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Assessment of Capture Cross Sections and
Effective Density of Electron Traps
Generated 1n Silicon Dioxides
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Abstract—Generation of acceptor-like electron traps in gate
oxides is an important source for device instability. Despite pre-
vious efforts, capture cross sections are not unambiguously deter-
mined, and there is confusion on how many capture cross sections
genuinely exist. Neither is the dependence of trap density for a
given capture cross section on stress level clear. The objective of
this paper is to fill this knowledge gap by investigating electron—
trapping kinetics. There are a number of obstacles for such an
investigation including the simultaneous occurrence of trapping
and trap generation, stability of trapping, and effects of positive
charges. Through careful selection of experimental conditions and
testing samples, the authors have been able to ovecome these
obstacles. In particular, their recent work in this area has allowed
them to develop a new method for correcting the effect of positive
charges. After removing all uncertainties, the authors are able to
identify a capture cross section as large as 10713 —10"'% cm?
for the generated acceptorlike trap. It will be shown that electron
trapping follows the first-order model, and there is also a smaller
capture cross section in the region of 10~15—10-1¢ cm2. To the
best of their knowledge, for the first time, the authors will show
that the density of the larger trap increases with stress, but the
density of the smaller trap clearly saturates.

Index Terms—Defects, gate oxides, instabilities, reliability,
space charges, traps.

1. INTRODUCTION

HEN THE FIRST transistor was invented in 1947 at

Bell Laboratories, it was based on Germanium. A key
factor for silicon’s success is the availability of silicon dioxides
(SiO3), which have excellent insulating properties and a near
perfect interface with Si. The quality of SiO2, however, will
degrade during device operation, mainly because high electrical
field strength in modern devices generates defects [1]-[15].
Three important types of defects have been reported: elec-
tron traps [1]-[5], interface states [1], [6], [7], and hole traps
[8]-[11]. In this paper, we only address the acceptorlike elec-
tron traps.

Electron traps can be both “as-grown” or created after device
fabrication. Early efforts were focused on the as-grown traps
[12]-[14]. It was found that as-grown traps originated from
impurities in the oxide, such as water molecules [12] and
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implants [13]. For a modern MOSFET, however, the use of
poly-Si gates and a careful control of impurities have effectively
eliminated these as-grown traps [15]. As a result, we will focus
on the generated electron traps here.

Generated electron traps play an important role in device
reliability. They can have several adverse effects on the device
performance, such as a shift in device parameters [1], [5]
and stress-induced leakage current (SILC) [16]-[18]. As their
number accumulates, they can form a conduction path be-
tween gate and substrate, which leads to oxide breakdown [4],
[17]-[19]. For a high-x/SiO5 stack, it has been suggested that
its breakdown can be controlled by the interfacial SiO5 layer
[20]. Consequently, generated traps are important for the stack
as well. Despite of past efforts, there are unsolved issues.
For example, capture cross sections are not unambiguously
determined and there are confusions on how many capture cross
sections genuinely existing. The dependence of a trap density
for a given capture cross section on stress level is not clear,
either. There is a lack of techniques for correcting the positive-
charge effect on electron trapping. The objective of this paper
is to fill this knowledge gap by investigating electron-trapping
kinetics.

The most well known trapping model is the first-order model
[12]-[14]. It was applied successfully for as-grown electron
traps [12], [13]. Although it was proposed that this model could
also be applied for generated traps [5], this verdict has not been
adopted generally. Most of the previous works on generated
electron traps did not address the trapping kinetics because of a
number of obstacles, as summarized below.

First, for thin oxides (< 3 nm), traps can be located suf-
ficiently close to the electrodes that trapped electrons can
tunnel away. In this case, trapping will not be stable, and it
is difficult to study the kinetics. The SILC has been widely
used as a measure of generated defects in thin oxides [18].
However, electron traps are not the only source for SILC
[16]. The important trapping parameters, such as capture cross
sections and density, were rarely reported from the work based
on SILC.

