amor-
phous dielectric.

The following facts can also be invoked in favor of
this statement. The notions of tails of localized states
suggests that, in the band gap of SiO, near the edges of
the allowed bands, there are localized states for elec-
trons (near the edge of the conduction band E,) and for
holes (near the edge of the valence band E,). Given
localized states in the forbidden gap near the edge of
the conduction band E_, injected electrons must be cap-
tured by localized states (traps), which would lead to a
sharp decrease in conductivity because of adecreasein
mobility. However, experiments on electron transfer in
amorphous SiO, point to a high mobility of electrons

H=20cm?V1s1[48, 49].
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Moreover, the absence of localized states for elec-
trons and holes (electron and hole traps) in amorphous
SiO, is confirmed by reprogramming experiments with
modern flash (fast) memory transistors. A flash mem-
ory element of the first type represents a metal—diel ec-
tric-semiconductor (MDS) field-effect transistor in
which there is a polysilicon isolated (floating) gate in
the gate dielectric [50]. The reprogramming of such a
memory element is carried out by means of electron
injection from silicon through SO, into the floating
gate and the back tunneling of electrons from the float-
ing gate into the silicon substrate. If there were local-
ized electron states in SiO, (electron traps), the repro-
gramming of flash memory elements would be impos-
sible because of the accumulation of electrons
(negative charge) on trapsin SiO,.

The absence of localized hole states in SIO, is evi-
denced by reprogramming experiments with flash
memory transistors of the second type. In this type of
flash memory, MONOS structures are used. Silicon
nitride serves as memory media, in which electronsand
holes are accumulated (localized) on traps [51]. In the
reprogramming mode, holes are injected from silicon
into silicon nitride through SIO,. If there were hole
traps in SiO,, the reprogramming of the second-type
flash memory would be impossible because of positive-
charge accumulation on traps in SIO,. Thus, the
absence of the capture of electrons and holes indicate
that there are no tails of localized statesin SIO,.

The problem of “tails in the density of states’ in
amorphous Si;N, was discussed in detail by one of the
authors of this work in [52]. Based on an analysis of
experimental data, the inference was made about the
absence of “tailsin the density of states’ in amorphous

In this work, values of optical W, = 2.6 eV and
thermal W, = 1.3 eV trap energieswere obtained within
the framework of the multiphonon ionization theory.
These values are lower than the values W, = 3.0 eV
and W; = 1.5 eV found previously in experiments on
electron and hole transfer in silicon nitride close in
chemical composition to stoichiometric SisN, in strong
electric fields [25]. This circumstance is related to the
fact that electron and hole localization was studied in
this work in nonstoichiometric silicon nitride enriched
with excess silicon SiN,.,5. It is known that the
enrichment of the nitride with excess silicon is accom-
panied by a decrease in the energies of electron and
hole traps [52]. Thermal trap energies in silicon nitride
were found previously from transfer experimentsin the
range 1.2-1.5 eV [53]. Trap energiesin the nitride were
found from exoelectron-emission experiments in the
range 0.7-1.1 eV [54]. The thermal trap energy
obtained in thiswork 1.3 eV is close to half the Stokes
shift 1.4 eV aobtained from the luminescence spectrum
of SiN, [55]. The optical trap energy found in thiswork
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= 2.6 eV can be compared with the photoionization

threshold of traps in silicon nitride, which lies in the
range 2.0-3.4 eV [56].

ACKNOWLEDGMENTS
This work was supported by the National Program

on Terabit Nanoelectronics of the Korean Ministry of
Science and Technology and by the integration project
no. 116 of the Siberian Branch of the Russian Academy
of Science.

1.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

REFERENCES

V. A. Gritsenko, Atomic and Electronic Sructure of
Amorphous Dielectrics in Slicon MIS Devices (Nauka,
Novosibirsk, 1993), p. 280 [in Russian].

V. A. Gritsenko, in Slicon Nitride in Electronics
(Elsevier, Amsterdam, 1988), p. 263.

. N. F. Mott and E. A. Davis, Electronic Processesin Non-

Crystalline Materials, 2nd ed. (Clarendon, Oxford,
1979; Mir, Moscow, 1982), p. 432.

