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Injection
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Abstract— Based on uniform hot carrier injection
(optically assisted electron injection) across the Si-
SiO, interface into the gate insulator of n-channel
IGFETSs, the threshold voltage shifts associated with
electron injection of 1.25x10'® ¢/cm’ between 0.5 and
7 MV/ecm were found to decrease from positive to
negative values, indicating both a decrease in trap
cross section (E, 2 1.5 MV/cm) and the generation of
FPC (E,x 2 5§ MV/em). It was also found that FNC
and large cross section NETs were generated for E,,
2 5 MV/em. Continuous, uniform low-field (1MV/cm)
electron injection up to 10"’ ¢/cm? is accompanied by
a monatomic increase in threshold voltage. It was
found that the data could be modeled more effectively
by assuming that most of the threshold voltage shift
could be ascribed to generated bulk defects which are
generated and filled, or more likely, generated in a
charged state. The injection method and conditions
used in terms of injection fluence, injection density,
and temperature, can have a dramatic impact on
measured, important

what is and may have

implications on accelerated lifetime measurements.
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I. INTRODUCTION

As the dimensions of semiconductor devices decrease,
the gate insulators of insulated gate field effect
transistors (IGFETs) are subjected increasingly to
processes involving ionizing radiation, such as reactive
ion etching, e-beam evaporation, plasma-enhanced
chemical vapor deposition (PECVD), x-ray lithography,
All of
these processes, either directly or indirectly expose the

e-beam lithography, and ion implantation.[1-6]

material being processed to substantial amounts of
ionizing radiation. As a consequence, a number of
electrically active defects can be formed in the gate
insulators of IGFETs. Such defects would have a
pronounced effect on the device characteristics of
IGFETs, as well as on device long-term reliability. While
much of the damage can be subsequently annealed, some
of the defects may remain, and it is not known whether
the annealed defects make the insulator more susceptible
to additional damage, from either re-exposure to ionizing
radiation or hot carrier stressing. It is also generally
accepted that depending on how the gate insulator is
prepared, the number and types of defects will vary. In
any event, the highest quality gate insulators contain
prodigious quantities of Neutral Hole Taps(NHTs), even
when the devices have not been exposed to ionizing
radiation.

Charged defects have an immediate effect on yield
while charged and neutral defects affect lifetime
(reliability). To determine their effects on lifetime, it is
necessary to perform accelerated testing via hot carrier
injection at an injection current density orders of
magnitude larger than the oxide would ever be exposed
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to in normal operation.[7] The lifetime is then estimated
from these results assuming the same degradation
mechanisms are in play at the elevated stress level as in
the normal operation of the device.

An effective procedure for studying electrically active
bulk defects involves the uniform injection of a single
carrier type across the substrate-oxide interface while
monitoring the change in the threshold voltage, AV, or
flatband voltage, Vy, which is a measure of the fraction
of these injected carriers that get trapped. Such an
experiment emulates hot channel carrier injection and
trapping, to a degree, but in a much more controlled
fashion. Optically assisted injection is a relatively
unaggressive implementation of such an approach, since
it can be conducted at low oxide fields (1 MV/cm or
less). In contrast, other methods, avalanche and Fowler-
Nordheim injection, are much more aggressive, using
oxide fields in excess of 7MV/cm. The results of such
injections, for threshold or flatband voltage shift vs the
density of injected carriers, N, whether via a non-
aggressive or aggressive approach, are generally
modeled using so-called first order trapping kinetics.
Based on such modeling, trapping cross sections ranging
from 107" —

state of the art insulators.
17

10%° ¢m” have been proposed in intrinsic
Since cross sections of 107
cm’ or less imply the existence of traps less than about
0.02 atomic dimensions, it is hard to reconcile such
numbers with physical reality. This is especially so, since
it is generally believed that electrically active insulator
defects either gain or lose an electron or hole from atom
sites.