Second, if relatively thick oxide is used, stable electron
trapping can be achieved, but the difficulty is in separating the
trap filling from the trap creation. In most of the previous works,
electrons were injected into the oxide during trap generation.
Once the traps are generated, these electrons can fill the traps.
Since the filling is typically much faster than the creation,
the trapping level is determined by the generation rather than
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Fig. 1. Electron-trapping density Ne during stresses under an oxide field of
+11 MV/cm. Ne is negative initially due to the positive-charge formation.
As the electron traps are generated and filled, Ne becomes positive, which
represents net negative charges. The trap generation and filling processes cannot
be separated here, and the data cannot be used for studying the kinetics of
trap filling.

filling. One example is given in Fig. 1. Here, one MOSFET was
subjected to Fowler—Nordheim injection (FNI). The electron
trapping density Ne is negative initially, indicating net positive
charges. As the stress increases, Ne becomes positive, which
represents net negative charges, and builds up continuously
without saturation. The nonsaturation of Ne observed here
results from the continuous creation of new traps rather than
filling the existing traps. As a result, it cannot be used for
studying the kinetics of trap filling.

Third, recent works [8]-[11] show that electrical stresses
generate not only electron traps but also hole traps. Hole
trapping leads to positive-charge formation in the oxide, which
offsets electron trapping. This complicates the study, and cares
must be exercised to take it into account.

To investigate the trapping kinetics of generated electron
traps, the obstacles mentioned above must be overcome. We
believe that this can be achieved now, since recent works have
improved our understanding of both electron traps [15], [21]
and hole traps [8]-[11]. Through careful selection of test con-
ditions and samples, unambiguous results have been obtained
on trap capture cross sections and densities.

II. DEVICES AND EXPERIMENTS
A. Devices

When selecting testing samples and stress techniques, prior-
ity is given to overcome the obstacles mentioned earlier and
to simplify the test conditions as far as possible. To avoid the
uncertainty caused by the use of SILC for measuring electron
traps, we chose relatively thick oxide (7 nm) here, since it gives
stable electron trapping in large quantities (~ 10*2 cm~2).
In agreement with the early works [4], [22], we found that
electron-trap properties were insensitive to oxide thickness
(Section IV-D). The selected stress technique requires the use
of pMOSFETs as testing samples. They have a surface channel
and p+ poly-Si gate. The n-well was heavily doped, and no
threshold-voltage adjustment implantation was carried out. The
channel length is 10 um, and the channel width is 200 pm.
Each device has five terminals. Apart from gate, source, and
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Fig. 2. Typical test procedures. A device was stressed by SHI (SHI, oxide
field: Eox = —5 MV/cm, n-well bias: 8.8 V; p-substrate bias: 9.8 V) during
which positive charges were formed through hole trapping. After SHI, electrons
were injected into the oxide under Eox = 48 MV/cm for filling the generated
electron traps and neutralizing the positive charges (symbol “x”). If Eox =
+8 MV/cm is applied to a fresh device (symbol “A”), there is little trapping,
which indicates that the trap generation by the filling step itself is negligible.

drain, it has contacts to n-well and p-substrate, which allows
the substrate hole injection (SHI) and charge pumping to be
carried out [6]-[10].

B. Experiments

To remove the uncertainty in the lateral distribution of the
generated traps, we will stress the devices uniformly. Uniform
stress has been used in many early works (e.g., [16], [18],
[23]) and it can be achieved by either FNI [5] or substrate
hole/electron injection [18], [23], [24]. Since electrons are
injected into the oxide under both FNI and substrate electron
injection, generated traps can be filled during the stress. Conse-
quently, the generation phase is not clearly separated from the
filling process, which complicates the investigation of trapping
kinetics. During the SHI, electron injection was negligible, and
positive charges were built up through hole trapping, as is
shown in Fig. 2. Generated electron traps are neutral during the
stress, since there were no electrons available for filling them. A
subsequent electron injection was applied to fill these traps. As
aresult, the trap-filling process is separated from the generation
phase, allowing the investigation of trapping kinetics. We chose
SHI for creating electron traps in this paper.

