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Abstract

Radiation-induced hole and electron transport and
trapping are fundamental to MOS total-dose models.
Here we separate the effects of electron-hole annihila-
tion and electron trapping on the neutralization of ra-
diation-induced charge during switched-bias irradiation
for hard and soft oxides, via combined thermally
stimulated current (TSC) and capacitance-voltage
measurements. We also show that present total-dose
models cannot account for the thermal stability of
deeply trapped electrons near the Si/SiO, interface, or
the inability of electrons in deep or shallow traps to
contribute to TSC at positive bias following (1) room-
temperature, (2) high-temperature, or (3) switched-bias
irradiation. These results require revisions of modeling
parameters and boundary conditions for hole and elec-
tron transport in SiO,. The nature of deep and shallow
electron traps in the near-interfacial SiO, is discussed.

I. INTRODUCTION

Figure 1 illustrates the traditional model of charge
transport and trapping in irradiated thermal SiO, [1].
Ionizing radiation creates electron-hole (e-h) pairs in the
Si0,. The mobility of electrons that escape initial re-
combination is presumed to be high enough that they are
typically swept out of the oxide in picoseconds [2].
Holes exhibit lower effective mobility, and transport
dispersively toward the Si/SiO, interface for positive
gate-to-substrate bias. There a fraction of the holes are
trapped, with the remainder exiting into the Si. Trapped
holes near the Si/SiO, interface can be annealed ther-
mally, or annihilated or compensated via electron tun-
neling [1,3-6]. During the hole transport and/or trap-
ping processes, hydrogen species (e.g., protons) are lib-
erated in the bulk or near-interfacial SiO,, transport to
the interface. and react with hydrogen-passivated dan-
gling bonds to form interface traps [7-10].

Recently, there have been several attempts to incor-
porate charge transport, trapping, and/or annealing
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processes into MOS total dose models [Q].SAl-ong
issues addressed in numerical models of MOS oxide-
trap charge are (1) bias and dose dependence [12], (2)
effects of high-temperature thermal processing [13,14],
(3) the profile along the bird’s beak of a LOCOS isola-
tion oxide [15], and (4) the magnitude and temperature
dependence of thermally stimulated current (TSC) in
irradiated SiO, [16]. In addition, similar modeling has
been performed in an effort to aid the understanding of
enhanced low-dose-rate gain degradation in bipolar base
oxides [17] and back-channel leakage in SOI [18].
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Figure 1. Schematic illustration of hole transport and trapping in
irradiated thermal oxides. (After Ref. [1]).

One source of difficulty in total-dose modeling ef-
forts is the inability to naturally incorporate compen-
sating electron trapping near the Si/SiO,. interface,
which can act to offset trapped-hole space charge. This
tends either to be neglected in present total dose models
for thermal SiQO,, or else is incorporated in an ad hoc
fashion [11-18]. The ability to properly account for
electron trapping near the SiO, interface is of great in-
terest because it has been demonstrated to (1) occur in a
wide variety of thermal and nitrided oxides [3,6,19-21],
(2) often have a density comparable to the trapped-hole
density [19-21], (3) be difficult to distinguish from in-
terface trap effects when the electrons are in border
traps [19-25], and (4) play a key role in MOS parasitic
elements responsible for the enhanced low-dose-rate
sensitivity of bipolar base oxides [26,27].

In a recent study [28], TSC and capacitance-voltage
(C-V) measurements on 45 nm thermal oxides demon-
strate an unexpectedly high thermal stability for trapped
electrons near the Si1/Si0, interface.

As illustrated in
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Fig. 2, electrons in deep traps are more resistant to
thermal annealing than electrons in shallow traps, even
for high-temperature annealing at negative bias. How-
ever, these deeply trapped electrons are removed at still
higher temperatures during TSC measurements con-
sisting of a ramp from 25°C to ~ 350°C at-12 Vin ~ 1
h. That deeply trapped electrons in SiO, are stable to at
least 125°C, but are removed by further annealing at
higher temperatures, makes it difficult to understand
why these electrons evidently do not transport across
the oxide and contribute to the measured TSC under
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Figure 2. Trapped charge densities for 0.0053 cm® capacitors with
45 nm radiation-hardened oxides irradiated to 2.0 Mrad(SiO,) with
10 keV x rays at 10 V and 1100 rad(Si0,)/s, and isochronally an-
nealed for 15 minutes at —10 V. The trapped positive charge density
was estimated from the integrated TSC; the density of deeply trapped
electrons was estimated from combined TSC and C-V measurements;
and the density of shallow electrons was estimated via high-
frequency C-V hysteresis measurements. (After Ref. [28].)