Below evidence is presented that some of the very
small cross section traps that have been identified may
result from the measurement procedure creating bulk
damage, as contrasted with simply measuring the
damage. The fact that bulk defects can be generated
during stressing is not new, since it has been observed at
oxide fields >1.5MV/cm.[8-13] What is new is that it
was observed: 1) charged bulk defect generation using a
substrate hot electron injection technique at an oxide
field of only 1MV/cm, 2) this generation is greatly
enhanced at low temperatures, and 3) a simple model can
be used to describe the data, rather than using a series of
ever smaller cross section traps in a first order model.
Additionally, it is believed that the defect generation at
low oxide fields explains an unreported observation that

it previously could not be explained, namely the effect of
the time to inject a given density of electrons on the
magnitude of AV, This indicates that bulk defect
generation is a function of the injection current density at
the low oxide field employed here. At higher fields,
>5MV/cm, it has been reported that the trap generation
rate is proportional to the injection current density.[9]
The fact that charged bulk defect generation rate is a
function of the injection current density has dramatic
implications on the validity of accelerated testing, using
either high or low field techniques, to determine device

lifetimes, which will be discussed elsewhere.[14]

II. EXPERIMENTAL PROCEDURES

Sample Preparation - Polysilicon IGFETs fabricated
on 0.5 Q-cm (100), p-type substrates, were used. These
devices had a gate insulator area of 5x10™* em? (width =
1000 pm, length = 50 um), a gate insulator thickness of
36.1 nm, and are of the closed variety. The gate oxides
used in this paper, are considerably thick, because it
could clearly enable to investigate the defect behavior.
The large gate area was used to facilitate the monitoring
of the injection current density accurately. The gate
oxides were thermally grown at 800°C in dry oxygen
containing 4.5% HCI. All of the fabricated wafers were
post-metal annealed at 400°C in H, for 30 min.

Threshold
extrapolating the linear region of the drain-to-source

voltages (V;) were determined by
current, /g, versus gate-to-source voltage, V,, curve at a
drain-to-source voltage, Vg, of 0.1 V and a substrate-to-
source bias, Vi, of -1 V. The I-V characteristic of each
devicé was measured to determine its initial V.
Electron injections were performed using a modified
version of the optically assisted injection techniques.
The threshold voltage was then remeasured, and AV, due
to electron trapping was obtained.

Optically  Assisted  Electron Injection - The
configuration of the optically assisted electron injection
is shown in Fig. 1.[15, 16] The gate-to-source/drain bias,
Vas, was applied to build up the electrical field across the
gate insulator. The combination of gate-to-source and
substrate-to-source bias, V;, was applied so as to form a
depletion region. The electron-hole pairs were generated

at the depletion region by the assistance of incident
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white light. The electrons and holes were accelerated
toward the Si-SiO, interface and substrate, respectively.
If the energies of electrons were higher than the barrier
height of the Si-SiO, interface, the electrons would enter
the gate insulator and either be trapped at defects or pass
through the gate oxide. The injected electrons passing
through the gate insulator were measured by an
electrometer. These measured electrons were approxi-
mately the same as the electrons injected at the Si-SiO,
interface provided that the number of electrons being
trapped in the gate insulator was much smaller than the
number of electrons injected.

This technique enables the independent control of the
electric field in the gate oxide and of the injection rate by
using a combination of substrate bias and light intensity
to control the injection rate.

Light

)
N

Electrometer

Poly-Si Gate
Gate Oxide

Channe!
Depletion Layer

<
Fig. 1. Optically assisted electron injection system.

Tiwo Level Injection - To study gate oxide field effects,
the gate bias applied during the injection was varied such
that the oxide field ranged from 0.5 to 7.0 MV/cm,
assuming the devices were on. A “fresh” device was
used at each oxide field. Electrons were injected at two
different levels following determination of a device’s
initial V.. First, a device was injected with approximately
2.5x10" e/fcm? (referred to as a low level injection, or
LLI), the fluence nominally employed to annihilate
FPC(Fixed Positive Charge) (o~10"" ¢m?).[17] V; was
remeasured and AV, was determined. Then, an
additional 1.25x10'® e/cm’ (referred to as a high level
injection, or HLI), the fluence nominally used to label
essentially all of large cross section NETs(Neutral

