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35-word Abstract

Deep and shallow electron traps form in irradiated thermal SiO7 as a natural response to hole trans-
port and trapping. The density and stability of these defects are discussed, as are their implications for
total-dose modeling.

* The portion of this work performed at Sandia National Laboratories was supported by the US Dept. of
Energy. Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Com-
pany, for the United States Department of Energy under Contract DE-AC04-94AL85000.



DISCLAIMER

This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither the
United States Government nor any agency thereof, nor any
of their employees, make any warranty, express or implied,
or assumes any legal liability or responsibility for the
accuracy, completeness, or usefuiness of any information,
apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or
any agency thereof.




DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original

document.




Introduction

Figure 1 illustrates the traditional model of charge
transport and trapping in irradiated thermal SiOp [1].
Tonizing radiation creates electron-hole (e-h) pairs in the
SiO9. 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/SiOp 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/SiO7 interface can be annealed ther-
mally or annihilated or compensated via electron tun-
neling [1,3-6]. During the hole transport and/or trapping
processes, hydrogen species (e.g., protons) are liberated
in the bulk or near interfacial SiO, transport to the in-
terface, and react with hydrogen-passivated dangling
bonds to form interface traps [7-10].
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Figure 1. Schematic illustration of hole transport and trapping in
irradiated thermal oxides. (After Ref. [1]).

Recently, there have been many attempts to incor-
porate charge transport, trapping, and annealing proc-
esses into models of MOS total dose response. Among
issues addressed in numerical models of MOS oxide-
trap charge are (1) bias and dose dependence [11], (2)
effects of high-temperature thermal processing [12,13],
(3) the profile along the bird’s beak of a LOCOS isola-
tion oxide [14], and (4) the magnitude and temperature
dependence of thermally stimulated current (TSC) in
irradiated SiO7 [15]. 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 [16] and back-channel leakage in SOI [17].

A common source of difficulty in these total-dose
modeling efforts is the inability to naturally incorporate
compensating electron trapping near the Si/SiO2 inter-

face, which acts to offset the space charge of the trapped
holes. This issue tends either to be neglected in present
total dose models for thermal SiOj, or else is incorpo-
rated in an ad hoc fashion [11-17]. The ability to prop-
erly account for electron trapping near the SiOp inter-
face is of great interest because it has been demonstrated
experimentally to (1) occur in a wide variety of thermal
and nitrided oxides [3,6,7,18,19], (2) often have a den-
sity comparable to the trapped-hole density [18-20], (3)
be difficult to distinguish from interface traps [21-24],
and (4) play a key role in the enhanced low-dose-rate
sensitivity of bipolar base oxides [25].

In this summary we ‘illustrate examples from studies

of TSC in thermal oxides that provide insight into the
nature and stability of trapped electrons near the Si/SiOp
interface. We find that electrons in deep traps tend to be
more resistant to thermal annealing than electrons in
shallow traps. Trapped electrons near the Si/SiO7 inter-
face do not contribute to TSC at positive bias, for either
room temperature or elevated temperature irradiation.
These results suggest modifications are needed to pres-
ent total-dose models; in particular, the boundary condi-
tions for hole transport and the mobilities assigned to
electrons in SiO2 must be refined.

Experimental Results

For all results in this summary, capacitors with ra-
diation-hardened 45-nm oxides were irradiated with 10-
keV x rays at a dose rate of 1100 rad(SiO2)/s at ~ 20°C
to 2.0 Mrad(SiO7) at 10 V. Effective densities of shal-
low electron traps AN, were estimated via room-
temperature high-frequency (1 MHz) capacitance-
voltage (C-V) hysteresis measurements [19,26,27] at a
ramp rate of ~ 0.5 V/s. Effective densities of more
deeply trapped electrons AN,y were estimated from
TSC and high-frequency C-V measurements (swept
from negative-to-positive bias to exclude contributions
of shallow trapped electrons) via [18,19]:

AgANeg=A0p - CoxAVmg - (N

Here AQp = AgANp, is the trapped positive charge ob-
tained by integrating the TSC (corrected for parasitic
leakage), —q is the electronic charge, ANy, is the trapped
positive charge density, Cyy is the oxide capacitance, 4
is the area, and AVjyg is the midgap voltage shift
[18,19]. TSC measurements were performed under bias
during a ~ 0.11°C/s ramp from ~ 20°C to 350°C [28].