In past TSC studies, MOS capacitors were usually
irradiatéd at room temperature at constant bias. In this
paper, we extend these data to include irradiation at ele-
vated temperature, and under switched bias conditions,
to determine whether de-trapping and transporting elec-
trons contribute to the TSC under different experimental
conditions. In fact, we see no such contributions. We
show that these results require modifications to present
total-dose models; at a minimum, the boundary condi-
tions for hole transport and the mobilities assigned to
some electrons in Si0, must be refined. Possible physi-
cal models are discussed for deep and shallow electron
traps in the near-interfacial Si0O,.

[I. ELEVATED TEMPERATURE IRRADIATION

Figure 3 shows TSC measurements at + 12 V bias
for 0.0052 cm’ n substrate capacitors with 45 nm oxides
irradiated to 2.0 Mrad(Si0,) at 80°C. The negative-bias
TSC is shown in the top half of the figure. Here the
solid circles denote the as-measured current after irra-

diation, and the open circles are the background leakage
measured before irradiation. The triangles denote the
net TSC due to transporting charge, which is the differ-
ence of the post- and pre-irradiation curves. The inte-
grated TSC, corrected for background leakage, provides
an estimate of the total oxide-trap charge density pro-
jected to the Si/SiO, interface AN,. Effective densities
of deeply trapped electrons AN,; were estimated from
combined TSC and high-frequency C-V measurements
[19-21,28]. Effective densities of shallow trapped elec-
trons were estimated via C-V hysteresis [20,28]. For
the devices of Fig. 3, AN, after 80°C irradiation was 2.3
x 10 cm™; AN, was 2.0 x 102 cm®; and AN,, was 0.45
x 10'% cm. Comparing these results with postirradiation
values in Fig. 2, the densities of trapped holes and
shallow electrons are comparable for 20°C and 80°C
irradiations, but the deeply trapped electron density in-
creases by ~ 50% for 80°C irradiation [28,29].
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Figure 3. Negative (upper half) and positive (Jower half) bias TSC
for 45 nm radiation-hardened oxides irradiated to 2.0 Mrad(SiO,) at
1100 rad(Si0,)/s at a bias of 10 V at 80°C.

Despite the presence of a trapped electron density
comparable to that of the trapped-hole density after ir-
radiation, there is negligible positive-bias TSC due to
charge detrapping and transport in the lower half of Fig.
3; that is, the current before and after irradiation is
identical for +12 V TSC. Similar results are obtained
for devices irradiated at positive and negative bias at
temperatures up to 150°C. Thus, neither shallow nor
deeply trapped electrons near the SiO, are free to trans-
port across the oxide during TSC measurements, con-
sistent with previous results for room-temperature irra-
diation or high field stress [20,30,31].

Asymmetries in TSC response like that in Fig. 3
have been explained by assuming the trapped electrons
near the Si/SiO, interface lie primarily in border traps,
which only exchange charge with the Si [19-21,23]. But
the remarkable stability of the trapped electrons in Fig.




2 and Ref. [28] suggest that this conclusion must be re-
evaluated, as discussed further below.

TIT. SWITCHED-BIAS IRRADIATION

The results of Figs 2 and 3 and Refs. [20,28-31]
establish the stability of trapped electrons to elevated-
temperature annealing and the inability of these elec-
trons to contribute to TSC under positive bias in thermal
oxides. However, it is not known whether the majority
of these electrons were trapped in the near-interfacial
SiO, during irradiation, or whether they tunneled into or
were injected into the SiO, from the Si in response to
hole trapping near the interface. Another way in which
one may anneal and/or compensate trapped positive
charge in SiO; is by switching the bias from positive to
negative or zero during irradiation {32]. In this section
we explore switched-bias irradiations for 45 nm radia-
tion-hardened and 350 nm soft oxides.