Electron Traps) (6~10"® cm?), were injected in the same

devices. V; was remeasured again, and any additional AV,
was determined. The substrate biases applied were -7 V
during the LLI and -16 V during the HLI. The injection
current density was adjusted by changing the light
intensity to yield a total injection time of 1~2 minutes for
each injection level. Clearly, the injection of 1.25x10'
e/em” was at a much greater rate than that of 2.5x10"
e/cm’. Following two level injections at the varying
oxide fields specified, the devices were reinjected at E,,
=0.7 MV/cm and Vs =-7 and -16 V, respectively, ¥V, was
remeasured after each injection and additional AV, from
each injection was determined. In this way, any FPCs or
large cross section NETs that remained unfilled or were
generated, during the high field injections would now be
filled and could be quantified.[8] From the first
publication[16] dealing with defect quantification using
two level optically assisted injection, and continuing into
the present study, the same V,, -7 V for FPCs and -16 V
for NETs and E.x= 0.7 MV/cm have been employed. It
has been recognized for a long time that using this
procedure, specifically for quantifying NETs in
unirradiated devices, that the devices were often “off” at
the high substrate bias.
biases enabled comparison of experiments conducted at

However, staying with these

different times on similar devices.

“Continuous” Injection - The "continuous" injections
were performed automatically by injecting electrons in
required number of increments over an injection range and
were approximately evenly spaced on a log Ny scale. For
continuous injections, a constant substrate bias of -11 V
and an applied oxide field of 1 MV/cm was used
throughout generally for two reasons. The first of those
was to keep the device on, and the second was to maintain
a constant defect generation rate. In between each of these
injections the I-V characteristic was measured to
determine AV, Each I-V sweep takes less than one minute.
AV; was then plotted as a function of the cumulative
number of injected electrons. From these “continuous™
injection data, electron capture cross sections and densities
were obtained by applying a least squared error fit of the
equation of the electron trapping model.[16, 18]

II1. MODEL

First Order Trapping Model - In order to understand
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the effects of charge trapping, defects are typically
characterized in terms of their capture cross section, o,
and density, Nt. To determine Ny and, 1 order trapping
kinetics have been used to model electron trapping in the
gate insulators of IGFETs. In this model, it is assumed
that a trap can be occupied by only one electron, that its
cross section and density are constant, that the trapping
probability is << 1 (the current density is constant
through the oxide), that the depopulation rate is
insignificant compared to the population rate, that the
injected carriers are non-interacting, and that the traps
are non-interacting. From 1* order trapping kinetics, it
can be shown that for a single type of trap, AV, as a
function of the density of injected electrons, Ny, can be
expressed as

av, =Xy, M)
Eox
where
] t
Ny == (0t 2)
9 0

o and Ny are the cross section and areal density of the
trap, respectively, Jg is the injection current density at
the Si-SiO, interface, &, is the permittivity of the
oxide, and X is the charge centroid measured from the
gate electrode. Eq. (2) accommodates the filling of only
a single type of trap, and requires that the total number
of such traps (filled plus unfilled) be a constant. If
more than one type of trap is present over the range of
data acquired, the total change, AV;, would be the sum of
two or more equations of the type described in Eq. (2) as

AV, =% Ny g e

Sox o

1, 3)

While in general the centroid for each type of trap could
be different, using the wrong centroid would only yield a
different density and would not affect the ability of the
model to accurately represent the data. For the work
presented here, it is assumed that the centroid is equal to
the oxide thickness for all traps. It is known from past
work[8] that the charge centroid of ionizing radiation

induced fixed FPC, and large NETSs, is about 6 — 8§ nm

from the substrate-oxide interface.

Charged Bulk Defect Generation - Very little has been
done to model charged bulk defect generation as a
function of N, for substrate hot electron injection. It
has been modeled only using a linear term[9] with
limited success, but such a model was found inadequate
for the present data. What was found to work well is a
power law model. A power law has been used to
describe interface state,{12, 19, 20] and bulk charge
buildup during channel hot carrier injection, but has not
been employed to model bulk defect generation resulting
from uniform substrate hot electron injection. This
model have been chosen to express in terms of Ny, to be
consistent with the first order model, as

AV, =1 x.aN., b 4)

where @ and b are the parameters of the model and are
most likely to be a function of the injection current
density and the oxide field. In general, X in this
equation is the centroid of the generated charge and
could be different from the centroid of the other traps.
For the work presented here, it is assumed that X, is
equal to the oxide thickness. It should be noted that
charge pumping measurements were made on these
devices which show that the threshold voltage shift that
was observed is not due to interface state build up.