Unless otherwise specified, SHI will be carried out under
an oxide field of Eox = —5 MV/cm, an n-well bias of 8.8 V,
and a p-substrate bias of 9.8 V. The trap filling is carried out
under Eox = +8 MV/cm with all other terminals grounded.
Additional trap generation by the filling step itself was found
being negligible, as shown in Fig. 2. The trapped charge density
was measured from the gate-voltage shift at the midgap of the
n-well, where the contribution from the generated interface
states is negligible [25]. The measurement takes a few seconds,
and there is no doubt that the electrons trapped very close to the
electrodes will escape. These traps will not be studied in this
paper. Since the charge centroid is not known, we follow the
well-accepted practice and use the “effective trap density” Ne
by assuming the centroid to be at the oxide/substrate interface
[15], [21]. Further details of experiments can be found from our
earlier works [15], [21], [24].
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Fig.3. Device was stressed by SHI with a hole fluency of 101 cm—2. At low
level of electron injection Qe during the filling, Ne was initially negative, which
represents net positive charges. This is because neutralization of as-grown
hole traps was not completed until Qe reached 10™* c¢m™—2, approximately.
As a result, the data for Qe < 10'% cm~2 will not be used for studying
the trapping kinetics in this paper. To facilitate the measurement at low Qe,
Eox = +6.5 MV/cm is used here.

III. EFFECTS OF POSITIVE CHARGES
A. Low Stress Level

After obtaining stable electron trapping and separating the
trap filling from the generation, a remaining obstacle for study-
ing the electron-trapping kinetics is the offsetting effects of
positive charges. When hole fluency during the SHI stress
Nh is relatively low (e.g., Nh < 106 hole/cm?), hole trapping
is dominated by as-grown hole traps. These are hole traps
preexisted in the device after fabrication. After stopping the
hole injection and starting the electron injection, electron traps
are filled and positive charges are neutralized, as shown in
Figs. 2 and 3. When the electron fluency for filling Qe is
below 10'* cm~2 approximately, Fig. 3 shows that as-grown
hole traps are not fully neutralized and the measured Ne is
the “net” charge. This means that electron-trapping kinetics
for acceptorlike traps cannot be investigated in the region of
Qe < 10" cm™2.

Earlier works [9], [21], [26] showed that the neutralization
of as-grown hole traps was completed when electron fluency
reached the level of 10'4 cm~2. Consequently, the electron trap-
ping for Qe > 10 cm~2 is not affected by the as-grown hole
trapping. As a result, only Ne measured at Qe > 10'* cm~2
will be used for studying the electron-trapping kinetics in this
paper. The impact of a lack of data for Qe < 10'* cm™2 will be
discussed in Section I'V-B.

B. High Stress Level

Typical test results are given in Fig. 4. As the stress level
increases, more traps were generated and the whole trap-
ping curve moves up, when the hole fluency Nh is less than
106 hole/cm?. When Nh rises further, however, the increase of
trapping disappears at relatively low Qe, although trapping is
still clearly increased at higher Qe. This is because considerable
amount of new hole traps was created at higher Nh [8]-[11].
Although as-grown hole traps have an energy level below
the bottom edge of the silicon-conduction band, some of the
generated hole traps have energy levels above it, as illustrated
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Fig. 4. Electron trapping after different levels of stresses by SHI. When the
hole fluency Nh is less than 1016 cm ™2, an increase in Nh leads to a higher Ne
over the whole range of Qe. For Nh > 1016 ¢cm~—2, however, Ne increases at
high Qe, but this increase is suppressed at low Qe.
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Fig. 5. Energy band diagram for ANPCs. ANPC has energy levels above
the bottom edge of silicon-conduction band. The higher the energy level, the
less electrons are available in silicon and the more difficult for neutralizing a
positive charge.