P. M. Schneider and W. B. Fowler, Phys. Rev. Lett. 36,
425 (1976).

J. R. Chelikowsky and M. Schiuter, Phys. Rev. B 15,
4020 (1977).

. E. Gnani, S. Reggiani, R. Colle, et d., IEEE Trans. Elec-

tron Devices 47, 1795 (2000).

S-Y. Ren and W. Y. Ching, Phys. Rev. B 23, 5454
(1981).

Y.-N. Xu and W. Y. Ching, Phys. Rev. B 51, 17379
(1995).

S.-D. Mo, L. Quyang, and W. Y. Ching, Phys. Rev. Lett.
83, 5046 (1999).

M. V. Fischetti, Phys. Rev. Lett. 53, 1755 (1984).

M. V. Fischetti, D. J. DiMaria, L. Dori, et ., Phys. Rev.
B 35, 4404 (1987).

W.-C. Lee and C. Hu, |EEE Trans. Electron Devices 48,
1366 (2001).

Y.-C. Yeo, T.-J. King, and C. Hu, Appl. Phys. Lett. 81,
2091 (2002).

A. Roy and M. H. White, Solid-State Electron. 34, 1083
(1992).

S. Horiguchi and H. Yoshino, J. Appl. Phys. 15, 1597
(2985).

E. K. Chang, M. Rohlfing, and S. G. Louie, Phys. Rev.
Lett. 85, 2613 (2000).

I.A. Brytov, V. A. Gritsenko, and Yu. N. Romashchenko,
Zh. Eksp. Teor. Fiz. 89, 562 (1985) [Sov. Phys. JETP 62,
321 (1985)].

V. A. Gritsenko, R. M. Ivanov, and Yu. N. Morokov, Zh.
Eksp. Teor. Fiz. 108, 2216 (1995) [JETP 81, 1208
(1999)].

V. A. Gritsenko, Yu. N. Novikov, A. V. Shchaposhnikov,
et a., Fiz. Tekh. Poluprovodn. (St. Petersburg) 35, 1041
(2001) [Semiconductors 35, 997 (2001)].

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Voal. 102

20

21

22.
23.

24.

25.
26.
27.

28.

29.
30.

31.

32.

33.

35.
36.
37.

38.

39.
40.
41.
42.

43,
. R. J. Powell and M. Morad, J. Appl. Phys. 49, 2499

819

V. A. Gritsenko and E. E. Meerson, Mikroélektronika 17,
349 (1988).

V. A. Gritsenko, Yu. N. Morokov, and E. E. Meerson,
Phys. Rev. B 57, R2081 (1997).

Y.C.Yeo, Q. Lu,W.C. Leg, et a., IEEE Electron Device
Lett. 21, 540 (2000).

H.Y.Yu,Y.T.Hou, M. F Li, et al., |IEEE Electron Device
Lett. 23, 285 (2002).

K. A. Nasyrov, Yu. N. Novikov, V. A. Gritsenko, et d.,
Pis'ma Zh. Eksp. Teor. Fiz. 77, 455 (2003) [JETP Lett.
77, 385 (2003)].

K. A. Nasyrov, V. A. Gritsenko, Yu. N. Novikov, et d.,
J. Appl. Phys. 96, 4293 (2004).

K.A. Nasyrov, V. A. Gritsenko, M. K. Kim, et d., IEEE
Electron Device Lett. 23, 336 (2002).

S. S. Makram-Ebeid and M. Lannoo, Phys. Rev. B 25,
6406 (1982).

L. D. Landau and E. M. Lifshitz, Course of Theoretical
Physics, Vol. 3: Quantum Mechanics: Non-Relativistic
Theory, 5th ed. (Fizmatgiz, M oscow, 2002; Oxford Univ.
Press, Oxford, 1980).