In cases were there might be both existing traps and
generation of new charged defects, a combination of the
two models can be used by simply adding Eqgs. (3) and
(4) and to give the general equation

AV, =—{F,aN," + Y NeFll—e 7T ()
Sox i=1

This assumes that the two mechanisms are independent
of each other. The procedure used to model a given set of
AV vs Ny, data was to least squared errors fit Eqs. (3), (4),
(5) and independently, and to compare the adequacy of the
fit by choosing the simplest model that best fit the data. If a
single charge generation term is employed and it fits the
data over a range of N,,; which would require specification
of several cross sections in a 1% order model, then one could

argue that a single defect is generated. This is speculated
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that the resulting fixed negative charge is the same as results

when a NET traps an electron.

IV. RESULTS AND DISCUSSION

Effects of High Gate Insulator Fields on Unirradiated
Devices - To study the effects of high gate insulator
fields on unirradiated devices, electron injections at
various fields, followed by reinjections at 0.7 MV/cm,
were conducted, as described earlier. Fig. 2 shows the V|
of each device at each stage of the injection: 0) initial,
prior to any injection, 1) following LLI at the field
shown, 2) following HLI at the field shown, 3) following
LLI at E,, = 0.7 MV/cm, and 4) following HLI at £, =
0.7 MV/cm. Fig. 3 shows the incremental AV, associated
with each of the injections shown in Fig. 2, and is
calculated by subtracting ¥, before a particular injection
from V, after that injection. Thus, in Fig. 3, the curves
shown are AV, associated with: 1) LLI at the field shown,
2) a subsequent HLI at the field shown, 3) a subsequent
LLI at £, = 0.7 MV/cm, and 4) a subsequent HLI at £,
=0.7MV/cm.

It can be seen from curve | in Fig. 3 that the variation
of AV, with field is very small for the LLI. This is not
unexpected, since the LLI should nominally fill only the
FPCs present, very few are present in the unirradiated
devices. Further, there is no direct evidence, as a
consequence of this LLI, indicating the generation of

FPCs which would manifest itself as ¥, dropping below

its initial value, curve 1 in Fig, 2.

A possible reason that FPCs are not generated during
the LLI, independent of gate oxide field, is the low
fluence of injected electrons used. This indicates high
field alone cannot generate FPC, and that a high carrier
injected fluence is also necessary. Unlike the LLI
behavior, it can be seen from curve 2 in Fig. 3 that AV},
for at-field HLI, decreases monotonically from positive
to negative values. The decrease of AV, from positive
to zero in the range of E,, between 1.5 and 5 MV/cm
can be attributed to a decrease in the NET trap capture
cross section which can be tested by a subsequent HLI at

o= 0.7 MV/cm, as discussed below. Since AV is zero
for the preceding LLI, the negative values AV, observed
Ex =2 5 MV/em due to the at-field HLI means that the
resultant ¥, must lie below its initial value, which is

readily observed in curve 2 in Fig. 2. This is compelling
evidence indicative of the generation of FPCs. The
presence of generated FPCs is further confirmed by the
subsequent LLI at £, = 0.7 MV/cm. It is to be noted that
FPCs could also have been created in the range of £,
between 1.5 and 5 MV/cm. In this case, however, AV
would remain positive, because a negative AV, due to the
formation of FPC does not dominate the positive AV, due
to the “labeling” of NETs.

— — — - Field at which device turns on during LLI
—— - — - Field at which device turns on during HLI

[ —<O— 0-Initial
[ o 1 - After LLI at field shown
—O — 2 - After HLI at field shown 4 i
—& — 3 - After LLI at 0.7 MV/cm h
1.1 - —e— 4-After HLIat 0.7 MV/icm -
z
S 10t
=
-
09 - | | ‘\ FPC| -
} l LL-2.5x10" e/cm 2\\o~i ]
I HLI125x10 e/cm J
08 L APPSO T S
0 1 2 3 4 5 (5} 7 3
Initial Injection Field (MV/cm)
Fig. 2. Threshold voltage following LLI and high HLI at the

field shown, and reinjection at £,, = 0.7 MV/cm.