in Fig. 5 [9]-[11]. Since the number of electrons in the silicon-
conduction band drops rapidly for higher energy level, the
number of electrons available for neutralizing these generated
hole traps is less than that for as-grown hole traps. As a result,
it is more difficult to neutralize these generated hole traps, and
they are called “antineutralization positive charges (ANPC)”
[9]-[11]. When the Qe in Fig. 4 is relatively low, the neutral-
ization of ANPC is not completed, and the remaining positive
ANPC brings down Ne through offsetting. As Qe increases
further, ANPC is gradually neutralized, which leads to higher
Ne for higher Nh. Since the ANPC has a substantial effect on
the dynamic behavior of Ne, it is essential to correct this effect
before the trapping kinetics of generated electron traps can be
investigated. A correction method is proposed below.

In Fig. 6(a), a device was heavily stressed by SHI, which
created ANPC. After the stress, the electrons were injected into
the oxide to fill the generated electron traps and neutralize the
positive charges, and symbol “A” represents the net charge den-
sity. This is followed by applying a negative gate bias (symbol
“0”), during which both filled electron traps and neutralized
ANPC can lose their electrons through electron tunneling to
silicon, resulting in the drop of Ne. Electron injection was then
switched on again in an attempt to refill them (symbol “x”).
In Fig. 6(b), the trapping density during the first and second
filling is compared. It is obvious that the trapping during the
second filling failed to reach the same level as that for the
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Fig. 6. Method for correcting the offset effect of ANPCs on Ne. (a) Device
was heavily stressed by SHI with Nh = 10'8 hole/cm?, which generated not
only electron traps but also ANPC. During the following “first FNI filling,”
the electron traps captured electrons and became negative, and the positive
charges were neutralized. This led to the rise of the net electron trapping
(symbol “A”). A negative gate bias (Vg < 0, Eox = —5 MV/cm) was then
applied. Under Vg < 0, both filled electron traps and neutralized ANPC can
lose their electrons through tunneling, which resulted in the fall of Ne (symbol
“0”). When the electron injection was resumed (the “second FNI filling”), the
detrapped electron traps cannot recapture electrons, and the rise represented
by symbol “X” is entirely from the reneutralizing ANPC. (b) Data represented
by the symbols “A” and “Xx” in (a) are replotted against Qe. At a given level
of Qe, the remaining positive ANPC is represented by Np. The correct electron
trapping level is the net trapping (symbol “A”) plus Np and is shown as the
symbol “{0.” (c) Test procedure shown in (a) was used again, but Nh was
limited at 105 hole/cm?, which is sufficiently low that creation of ANPC is
not significant. (c) shows that the lack of ANPC leads to a nearly flat Ne during
the second filling. The dashed line is a guide for the eye.

first filling. Our recent work [21] shows that this is because
the electron trap cannot recapture an electron, after detrapping
through tunneling, although the ANPC can [9]-[11]. To further
illustrate the difference of generated electron traps and ANPC
in refilling, the test procedure in Fig. 6(a) was used again, but
the hole fluency was chosen to be sufficiently low this time
that the creation of ANPC is insignificant. With little ANPC,
Fig. 6(c) shows that the rise of Ne during the second filling
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Fig. 7. Two devices were subjected to the same stress of Nh = 1017 cm™—2.
After filling the traps (symbol “0”), one of them was annealed at 150 °C for
160 min to remove the ANPC. After annealing the ANPC, a short SHI (Nh =
105 cm~2) was used to empty all the electron traps before they were refilled
(the symbol “x”). The other device went through the test sequence shown in
Fig. 6(a), and the effect of positive charges was corrected by following the
method shown in Fig. 6(b). The corrected data are represented by symbol “A.”
The good agreement between the trapping after annealing ANPC and that after
the correction supports the correction method strongly.

is also insignificant. The nearly flat Ne (see the dashed line)
confirms that, after tunneling-induced detrapping, an electron
trap cannot capture an electron again. Consequently, the rise of
Ne during the second filling in Fig. 6(b) can only originate from
the reneutralization of ANPC.