To investigate the oxide-trap charge stability, 15-
min isochronal anneals [29] were performed on some
devices between irradiation and TSC measurement; re-
sults for 1 h isochronal anneals were similar. Figure 2
shows ANp, ANgg, and AN for devices irradiated to 2
Mrad(SiO7) and annealed at —10 V at temperatures from
50 to 200°C before TSC measurement. The points at
20°C are controls for which no anneals were performed.
After irradiation, the density of trapped positive charge
was 2.5 x 1012 ¢m2; the density of deeply trapped
electrons was 1.3 x 1012 ¢cm-2; and the density of shal-
low trapped electrons was 0.4 x 1012 cm2. Values of
AN,, decrease with increasing anneal temperature, as
expected. The density of shallow trapped electrons also
decreases systematically with increasing temperature.
In contrast, even though negative bias anneals might be
expected to efficiently drive electrons out of the oxide,
essentially no change is seen in ANy below 100°C.
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Figure 2. Trapped charge densities after radiation exposure of 45-
nm oxides to 2.0 Mrad(SiO2) at 1100 rad(SiO3)/s and 10 V, fol-
lowed by 15-min isochronal annealing at —10 V.
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Figure 3. Normalized trapped charge densities as a function of
isochronal anneal temperature for the devices of Fig. 2.

Figure 3 shows the relative stability of the deeply
trapped electrons, the trapped positive charge, and the
shallow electrons, normalized to postirradiation values.
For 15-min 100°C anneal at —10 V, the density of deeply
trapped electrons is unchanged from its postirradiation
value, but the density of electrons in shallow traps has
decreased by ~ 30 %. Note that the stability of the aver-
age trapped hole in Fig. 3 is greater than that of the
shallow trapped electrons, but /ess than that of the aver-
age deeply trapped electrons. Results for other anneal-
ing biases and for effective interface-trap densities will
be presented in the full paper.

It is also interesting to see how these quantities are
affected by higher irradiation temperature. Figure 4
shows TSC measurements at + 12 V bias for capacitors
with 45-nm oxides irradiated to 2.0 Mrad(SiO7) 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 irradiation, and the open circles are the
background leakage measured before irradiation. The
triangles denote the net TSC due to transporting charge,
which is the difference of the post- and pre-irradiation
curves. The net TSC at negative bias, along with C-V
and hysteresis measurements, shows AN, after 80°C
irradiation was 2.3 x 1012 cm2; AN,z was 2.0 x 1012
cm-2; and AN, was 0.45 x 1012 cm-2. Hence, the den-
sities of trapped holes and of shallow electrons are com-
parable for 20°C and 80°C irradiations, but the density
of deeply trapped electrons increases by ~ 50% for 80°C
irradiation. Despite the presence of a trapped electron
density comparable to that of the trapped-hole density,
there is negligible positive-bias TSC due to charge de-
trapping and transport in the lower half of Fig. 4; that is,
the current before and after irradiation is identical for
+12 V TSC. Thus, neither shallow nor deeply trapped
electrons near the SiO7 are free to transport across the
oxide during TSC measurements, consistent with previ-
ous results for room-temperature irradiation or high
field stress [19,28]. Similar asymmetries in TSC re-
sponse have been explained in the past by assuming that
the trapped electrons near the Si/SiOj interface lie pri-
marily in border traps, which only exchange charge with
the Si [18-20,22]. However, the remarkable stability of
the trapped electrons in Fig. 2 require that this conclu-
sion be re-evaluated, as it is hardly meaningful to con-
sider a trapped electron which is stable against 100°C
annealing to be a border trap!
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Figure 4. Negative (upper half) and positive (lower half) TSC for
45-nm radiation-hardened oxides irradiated to 2.0 Mrad(SiO)) at
1100 rad(SiO3) at a bias of 10 V at 80°C.