— — —  Field at which device turns on during LLI
—— - —— - Field at which device turns on during HLI

0.20 e . . T T T ]
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2 3 4 5 6 7 8
Initial Injection Field (MV/cm)

Fig. 3. AV, following LLI and HLI at the field shown, and
reinjection at £, = 0.7 MV/cm.

As mentioned above, the presence of generated FPCs
was confirmed by a LLI reinjection, shown in Figs. 2
and 3, at £,, = 0.7 MV/cm which would fill any FPCs
which were not filled, or which were created during the
high field injections. For unirradiated devices, there is no

FPCs in uninjected device. Therefore, in Fig. 2, if there
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is no generation of FPC during the high field HLI, ¥,
after the high field HLI (curve 2) should be the same as
V, after the 0.7 MV/cm LLI reinjection (curve 3) since
this reinjection only injects enough carrier to fill FPCs
that had not been previously filled. Note that curve 3 is
the same as curve 2 up to Eox= 5 MV/cm, and begins to
deviate dramatically above 5 MV/cm. Thus, the
reinjection supports the contention that FPCs were
indeed generated during the high field HLI at fields > 5
MV/cm, and that no FPCs were generated at fields < 5
MV/em.

From the above discussion, it can be concluded also
that the creation mechanism is associated with a
combination of injection fluence and oxide field, rather
than field only. Building on this it can be argued that
high field defect generation during injection is associated
with carrier-defect site impact, and that because of low
energies involved the damage is electronic rather than
structural. While the creation mechanism for FPCs in the
gate insulator oxide could be via impact ionization of
injected carriers with neutral hole traps which are present
in huge quantities in unirradiated gate insulators[21, 22],
it could also be via band-gap ionization[23] and
subsequent hole trapping in the neutral hole traps. If
indeed, impact ionization is the mechanism responsible
for the creation of FPCs in the gate oxide, the fact that
they were not observed at 5 MV/cm and below is not
surprising since at low fields the carrier would not
become hot enough for impact ionization to take place.
In fact, it is the maximum used in this work, indicating
that direct impact ionization of a neutral hole trap is
more likely responsible for the generation of FPCs. Such
a creation model is consistent with the interrelationships
between NHT, FPC, NET, and FNC(Fixed Negative
Charge).[24] Another possibility is that hole injection
from the anode, caused by the energetic electrons which
reach this electrode, followed by hole trapping gives rise
to the FPCs.

One additional observation can be made from the LLI
reinjection at E,, = 0.7 MV/cm, shown in Fig. 2 and 3.
The fact that V; following the LLI reinjection (curve 3) is
above its initial value is evidence for the generation of
FNCs. The creation mechanism for FNCs in the gate
oxide can be explained by an analogous route to the high
field formation of FPCs. Thus, if an NET captures an
electron, a FNC is generated. Therefore, the presence of

FNCs following a high field HLI is not unexpected,
since it simply means that some of the NETs captured an
electron during the injection.

In addition to the creation of FPCs created during the
at-field HLI, there is evidence that a large number of
NETs are generated for £,, > 5 MV/cm, and that their
quantity does not saturate. This evidence is seen in curve
4 of Figs. 2 and 3, which show the V; following a
subsequent HLI reinjection at £,= 0.7 MV/cm, and the
associated AV, respectively. This observation is
consistent with those of DiMaria et al.[23] who claim
that at fields as low as 4 MV/cm, NETs begin to be
generated at an injected fluence of 6.2x10" e/em’,
Thus it is seen that the oxide field is a higher than
Thompson.[13] It is believed the difference in these
generation threshold fields can be attributed to the fact
that the electron fluences which were employed in these
earlier works, at fields used, were higher than those used
in the present study. This is a direct result of the field
that the generation rate increases with increasing oxide
field, which would imply that the oxide field needed to
observe defect creation would increase as the injected
charge is decreased. Such an explanation is consistent
with the field needed to create defects as the amount of
injected charge is decreased. The use of different
injected electron fluences in the present work, and in the
earlier referenced studies,[10, 13] explains the different

AV, behavior observed as a function of oxide field.

1.5

o o A data from three samples

F injected at each temperature
I —— Fitwith 1 trap +
generation term

100K

AV, (Volts)

N_ (elcm?)

inj

Fig. 4. AV, vs Ny, during electron injection at 293, 200, and
100K.
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Table 1. Least squares fitting parameters using generation +
one 1* order trap at 293, 200, and 100K.

