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Abstract— In the proposed model, trap generation is assumed to be
triggered by the collision of injected electrons with oxide atoms. The
model suggests that thinner oxides are less susceptible to charging stress
due to both lower probability of electron collision and lower electron
impact energy. The difference in positive and negative gate bias charge-
to-breakdown data is attributed to the formation of the structural
transition layer at the Si/SiO2 interface. The model is used for analysis
of the effects of process induced charging damage on transistor
parameters. It is found that after heavy stress, leakage current is
determined by the probability of trap assisted tunneling, while the
density of generated traps controls leakage in lightly damaged oxides.

INTRODUCTION

Scaled devices require thinner gate oxides, and it is
therefore important to estimate how such scaling affects oxide
susceptibility to process induced charging damage. To address this
issue, we used test structures that contain transistors with attached
charge collecting antennas at different wafer processing levels.  The
sensitivity of transistor parameters to gate oxide characteristics
allows for measurement of relatively low damage that may not show
up in yield but can affect device reliability.

Complementary information can be obtained from charge-
to-breakdown, Qbd , measurements that can emulate to some extent
charging stress during plasma process steps. However, interpretation
of Qbd data is not straightforward since the nature of stress induced
traps is not always known, and may vary with stress conditions. There-
fore, there is a need for a model that can correlate, at least phenomeno-
logically, damage in the oxides with oxide characteristics and electri-
cal stress conditions.

MODEL FOR TRAP GENERATION PROCESS

We propose a model for the trap generation process that can
be applied to ultra thin oxides. The central point of this model is an
assumption that whatever the nature of the oxide damage induced by
electrical stress, this damage is triggered by the collision of injected
electrons with oxide atoms (which seems to be a dominant process in
thin oxides [1] under low bias conditions [2]). If we accept  the idea
that no damage is possible without initial interaction between the in-
jected electrons and the lattice, then number of generated traps per unit
area can be written as follows

D = Q⋅ n, (1)
where Q is total number of electrons per unit area passed through the
oxide, and n is the probability of trap creation per one electron (analog
of the absorption coefficient): n = 1 - exp[-p⋅s⋅(t- t0)]. Here s is the
electron collision cross section,  p is the probability of trap creation in
the result of a collision, t and t0 are oxide thickness and electron direct
tunneling thickness, respectively. Due to low probability of trap cre-
ation [3], it is assumed that each electron has only one chance to create
a trap, and also, the magnitude of n for the direct tunneling process is
negligible. p increases with the electron energy Eel and decreases with
the bond strength: p =  p0 Eel = p0 Eox t, where Eox is the electric
field in the oxide, and p0 is the temperature dependent probability to
break the bond in SiO2. Oxide thickness is assumed to be comparable

to the electron mean free path.
Thus, with the constant current stress condition, the depen-

dence of trap density on oxide thickness for ultra thin oxides can be
written as follows:

D ≅ Q⋅ s⋅ p0 ⋅Eox ⋅(t - t0) (2)

Based on Eq. (2), one may expect less traps to be generated in thinner
oxides.

Oxide breakdown occurs when local trap density exceeds
some characteristic critical value Dc. Taking into account approximately
linear dependence of critical trap density Dc on oxide thickness in very
thin oxides [4], Dc ≅ Dc0⋅t (Dc0 is the critical concentration in the very
thin oxide t ≅ t0), from Eq. (2) the following dependence of charge-to-
breakdown Qbd on oxide thickness is obtained:

Qbd= (Dc0/s⋅p0⋅Eox)⋅(t/t-t0) (3)
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Fig.1. Charge-to-breakdown vs. oxide thickness.
In order to verify the above Qbd(t) dependence, we compared oxide
thickness t calculated with Eq. (3) to the nominal thickness that was
measured both optically and electrically. Charge-to-breakdown mea-
surements were done in 20x20 um2 capacitors under positive and nega-
tive gate bias constant current stress, Fig. 1.