C. Svensson and |. Lundstrom, J. Appl. Phys. 44, 4657
(2973).

L. Lundkvist, I. Lundstrom, and C. Svensson, Solid-
State Electron. 16, 811 (1973).

S. M. Sze, Physics of Semiconductor Devices, 2nd ed.
(Wiley, Taiwan, Taipei, 1985; Mir, Moscow, 1984),
p. 868.

A. V. Chaplik and M. V. Entin, Zh. Eksp. Teor. Fiz. 67,
208 (1974) [Sov. Phys. JETP 40, 106 (1974)].

M. Houssa, M. Tuominen, M. Naili, et a., J. Appl. Phys.
87, 8615 (2000).

. P.C. Arnett and D. J. DiMaria, J. Appl. Phys. 47, 2092

(1976).

Y.C.Yeo, Q. Lu,W. C. Lee, et d., |IEEE Electron Device
Lett. 21, 540 (2000).

H. lwata, Jpon. J. Appl. Phys., Part 1 41, 552 (2002).

A. V. Shchaposhnikov, V. A. Gritsenko, G. M. Zhi-
domirov, et al., Fiz. Tverd. Tela (St. Petersburg) 44, 985
(2002) [Phys. Solid State 44, 1028 (2002)].

V. A. Gritsenko, Yu. N. Morokov, Yu. N. Novikov, et al.,
Fiz. Tverd. Tela (St. Petersburg) 39, 1342 (1997) [Phys.
Solid State 39, 1191 (1997)].

V. A. Gritsenko, Yu. N. Morokov, and Yu. N. Novikov,
Appl. Surf. Sci. 113/114, 417 (1997).

V. A. Gritsenko, A. V. Shaposhnikov, W. M. Kwok, et al.,
Thin Solid Films 437, 135 (2003).

V. A. Gritsenko, H. Wong, W. M. Kwok, et a., J. Vac.
Sci. Technol. B 21, 241 (2003).

J.-J. Yeh, Atomic Calculation of Photoionization Cross-
Sections and Asymmetry Parameters (Gordon and
Breach, Langhorne, PA, 1993), p. 223.

A. M. Goodman, Phys. Rev. 152, 780 (1966).
(1978).

No. 5 2006



820

45.

46.

47.

48.

49.
50.

51.

NASYROV et al.

S. L. Boitsov, A. Ya Vul’, A. T. Dideikin, €t a., Fiz.
Tverd. Tela (Leningrad) 33, 1784 (1991) [Sov. Phys.
Solid State 33, 1003 (1991)].

Z. A. Weinberg, G. W. Rubloff, and E. Bassous, Phys.
Rev. B 19, 3107 (1979).

J. M. Ziman, Models of Disorder: The Theoretical Phys-
ics of Homogeneoudly Disordered Systems (Cambridge
Univ. Press, Cambridge, 1979; Mir, Moscow, 1982).

A. M. Goodman, Phys. Rev. 164, 1145 (1967).
R. C. Huges, Phys. Rev. Lett. 35, 449 (1975).

J. Ranaweera, W. T. Ng, and C. A. T. Salama, Solid-State
Electron. 43, 263 (1999).

I. Bloom, P. Pavan, and B. Eitan, Microelectron. Eng. 59,
213 (2001).

Spell:

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 102

52.

53.

54.

55.

56.

V. A. Gritsenko, in Slicon Nitridein Electronics (Nauka,
Novosibirsk, 1982), p. 199 [in Russian].

V. A. Gritsenko, E. E. Meerson, I. V. Travkov, et d., Mik-
roélektronika 16, 42 (1987).

G. Rosenman, M. Naich, M. Molotskii, et al., Appl.
Phys. Lett. 80, 2743 (2002).

V. A. Gritsenko, D. V. Gritsenko, Yu. N. Novikov, et al.,
Zh. Eksp. Teor. Fiz. 125, 868 (2004) [JETP 98, 760
(2004)].

S. B. Bibyk and V. J. Kapoor, J. Appl. Phys. 52, 7313
(1981).

Trandated by A. Bagatur’ yants

No. 5 2006