Generation Model
T(K) (Ne=al) Trap 1 - NET
a b NT(cm'z) c(cmz)
293 | 2.1x10? 0.495 0.1x10" 2.5x10°"°
200 | 4.9x10? 0.521 0.8%10'° 9.7x107"
100 | 5.9x10° 0.477 10.0x10" 3.6x10"

Figure 4 shows the variation of A¥V; vs N,y measured at
293, 200, and 100K for the IGFETs used here. The data
points represent actual experimental data points and the
solid lines are the fits to the data using generation term
plus one 1* order trap. The parameters for the models
used in Fig. 4 are given in Table 1. To see if interface
states generation could be affecting the measurements,
charge pumping measurements were done to characterize
the interface traps before and after injection at each
temperature. Before injection, mean interface state
density was found to be ~7x10° cm™?-eV"' at mid-gap for
each temperature. Mean interface state density was
remeasured after injection and found to be 7x10°,
7.9x10°, and 9.8x10° cm®eV' at mid-gap for the
injections performed at 293, 200, 100K, respectively.
Thus, it would appear that interface state generation
makes a negligible contribution to the AV, given in the
figure for these high quality “dry” oxides. It is perhaps
of interest to note that while these are not steam oxides,
they are not really dry since HC! was employed in their
growth and no attempt was made to preclude
incorporation of H,O from the ambient atmosphere
during or after fabrication in a Class 1 cleanroom.

From the 100K data, and to a lesser degree the 200K
data, shown in Fig. 4, the question does arise as to
whether there really is a 1¥ order trap that is being seen
for the low Ny, or is it just an inaccuracy in the
measurement, and bulk charged defect generation is the
only mechanism taking place. It is quite reasonable that
as the temperature is lowered, a “shallow” trap that is not
visible at room temperature will capture carriers. The
cross section for this trap was determined to be 3.6x10™"
em’, placing it in size between the FPCs and large cross
section NETs, and two orders of magnitude larger than
the so-called water related traps.

0.5 ) e LA B AL e o £
[ —— Fitto combined data Unirradiated ]
Fit (-10mV~+10mV) 36.1 nm oxide
0.4 [ Generation Term: a(N W)b % j
a=1.968e+4, b=0.376 q
I Avg. Squared Error = 2.318E-04 b
L Max. Error = 649mv M
03 —
=
z 0
021 £ = 1Mvicm Vg =11V ]
0.1 © 0 .
L ]
0.0 = —
L n Ll ul L ! Lo
1044 1016 1017 1018 1019

N (cm?)

n)
Fig. 5. AV,vs Ny, during electron injection at room
temperature. The solid lines are the fits to the data using only
generation model.

0.5 — T

— Fit to combined data
Fit (-10mV~+10mV)

Unirradiated 4
36.1 nm oxide

0.4 | Trap Nyfem?) o (emd) wF
1 1750e+10 1.319e-15
2 2329e+10 1617e-17
3 4.843e+10 1.482e-18
4 2231e+11 1673e-19 p
0.3 |- Avg. Squared Error = 2.212E-04 « L 4
I Max. Error = 68.0 mV J

AV V)

[ /e ]
02 g = 1Mviem, vy =-11v ]

10M 1015 1018 1077 l 107 1010
N, (cm?)
Fig. 6. AV, vs Ny, during electron injection at room tem-
perature. The solid lines are the fits to the data using four 1%

order traps.

Using a series of trap cross sections to model the data
is not without merit since oxides that have been exposed
to ionizing radiation are known to have at least two
distinct traps present, FPCs and large cross section
NETs.[17] However, given the lack of “structure” in the
present data above the mid 10" e/cm’ injected, it is
difficult to justify using a three trap model, or even a two
trap model. In either case, the derived cross sections
include one in the 1077 c¢m’® range. This implies the
existence of at least one trap with a capture cross section
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of approximately 0.02 atomic dimensions which is
difficult to explain. In some injection studies up to 10"
e/cm’ at room temperature, where 4 cross sections are
necessary to fit 1% order model, one trap and a
generation term are the most needed. This is shown in
Fig. 5 and 6.