Fig. 2. Gate oxide thickness calculated with Eq. (3) vs. nominal thickness.
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Using positive bias Qbd data and ratios of Qbd in Eq. (3) for
different t, we found that the best fit of the calculated oxide thickness
to the nominal ones, Fig. 2, can be obtained with t0  ≅ 30 Å.

So far, the oxide parameters s and p0 have been assumed to
remain constant across the oxide. However, it is well established that
stress at the oxide/Si interface results in a structural transition layer in
SiO2 that may extend up to few tens of Å from the interface. The tran-
sition layer is characterized by higher than bulk oxide density (2.4 g/
cm3) and high compressive stress [5]. These lead to increase in both the
electron collision cross section, s, and the probability of bond break-
ing, p0, in the transition layer.

The existence of the transition layer breaks the symmetry
between the positive and negative gate bias injections. Indeed, since in
the case of substrate electron injection direct tunneling distance
t0 ≅ 30 Å
covers significant portion of the transition layer, s and p0 values may be
expected to be very close to the bulk oxide ones, Fig. 3 .

Fig. 3 Substrate and gate electron injections vs. distribution of stress in oxides.

On the other hand, for gate injection, the direct tunneling distance cov-
ers oxide outside the structural transition layer. Therefore, to a great
extent, s and p0 values in Eq. (3), which represent averages of s(t) and
p0(t) over the oxide thickness t outside the direct tunneling distance,
are determined by the structural transition layer properties, and thus
are much greater than in the substrate injection case. Subsequently, in
the latter case, Qbd values are greater for all oxide thickness, as follows
from Eq. (3). In addition, in the gate injection case, s and p0 parameters
may be expected to exhibit strong oxide thickness dependence: the
thinner oxide is, the greater the share of the structural transition layer
in the total oxide thickness, and therefore average s and p0 values are
bigger. Based on expected behavior of s and p0 parameters in the gate
injection case in the extremely thin and thick oxides, we may propose
the following dependence of the product (s⋅ p0)g on oxide thickness:
(s⋅ p0)g ˜  (s⋅ p0)s t/t-t0 , where the product (s⋅ p0)s, in the substrate
injection case is independent of oxide thickness. Substituting the above
(s⋅ p0)g  dependence in the Eq. (3), we obtain that the following relation
between the charge-to-breakdown for gate, Qbdg , and substrate, Qbds ,
injections valid for any oxide thickness;

Qbds/ Qbdg =  (s⋅ p0)g/ (s⋅ p0)s ̃  t/t-t0  (4)

We calculated the oxide thickness t in Eq. (4) using Qbd
values in Fig. 1 and direct tunneling distance t0 = 30 Å. Comparison
of the calculated thickness to the nominal ones is presented in Fig. 4.
When oxide thickness is reduced below the direct tunneling
thickness, Qbdg may be expected to increase and eventually become
equal to Qbds . Note that other oxide properties, like interface
roughness may also contribute to Qbd values.
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PROCESS INDUCED DAMAGE

The above model was verified using process induced damage
data. We  analyzed charging damage effects in 0.35 um LDD NMOS
transistors with 65 Å, 50 Å, and 40 Å gate oxides (similar effects were
observed in the identically processed lot with 65 Å, 55 Å and 45 Å gate
oxide splits).  Splits for each oxide thickness contain 4 wafers, with 17
dies per wafer tested. Poly, metal-1 or full flow charge collecting an-
tennas are attached to transistor gates, with antenna-to-gate ratios (AR)
up to 90 K:1. A typical test tructure is shown in Fig. 5. Fowler-Nordheim
(F-N) stress, 1 nA/um2 for 2 sec, was used to reveal latent damage.

The charge damage effect (CDE) induced by processing is
measured as a difference in parameter P shift due to F-N stress be-
tween an antenna transistor and a reference transistor at the same die
location:

∆P = [Pstress(ant) - Pnostress(ant)] -
[Pstress(ref) - Pnostress(ref)] (5)

Reference devices are protected from charging damage during process-
ing by fuses between drain, source, gate, and substrate.

Fig. 5. Schematic presentation of charge collecting metal-1 antenna transistor after
metal-1 etch.