Discussion

The results of Figs. 2-4, and others to be presented
in the full paper, suggest that the model of charge trans-
port and trapping in Fig. 1 is not sufficiently complete to
serve as the basis for a predictive total-dose model of
radiation effects in SiOp. We now discuss the key roles
that electrons play in SiOp charge transport and trap-
ping, and how these effects may be accounted for in an
improved total-dose model for thermal SiO3. In the
summary, we limit our discussion to oxide-trap charge
related issues. Interface traps will also be considered in
the full paper.

When SiO9 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 electron to escape the SiOj in picoseconds is
characteristic of electrons that are generated with suffi-
cient energy to reach the SiOj 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 SiOy, i.e., hole transport. The efficiency
with which nearby atoms provide electrons to fill holes
deeper within the SiO7 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 SiO9 [30,31], and/or (3) the densities
of O vacancies and impurity atoms in the SiO.

When transporting holes approach the Si/SiO7 in-
terface, one of three things can occur, all of which must
be considered when defining boundary conditions for

total dose models. First, the hole may present itself at a
location and energy level that facilitates the transfer of
an electron from the Si to the near-interfacial SiOp,
thereby restoring charge neutrality in the oxide. In the
absence of defects and impurities in dense SiO9, this is
the natural progression of events. However, some holes
encounter an O vacancy that inhibits further transport
toward the Si; this is the classic deep hole trap in the
SiOg [1,12,13]. An associated shallow electron trap
may result from the metastable exchange of charge be-
tween the Si conduction band and the Si atom which sits
opposite to the deep hole trap, as envisioned by Lelis et
al., for example [3,21].

The results of Figs. 2-4 suggest a third possible out-
come. A transporting hole near the Si/SiO7 interface
may lie at a position and/or energy level that does rot
facilitate the transfer of an electron from the Si directly
to the defect having the missing electron. Recall that
hole transport induces lattice relaxation along its path in
the form of a small polaron. Near the interface, the in-
teraction of this small polaron with a defect or impurity
atom (e.g., hydrogen species) can create a trapping level
that can capture an electron from the Si, followed by a
lattice relaxation after electron capture that shifts the
energy level of the defect. This results in the formation
of a dipole near the interface that consists of a trapped
hole and an electron in the wrong location and/or energy
level to annihilate the trapped hole (e.g., an exciton).
After the dipole is formed near the interface, the electro-
static driving force to annihilate the hole via electron
transfer from the Si is eliminated due to screening ef-
fects [25]. Figures 2-4 and other data we will show in
the full paper suggest these dipoles (1) are quite stable at
room temperature, (2) decay by releasing a hole under
negative bias TSC, and (3) decay via e-h recombination
under positive bias TSC. The latter process may be ob-
servable, e.g., during thermally stimulated luminescence
measurements [32]. That electrons do not instead trans-
port across the oxide during positive-bias TSC is be-
cause these electrons are not in the conduction band of
the oxide, and have much lower mobility as a result.
This reinforces the point that one may not assign the
same, high value of mobility to all electrons in SiO3.

Summary

Electron transport and trapping play a key role in
the ionizing radiation response of thermal SiO3. Deep

and shallow electron traps form in response to hole



transport and/or trapping. The density and stability of
deeply trapped electrons greatly exceed those of shallow
electrons in the devices studied here. These results pro-

vide insight into the definition of improved total dose

models for MOS devices. In the full paper, experimen-
tal data will be shown for other annealing conditions,

and the role of hydrogen in charge transport and trap-
ping processes will be examined in more detail. Impli-
cations for the radiation response and reliability of ul-
trathin oxides will also be addressed.
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