We are now in a position to correct the offsetting effect of
positive charges on electron trapping. The real level of electron
trapping Nec can be found from

Nec = Ne + Np (1)
where Ne is the net trapping and is directly measured. The key
question is how to estimate Np. As explained earlier, the rise
of Ne during the second filling in Fig. 6(b) originates from the
reneutralization of the positive charges. As a result, the amount
of positive charges neutralized between a given Qe and the end
of filling is

Np(Qe) = Ne(End of second filling)
— Ne(Qe of second filling). (2)

In other words, the unneutralized positive charge at Qe is Np, as
shown in Fig. 6(b). Once Np is known, the real level of trapping
can be found from (1) and is plotted in Fig. 6(b).

C. Support for the Correction Method

Our recent work shows that the ANPC is thermally unstable
and can be annealed at 150 °C [9]. In Fig. 7, two devices were
subjected to the same stresses with Nh = 107 cm~2. After
filling the generated electron traps, one device was exposed to
150 °C for 160 min to remove the ANPC. A short hole injection
(Nh = 10'® cm~2) was then used to empty the electron traps
still filled at the end of the thermal exposure. This short hole
injection is too low to recreate the ANPC [9], [11]. When the
traps were refilled (symbol “x”’), Ne was obviously enhanced at
low Qe but remain essentially the same at the end of the filling.
This supports our assumption that positive ANPC lowers the
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Fig. 8. Trapping kinetics of electron traps generated by SHI with Nh =
1016 cm~2. The dashed and solid lines were obtained by fitting the data with
(3) and (4), respectively. The two dotted lines show the contribution of traps
with large (o7 = 1.1 x 10~!* cm?) and small (o2 = 4.2 x 10716 cm?)
capture cross sections.

measured Ne at low Qe. As Qe increases, ANPC is neutralized
and Ne approaches the true level of electron trapping. The other
devices went through the test sequence shown in Fig. 6(a), and
the effect of positive charges was corrected by the proposed
method. Fig. 7 compares the corrected trapping density (symbol
“A”) with the measured Ne after annealing. The trapping after
correction for positive charges agrees well with the trapping
after ANPC is thermally annealed. This strongly supports the
newly proposed correction method.

IV. TRAPPING KINETICS AND TRAP PROPERTIES

A. First-Order Model

After correcting the effect of positive charges on the electron
trapping, we are ready to study the trapping kinetics of the
generated electron traps and assess the trap properties. The
simplest model is the first-order model with a single capture
cross section o. It can be expressed as [5]

Ne = Ns[1 — exp(—0Qe)] . 3)

As the electron fluency Qe increases, this model predicts
that trapping will saturate at a level of Ns. Such saturation is
indeed observed in Fig. 8. However, the correlation between the
experimental data and (3) (dashed line) is poor. The correlation
can be improved (solid line) by assuming that there are two
capture cross sections for generated traps, namely

Ne = Ns; [1 — exp(—01Qe)] + Nsz2 [1 — exp(—02Qe)]. (4)

The extracted capture cross sections are oy = 1.1 x 10714 cm?
and oy = 4.2 x 10716 cm?. Here, the adjustable parameters
have been increased from two (Ns and o) in (3) to four (Nsq,
01, Ns2, and o3) in (4). As a result, the improved correlation
may simply result from this increase in adjustable parameters.
Indeed, one may say that an excellent agreement between
the experimental data and a model can always be achieved if
the model contains enough adjustable parameters. In fact, this
is where many researchers have their reservations about the
validation of the first-order model. The use of two capture cross
sections in (4) must be further supported.