In the case of thin oxide, gate leakage current Ig seems to be a
very sensitive damage parameter; it exhibits strong antenna effect in
most types of antenna modules even before F-N stress. In metal-1

Fig. 4. Gate oxide thickness calculated with Eq. (4) vs. nominal oxide thickness.
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antenna transistors, Ig increases with antenna size, Fig.6, and decreases
with oxide thickness, Fig.7. The same trends are observed in CDE of Ig,
after the F-N stress, Fig.8. Transconductance Gm and threshold voltage
Vt do not show  antenna effect before F-N stress.

CDE in Gm and Vt is greater for thicker oxide, especially in devices
with edge intensive antennas, Fig.9.

Fig. 7. Pre-stress gate leakage current of metal-1 large antenna transistors.

Fig. 8. Charge damage effect, calculated with Eq. (5), in gate leakage
current of metal-1 antenna transistors

The fact that Ig is reduced after the F-N stress, Fig.6, indicates that
hole-type traps were created in the oxide during metal-1 processing.
This conclusion is supported by V t data, Fig. 9, that show negative
shift of Vt with respect to reference transistors after F-N stress, such
shift being accompanied by increase of Gm. Devices with poly area
antennas show positive CDE of Vt, Fig.10, and no effect in Ig, suggest-
ing that electron-type traps were primarily generated during poly pro-
cessing.

Fig. 6. Pre- and post-stress gate leakage current for reference and metal-1 antenna
transistors. Error bars correspond to 1 standard deviation. In the x axis, 0
and 1 in front of the transistor type correspond to the data before and after the
F-N stress.
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Fig. 9. Charge damage effect in threshold voltage of metal-1 antenna
transistors.
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For tested transistor parameters in metal-1 and poly antenna
modules, thicker gate oxides demonstrate greater susceptibility to charg-
ing stress, Figs. 6-10, (see [6]), in full agreement with the  model. On
the other hand, in the full flow modules that include contact antennas
(having up to 39,000 contacts) in addition to area antennas, thinner
oxides show higher gate leakage, Fig.11, (similar results were reported
in [7]).

In this module, gate oxides in antenna transistors are very leaky due to
heavy charging damage during processing, as follows from the depen-
dence of Ig on antenna sizes. Vt and Gm show no antenna effect before
F-N stress (no data available after the stress due to very high damage in
transistors).

Thus, two groups of devices, with lower (metal-1, poly mod-
ules) and higher (full flow module) charging damage, demonstrate
opposite trends: when
total damage is low, thinner oxides show less charge damage effect,
however, they seem to be more susceptible to stress in the case of higher
damage.

STRESS INDUCED LEAKAGE CURRENT

In order to explain data in the heavily damaged full flow
module that  seemingly contradicts our model, we need to discuss a
tional to the number of traps D which  can accept electrons and to the
probability of electron tunneling from the substrate to these traps P (for
simplicity, we assume that in the ultra thin oxides, tunneling via one
trap only is required for each electron ):

jTA = j0 D P (6)

In the quasi-classical approximation, electron tunneling
probability P can be written as follows:

 P ∝ exp {- ∫√[E(t)-E0]dt} ≈ exp {- Eb½(α + βt)},
 where Eb and E0 are the energy barrier at the Si/SiO2 interface and the
initial electron energy, respectively. α  and   β are coefficients that
depend on the electron and barrier energies and on the trap location
between the oxide interfaces. In particular, if a trap is in the middle of
the SiO2 layer, β = 1/2.

As oxide thickness increases, trap assisted tunneling current
jTA quickly reduces due to exponential decline of tunneling probabil-
ity P. However, jTA may  also increase with oxide thickness because of
increase in the trap concentration D, Eq. (2). To determine dependence
of the trap assisted tunneling current on the oxide thickness, we esti-
mated an oxide thickness tmax at which trap assisted current is maxi-
mum.