140
o ]
o X, =35nm ]
120 N, =1.25x10"° e/em? ]
o ]
100 | b
'8 1
s e ]
E 30_0 i
~ I oo 1
<] .
F Qo 4
60 o 4
L o 1
[of o]
40 | o o b
I oo ]
(o]
!’: o} OO:
20 N TR Y RN NN O S S S Y T TR S WO EN S SO SO S B
0 100 200 300 400
£, (sec)

Fig. 7. AV, vs t,; to inject 1.25%10'® e/em” into an IGFET
with a 35 nm thick gate oxide.

An observation that it have been made for a number of
years in investigating intrinsic and extrinsic large cross

section NETs is that the AV, measured for a given N;

was a function of how rapidly the electrons were injected.

Fig. 7 shows just such a measurement obtained by
plotting AV, vs the time to inject, #y, 1.25%10' e/cm? for
a 35 nm thick gate oxide device of the same type used in
other studies in this work. It was assumed usually that
the effect was due to depopulation. Based on the
generation studies discussed and depopulation studies, it
was believed that what was being observed was
primarily due to detrapping, since the longer it took to
inject the electrons, the longer those that had already
trapped an electron would have to detrap. This was
supported by the fact that the effect was not observed in
similar measurements of FPCs in an irradiated device,
where detrapping is not expected, due to the coulombic
attraction of the electron to the FPC site. An electron
captured by a neutral site should be much easier to
detrap and that was happening. However, depopulation
experiments on the devices did not at all account for the
differences seen in Fig. 7 for different times of injection.

Then it was speculated that the discrepancy was due to
non-uniform injection at the higher injection current
density (shorter #,) even though there was no other
proof.

V. CONCLUSION

The effects of injecting carriers at different gate
insulator fields, on observed AV, during optically
assisted electron injection to quantify charged and
neutral defect densities in unirradiated devices were
examined. Since very few FPC are present in a high
quality insulator, no AV; was observed in a LLI for such
devices. The threshold voltage shifts associated with
an at-field HLI between 0.5 and 7 MV/cm were found to
decrease from positive to negative values, indicating
both a decrease in trap cross section (Eo > 1.5 MV/cm)
and the generation of FPC (E,x = 5 MV/cm).
also found that FNC and large cross section NETs were
generated for £y, > 5 MV/em.

Also, it is necessary to find out the defect generation

It was

at low fields which was not observed using two level
low-field
electron injection across the Si-SiO; interface into the

injection method. Continuous, uniform
gate insulator of n-channel IGFETs using optically
assisted hot electron injection of up to 10" e/cm® is
accompanied by a monatomic increase in threshold
voltage. The threshold voltage shift as a function of the
density of injected carriers can be modeled using first
order trapping kinetics with several trapping cross
section. However, such a model is difficult to justify
given the lack of “structure” in the observed data and the
fact that using such a model leads to the conclusion that
one or more of the traps are subatomic in size, i.e.
In fact, if the

injection is continued beyond the 10"e/cm? level, the

approximately 0.02 atomic dimensions.

threshold voltage shift continues unabated, requiring
smaller and smaller assumed trapping cross section.

It was found that the data could be modeled more
effectively by assuming that most of the threshold
voltage shift could be ascribed to generated bulk defects
which are generated and filled, or more likely, generated
in a charged state. At room temperature, in fact, virtually
all the observed threshold voltage shift appears to be due
to charged bulk defect generation. As the temperature is
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reduced, the data indicate that there is a single large
cross section NET in addition to a large amount of bulk
charged defect generation. Charge pumping measure-
ments indicated that the shifts observed were not the
result of interface state generation under the low field
conditions employed.

This paper indicates that hot electron injection using
any technique, but especially using more aggressive
conditions (higher fields and/or current densities) than
used, here not only results in the filling of existing traps,
but also in the generation of charged bulk defects.
Using more aggressive conditions enhances the
generation of charged bulk defects, and can also result in
the simultaneous generation of interface states.
Therefore, questions about the validity of accelerated hot
carrier reliability are raised. It also raises questions about
the existence of extremely small traps, since the latter are
characterized by applying first order trapping theory to
data obtained by high field, high current density
avalanche injection methods, which could very easily
result in the generation of bulk defects of the kind

discussed herein.
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