1351

16

Nec (10"em™
o N

N

0.01 0.1 1 10 100
Qe (1015electrons/cm2)

12
5 O Nec (Qe=4x10"%em™) (b)
o O ANec
< g | © Fitted Nss
S A Fitted Ns2
&
[a]
2
5-4_ -
o
g
'_
5
: 0 1 1 1 1
[53
& 0 001 01 1 10 100
Nh (10"®holes/cm?)
< 100
5 (c)
‘TO O1 m] O o
- 10 ] ]
(2]
c
S
8 V1lo2a 4 A
w = [AY
[
0
© 01
O
(0]
S
4%001 1 1 1 1 1
o 0 001 01 1 10 100

Nh (10"®holes/cm?)

Fig. 9. Supports for the presence of two capture cross sections. (a) Shows
the corrected trapping Nec after different levels of stresses. The unit of
Nh in the figure is holes/cm?. The Nec at Qe=4x 1014 cm—2, and the
subsequent trapping ANec is marked out for Nh = 108 holes/cm?. (b) Shows
the extracted Ng1 and N2 together with Nec (Qe = 4 x 1014 cm*2) and
ANec. The different dependences of Ng; and Ns2 on stresses indicate that
they originate from two different defects. This supports the presence of two
capture cross sections strongly. (c) Shows that the extracted two capture cross
sections are insensitive to stress levels.

B. Support for the Presence of Two Capture Cross Sections

After correcting the offset effect by positive charges,
electron-trapping-post different stress levels are plotted in
Fig. 9(a). When compared with the data before correction in
Fig. 4, the trapping is higher over the whole range of Qe now for
larger Nh, because a larger Nh generated more traps. Supports
for the existence of two genuine capture cross sections can be
obtained by examining their dependence on stress levels, as
detailed below.

1) Different Dependence of Trap Densities on Stress Levels:
On one hand, if the two capture cross sections originated from
the same defect, the improved correlation would be an artifact,
since there were no evidences for the same defect possessing

Authorized licensed use limited to: LIVERPOOL JOHN MOORES UNIVERSITY. Downloaded on May 5, 2009 at 09:33 from IEEE Xplore. Restrictions apply.



1352

two well separated capture cross sections. On the other hand,
if we can show that these two capture cross sections originate
from two different defects, it will support the existence of two
capture cross sections strongly.

When there are two different electron traps, it is possible
that their densities can change independently as the stresses
increase. Fig. 9(b) shows that this is the case. As the stresses
increase, the effective density of the larger trap (o : 10713 ~
10-14 cmz) Ny increases continuously. In contrast, the ef-
fective density of the smaller trap (o2 : 107 ~ 10716 cm?),
Ngo, clearly saturates. If they were from the same defect, they
should increase simultaneously, which is against Fig. 9(b). Con-
sequently, our results strongly support the presence of two dif-
ferent electron traps with well-separated capture cross sections.

2) Insensitivity of Extracted Capture Cross Sections to Stress
Levels: If there exist two capture cross sections, the same val-
ues should be observed at all stress levels. Fig. 9(c) shows that
the two extracted capture cross sections are indeed insensitive
to stress levels, further supporting our claim.

3) Agreement With Direct Observations: Fig. 9(a) shows
that, after correcting the effects of the positive charges, the
curves are nearly a parallel upward shift as the stresses increase.
This indicates that the increase in trapping mainly occurs at low
Qe, while the increase is insignificant for further trapping as Qe
becomes higher. To show this more clearly and to avoid curve
fitting, we plotted the Nec at Qe = 4 x 10'* cm~2 and ANec =
Nec(Qe = 107 c¢m~2) — Nec(4 x 10** c¢cm~2) in Fig. 9(b).
The former rises continuously and the latter clearly saturates,
indicating the presence of two different trapping processes. This
behavior agrees well with that of the extracted trap densities.