For these switched bias irradiations, an excess of
positive oxide-trap charge is initially created near the
Si/Si0, interface via positive-bias irradiation. Upon
reversing the irradiation bias to negative, holes are
swept toward the gate, and electrons transport toward
the Si. At very large negative electric fields, very little
of the trapped positive charge is annihilated or compen-
sated by the electrons [32], as the effective cross-section
for electron capture by a trapped hole decreases dra-
matically with increasing oxide electric field [33].
However, trapped positive charge is neutralized quite
efficiently at small negative electric fields during the
second stage of switched-bias irradiation [32,34-36].
Below we separate the components of this neutralization
into elements due to e-h annihilation, and due to com-
pensation of trapped positive charge by electron trap-
ping in the near-interfacial SiO,. Such a separation has
not been done in previous work on switched-bias effects
in the literature [32,34-36]. We then determine whether
the trapped electrons contribute to TSC under positive
bias, as they must if they are able to de-trap and trans-
port across the oxide. The contributions of deep and
shallow electrons are not separated in this study, but it
is known from prior work [21,28,29,37] that most elec-
trons in these oxides lie in deeper traps.

A. 45 nm hard oxides.

In Fig. 4, 0.01 cm® nMOS capacitors with 45 nm
oxides are irradiated to 5.0 Mrad(SiO») at a dose rate of
5550 rad(SiO,)/s and 5 V bias, with and without a sub-
sequent 1.0 Mrad(SiO,) exposure at -3 V. The TSC bias
is —10 V for each case. The device without additional
negative bias irradiation showed values of AN, = 4.1 x

10" cm™ and 4N, = 1.7 x 10"* cm™, corresponding to a
net oxide trap charge density AN,, = 2.4 x 10" cm™
The device with the additional negative bias exposure
showed 4N, = 3.2 x 10 em™, AN, = 2.6 x 10" cm”, and
AN, = 0.6 x 10'” cm™. Hence, roughly half the 1.8 x
10" cm decrease in AN, was caused by the annihila-
tion of trapped holes during negative-bias irradiation,
and half was caused by an accelerated buildup of elec-
tron trapping after the bias switch.
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Figure 4. TSC for a 0.01 cm? capacitor with a 45 nm radiation-
hardened oxide irradiated to 5 Mrad(SiO,) at 5 V (dots), and for an
identical device that received the same initial exposure followed by
an additional 1 Mrad(SiQ,) irradiation at -3 V.
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Figure 5. TSC at negative and positive bias for the devices and
switched-bias irradiation conditions of Fig. 4.
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In Fig. 5, the switched-bias results of Fig. 4 are
compared with results for devices that saw an identical
urradiation sequence, followed by TSC measurement at
12 V. Above we showed that the trapped electron den-
sity is ~ 80% as large as the trapped hole density after
switched-bias irradiation. Thus, if the electrons are able
to de-trap and transport across the oxide during positive-
bias TSC, as the positive charge does during negative-
bias TSC, one would expect only slightly less TSC for
the positive-bias case than for negative bias. However,
no significant current is observed for the positive-bias
case in Fig. 5. Subsequent C-V and TSC measurements
show that no net positive or negative charge remains in



the oxide in either case in Fig. 5. So, despite our ability
to trap a large number of electrons near the Si/SiO, in-
terface during the negative-bias stage of the switched-
bias irradiation in Figs. 4 and 5, these electrons do not
transport across the SiO; after de-trapping.

B. 350 nm soft oxides.

We have also performed a similar series of experi-
ments on 350 nm oxides that were given a 0.5 h, 1100°C
N, anneal to deliberately increase their O vacancy den-
sity [13,14,19]. Figure 6 shows two of these capacitors
irradiated to 5 krad(SiO,) at 30 V with 10-keV x rays;
one device received a second exposure to 15 krad(SiO,)
at -3 V. The device trradiated to 5 krad(SiO,) without
the -3 V irradiation showed AN, = 1.12 x 10'2 cm’; AN,
= 1.21 x 10” cm’ and AN, = 0.09 x 10'* cm’. The de-
vice irradiated to 5 krad(SiO,) at 30 V and 15
krad(SiO,) at =3 V showed AN,, = 0.51 x 10" cm’; AN,
=~ 0.65 x 10"* cm?; and AN, = 0.14 x 10"? cm® Hence, of
the 0.61 x 10" cm™ reduction in AN,, for this device,
0.56 x 10" cm™ (92%) of the decrease occurs because
of trapped-hole annihilation, and only 0.05 x 10" cm™
(8%) is due to additional electron trapping. This con-
trasts with the hardened 45 nm oxide of Figs. 4 and 5,
where both e-h annihilation and electron trapping con-
tributed significantly to the decrease in net oxide-trap
charge density.
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Figure 6. TSC for a 0.036 cm’ capacitor with a soft 350 nm oxide
irradiated to 5 krad(Si0,) at 30 V (dots), and for an identical device
that received the same initial exposure followed by an additional 15
krad(SiO,) irradiation at -3 V. The TSC bias was —40 V.