Graphical results of these calculations are presented in Fig.
12. As follows from the equation djTA/dt = 0, tmax decreases with the
increase of the trap concentration per unit oxide thickness D0 = Q⋅ s⋅ p0
⋅Eox , tmax ∝ γ/D0, where parameter γ is a function of Eb, β, and  t0. The
value of tmax with respect to the oxide thickness under consideration
tells us whether leakage current should increase or decrease with oxide
thickness. When the trap concentration D0 is small, tmax may be greater
than the maximum thickness of the oxides under consideration, and
therefore one observes increase of leakage current as oxide thickness
increases  (broken line in Fig. 12), as we see in metal-1 and poly mod-
ules. Decline of current in thinner oxides is due to insufficient number
of traps which assist tunneling current, and we term this case damage
controlled leakage.

Fig. 12. Leakage current vs. oxide thickness in the cases of high, D-high, and low,
D-low, damage.

Fig. 10. Charge damage effect in threshold voltage of poly
antenna transistors.

Fig. 11. Gate leakage current of reference and full flow large
antenna transistors.
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When damage D0 increases as in the case of full flow module, tmax
decreases and may correspond to oxide thickness that is smaller than
the minimum thickness of the oxides in our experiment. In such case
that can be termed  tunneling controlled leakage, one observes decrease
of leakage current when oxide thickness increases (solid line in Fig. 12),
due to smaller tunneling probability P in thicker oxides.

CONCLUSION

With the same quality of oxides - effective scattering cross section s
(determined by the concentration of charge defects, neutral traps, etc. in
the native oxide) and bond strength p0 (determined by stress, H-bonds,
etc.) - thinner oxides show greater Qbd due to the geometrical factor.
Therefore, to compare quality of oxides having different thickness,
measured Qbd values should be multiplied by the scaling factor (t-t0/t).

Thinner oxides are less susceptible to charging stress since
both the probability of collisions of injected electrons with oxide at-
oms and electron impact energy decrease with oxide thickness in the
case of ultra thin oxides. However, relatively smaller damage (deter-
mined as a concentration of generated traps) may produce a greater
effect in device performance, in particular, in gate oxide leakage current.

After heavy stress, leakage is mostly controlled by the prob-
ability of trap assisted tunneling (which is higher in thinner oxides). In
lightly damaged oxides, leakage current is determined by the concentra-
tion of generated traps (which is less in thinner oxides).

QUESTIONS AND ANSWERS

Question: What is applicability of your model?
Answer: The upper limit of the oxide thickness is determined by the
condition that oxide thickness should be comparable to the electron
mean free path. Practically, it means less than two-three mean free
paths. Different techniques give various estimates for it; a number around
34 Å was reported by several groups. In this case, the upper limit is
around 70 Å.

Question: To simplify your expression for trap density, you suggested
that the probability of trap creation per one electron is small. Do you
have data to support this assumption?
Answer: There are several publications on this topic. In particular, S.
K. Lai and R. Degraeve (Ref. 3 and 4) demonstrated that only a few
percent of injected electrons generate traps and interface states.

Question: Critical trap density - can we measure or simulate it ?
Answer: It was simulated and, also, calculated based on measurements
(see Ref. 4).

Question: Do you have hard numbers for stress gradient in the oxide ?
Answer: I do not have any numbers for stress magnitude. Oxide density
near the interface was reported to be 2.4 g/cm3 which is significantly
higher than in bulk oxide and indicates high stress in that area.

Question: How does trap generation  in your model depend on electron
energy ?
Answer: Higher energy of injected electrons increases probability to
break the bond and create a trap. Electrons are assumed to move in a
ballistic regime.

Question: For the high damage case - you only show gate leakage data -
do you see the same trend in the threshold voltage data?
Answer: No transistor characteristics were available after the F-N stress
since this stress killed already heavily damaged devices.

Question: You use the model to explain the leakage current behavior -

does the same model explain the threshold voltage behavior?
Answer: In this presentation we discussed data primarily on leakage
current since it seems to be one of the most sensitive parameters. All
measured transistor parameters, like transconductance, saturation cur-
rent, etc., satisfy the suggested model.
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