Finally, we would like to point out that the lack of data for
Qe < 10 cm~2 will affect the accuracy of the extracted larger
capture cross (o7). This is because its filling partially occurs
in the region of Qe < 10 cm~2, where no reliable data are
available. However, Fig. 9(a) shows that electron trapping at
Qe = 10" cm™2 is substantial, and there is no doubt that some
acceptorlike traps have an effective physical size in the order of
10713—10'* cm?. The order of magnitude of oy will not be
changed by the lack of data for Qe < 10'* cm~2. The identifi-
cation of such a large capture cross section for an acceptorlike
electron trap is an achievement of this paper, since it can be
often masked by the offsetting effect of positive charges. Its
large effective physical size and nonsaturating nature indicate
that it will play an important role in the oxide breakdown and
SILC, which need further investigation.

C. Comparison of Electron Traps Created With and Without
Electron Injection During Stresses

Up to the present, we have only studied electron traps created
by SHI. In most of previous works, electrons were injected
into the oxide during stresses. The question is whether the
same traps were created in these two cases or not and they are
compared next.

Fig. 10(a) shows the test procedure. A device was first
stressed by Fowler-Nordheim (FN) electron injection. As men-
tioned earlier, the electrons injected during the stress can fill
the generated traps. To study the trapping kinetics, the filled
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Fig. 10. Comparison of electron traps created by FNI and SHI. (a) Shows the
test procedure. A device was stressed by FN injection at Eox = +11 MV/cm
until an electron fluency of 102° cm~2 was reached. To study the trapping ki-
netics, the traps filled during the stress were emptied by a short SHI with Nh =
105 hole/cm? and then refilled under Eox = +8 MV/cm (symbol “A”).
(b) Compares the dynamic-filling behavior of the traps created by FNI with
that by SHI (Nh = 106 hole/cm?). The Ne after FNI was corrected by the
method given in Fig. 6(a) and (b). To clearly show that the trapping kinetics is
similar in these two cases, the trapping after SHI was shifted upward to give the
symbol “x.”

electron traps were first emptied by using a short hole injection
and then refilled. The trapping kinetics of the traps generated by
FNI is compared with that by SHI in Fig. 10(b). The trapping
kinetics is obviously similar in these two cases, indicating that
the same traps were created.

D. Impact of Oxide Thickness on the Generated Traps

Up to the present, only a 7-nm oxide is used in this paper. It
is of interest to find out if the extracted capture cross sections
are sensitive to oxide thickness. Fig. 11 compares the trapping
kinetics for a 13.8- and a 7-nm oxide. It is clear that the
extracted capture cross sections are essentially the same for
samples of different thickness. This is in agreement with the
early works, which showed that the properties of generated
electron traps were insensitive to oxide thickness [4], [22].

V. CONCLUSION

To improve our understanding of the generated electron
traps, trapping kinetics is investigated in this paper. By stressing
the oxide with SHI, the generation phase is separated from
the trap-filling phase. The use of uniform stress and filling
removes the uncertainty in lateral distribution. The selection
of relatively thick SiO, layer allows the direct measurement
of trapped electron density, and the uncertainty caused by the
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Fig. 11. Comparison of electron traps generated in oxides of different thick-
nesses. Ne was normalized against its saturation value. The dashed line was
obtained by fitting the data with (4). It is apparent that the same two capture
cross sections are present in these two samples.

use of SILC is avoided. An achievement of this paper is the
development of a new method, which successfully corrected the
effect of ANPCs.

After the correction, we are able to clearly observe an elec-
tron capture cross section as large as 1073 —10"14 cm? for
the generated acceptorlike electron traps. The filling kinetics
follows the first-order model, and there are two genuine and
well separated capture cross sections. The smaller capture cross
section is in the region of 1071°—1071¢ cm?. To the best of our
knowledge, for the first time, it is clearly shown that the density
of the smaller trap saturates, while the density of the larger trap
does not.
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