By analogy to the results of Figs. 4 and 5, one might
presume that, with much less electron trapping for the
devices of Fig. 6 than for Fig. 4, there would be no sig-
nificant TSC observable at positive bias. However, Fig.
7 shows the danger of this kind of analogy; the positive-
bias TSC after switched-bias irradiation shows a broad
peak at about 75°C. To understand the origin of this
peak, in Fig. 8 we compare the TSC for the switched-

bias case with an identical device irradiated to the same
dose, i.e., 20 krad(Si0O,), but now at constant -3 V bias.
Clearly, the two TSC curves are nearly identical. This
result, as well as previous work on similar devices
[21,30], strongly suggests that the TSC under positive
bias in Figs. 7 and 8 is due to holes that are emitted
from bulk trapping sites in these soft oxides, and not
electrons transporting across the SiO,. No such bulk
trapping sites are present in the hard oxides of Figs. 4
and 5 [21].
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Figure 7. TSC at positive and negative bias for the devices and
switched-bias irradiation conditions of Fig. 6.
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Figure 8. TSC for the switched-bias case of Figs. 6 and 7, and for
an identical device irradiated to 20 krad(SiQ,) at -3 V. The TSC
bias was 40 V in each case.

IV. DISCUSSION

The results of Figs. 2-8, as well as prior work in the
literature [19-21,23,28,29], strongly suggest that the
model of charge transport and trapping in Fig. 1 is not
sufficiently complete to serve as the basis for a predic-
tive model of total-dose radiation effects in SiO,. We
now discuss the key roles that electrons play in SiO,
charge transport and trapping, and how these must be
accounted for in total-dose models of thermal SiO,.
Here we focus on models of oxide-trap charge, for sim-




plicity of discussion, though of course many of these
factors also affect interface trap buildup [22,23,25].

When SiO, is irradiated, Fig. 1 shows the genera-
tion of an e-h pair, with the immediate escape of the
radiation-induced electron. The high mobility that en-
ables this carrier to escape the SiO, in picoseconds is
characteristic of electrons that are generated with suffi-
cient energy to reach the SiO, conduction band, and
scatter few enough times before leaving the oxide to
remain in the conduction band. The empty electron site
resulting from the ionization event is refilled via site-to-
site hopping transport of electrons in or near the valence
band of the SiO,, i.e., hole transport. The efficiency
with which nearby atoms provide electrons to fill holes
deeper within the SiO; during the “hole transport” proc-
ess will depend on (1) the degree of overlap of the
atomic orbitals, especially that of the O atoms [1], (2)
the density of the SiO, [38,39], and/or (3) the densities
of O vacancies and impurity atoms (e.g., H) in the SiO,
[13,14,22,25]. Hence, these factors must be captured
numerically and incorporated into total-dose models.

When transporting holes approach the Si/SiO, in-
terface, one of four things can occur, as illustrated in
Fig. 9. All must be considered when defining boundary

~conditions for total dose models. First, the hole may
arrive at a location and energy level that facilitates the
transfer of an electron from the Si to the near-interfacial
Si0,, thereby restoring charge neutrality in the oxide
(#1 in Fig. 9). In the absence of defects and impurities
in dense SiO, that cause hole and/or electron trapping,
this is the natural progression of events.
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Figure 9. Schematic illustration of hole transport and trapping in
S10,, ending with (1) e-h annihilation, (2) a trapped hole, (3) a
trapped hole compensated by a shallow trapped electron. and (4) a
stable near-interfacial dipole. In (2)-(4). the positive charge can
transport across the oxide for negative-bias TSC, but the negative
charge in (3) and (4) cannot contribute to positive-bias TSC.
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The second possibility is that some holes encounter
an O vacancy that stops further transport toward the Si;
this is the classic deep hole trap in SiO, (#2 in Fig. 9)
[1,13,14]. If the vacancy close enough to the interface,
a shallow electron trap may be induced (#3 in Fig. 9).
This possibility has been discussed by Lelis et al., and
others [3,22,24,28]. There have been attempts to model
this charge exchange via tunneling models [17,22,40],
and in some cases this may be a viable approach. Com-
plicating the situation, though, are many studies of ran-
dom telegraph signals, which presumably also record
the exchange of electrons with defects in SiO,. These
studies consistently report thermally activated charge
exchange between the Si and the near-interfacial oxide,
accompanied by lattice relaxation [41,42]. Simple tun-
neling kinetics are only seen below ~ 10 K [43]. Hence,
for other devices, modeling the charge exchange be-
tween the Si and traps in the SiO, may require greater
knowledge of both the defects involved and the lattice
relaxation that accompanies the charge exchange.

The results of Figs. 2-8 and of Refs. [20,28-31] sug-
gest another possible outcome (#4 in Fig. 9). A trans-
porting hole near the Si/SiO, interface may reach a po-
sition and/or energy level that does not facilitate the
transfer of an electron from the Si directly to a defect or
ion having a missing electron. Hole transport induces

- lattice relaxation along its path, i.e., a small polaron [1].

Near the interface, the interaction of this polaron with a
defect or impurity atom (e.g., suitable hydrogen species)
can induce a trapping level that can capture an electron
from the Si. This can be followed by lattice relaxation
that shifts the energy level of the defect so the “deeply
trapped” electron (or stable negative charge) can neither
easily exit into the Si nor transport further into the SiO,.
This results in the formation of a dipole that consists of
a trapped positive charge and a nearby negative charge
at the wrong location and/or energy level to combine
with the trapped positive charge. If the positive charge
remains a trapped hole, and the negative charge remains
a trapped electron, this is just a trapped exciton. How-
ever, given that an exciton may not be stable in the near-
interfacial SiO; at or above room temperature, it seems
likely that at least one of these species resides in an im-
purity complex in the near-interfacial SiO,. For exam-
ple, the positive charge could reside on a proton [25,39],
a H;O%, or another over-coordinated O complex or re-
lated center [44]. The negative charge could reside on
an OH™ or related center {25,45], or even H™ [46]. After
the dipole is formed, the electrostatic driving force to
annihilate the positive charge via electron tunneling
from the Si is eliminated due to screening [27].




Figures 2-8 and other work [19-21,28,29] suggest
the dipoles pictured in Fig. 9 (1) are stable at room tem-
perature, (2) decay by releasing a hole for negative bias
TSC (with loss of the electron to the Si), and (3) most
likely decay via simple e-h recombination for positive-
bias TSC. The latter process may be observable, e.g.,
via thermally stimulated luminescence measurements
[47], which would be an interesting complementary
study in the future. The density of these dipoles are af-
fected by oxidation conditions, and/or H, N, and/or
other chemical species in the near-interfacial SiO;
[19,20]. That electrons do not transport across the oxide
during positive-bias TSC is because the negative charge
cannot enter the SiO, conduction band, or hop across
the SiO, like holes do. Thus, the mobilities of electrons
in Si0, depend strongly on their locations and energy
levels. This must be factored into total dose models,
especially for materials with many electron traps, like
SOI or bipolar base oxides [27]. We expect this also to
be a concern for some alternative dielectrics to SiO,
[48.49]. o

V. CONCLUSION

Existing total dose models cannot account for the-

observations that (1) a large number of electrons are
trapped in deep and shallow levels in the near-
interfacial SiO,, and (2) these electrons do not contrib-
ute to TSC under positive bias. To modify total dose
models to include these effects will require refinements
in the boundary conditions for charge transport and
trapping in the near-interfacial SiO-, and the incorpora-
tion of electron mobility values that depend on charge
location and/or energy level. This latter point may be as
simple as treating trapped and transporting electrons
separately in the code, in contrast to the reversibility in
transport exhibited by holes, or it may require -a more
sophisticated approach. To do this, future work must
lead to a better understanding of the interactions be-
tween transporting holes and defects and impurity com-
plexes in the bulk and near-interfacial SiO,, as well as
their impact on MOS radiation response and reliability.
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