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Abstract: A simple standard reaction—diffusion (RD) model assumes an infinite oxide thickness and a zero initial
interface trap density, which is not the case in real MOS devices. In this paper, we numerically solve the RD model
by taking into account the finite oxide thickness and an initial trap density. The results show that trap generation/
passivation as a function of stress/recovery time is strongly affected by the condition of the gate-oxide/poly-Si

boundary. When an absorbent boundary is considered, the RD model is more consistent with the measured interface-
trap data from CMOS devices under bias temperature stress. The results also show that non-negligible initial traps
should affect the power index n when a power law of the trap generation with the stress time, ¢, is observed in the

diffusion limited region of the RD model.

Key words: reaction—diffusion model; interface-trap generation/passivation; negative bias temperature instability;
charge pumping; direct-current current—voltage

DOI: 10.1088/1674-4926/30/7/074008 PACC:

1. Introduction

The negative bias temperature instability (NBTI) is one
of the most critical reliability concerns for present CMOS
technology!"?!. It is widely believed that NBTI originates
from the generation/passivation of interface traps?®! and/or the
trapping/detrapping of oxide-charge!*!. By far the most quoted
model for the generation/passivation of interface traps is the
reaction—diffusion (RD) model>~'4. The simple standard RD
model assumes an infinitely thick oxide layer, a zero initial in-
terface trap density, and purely diffusive transport of hydrogen
particles~!% In the diffusion limited region, the model can
be solved analytically and predicts a power law dependence
(#") of the interface-trap generation on the stress time . The
power index n is 1/6 for the diffusion of H, and 1/4 for that of
H. The model also predicts a relative recovery of near 50% af-
ter the stress has been stopped for the same period as the stress
time. It further predicts that both, n and the relative recovery,
are temperature independent. While the qualitative properties
of interface-trap generation and recovery are predicted by the
standard RD model, quantitative deviations are often observed
when the model is compared with experimental data. To some
extend the standard model to more useful for practical situa-
tions, the RD model with a finite oxide thickness was solved
analytically more than ten years agol'!l. Using the Laplace
transform, Ogawa et al.!'''solved the RD model for a finite
oxide thickness with an absorbent boundary at a SiO,/poly-Si
interface. However, Ogawa’s analytical method can only give
the results for the stress phase not the recovery phase, and thus
no comparison with recent NBTI observations is possible!!!],
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Recently, the boundary condition at the oxide/poly-Si inter-
face was considered!!?! to account for the observed saturation
of the interface-trap generation at long stress times. In contrast
to the infinite oxide thickness, a model with a very thin oxide
layer and a thick poly-Si layer is applied!"> ¥ to account for
the observed quick recovery of the interface-trap generation at
short (~1 s) times after the stress is stopped. More recently,
to account for the temperature dispersion of n, the RD model
has been extended to the case of defect-controlled transport
and the appropriate boundary and initial conditions are also
discussed!'3~71. However, only the effect of the Si/SiO, inter-
face is considered in Ref. [16]. The interface of SiO,/poly-Si
is not taken into account, i.e., an infinite oxide thickness is as-
sumed. Further, only the stress is considered, not the recovery
phase.

The physical quantity commonly measured in a NBTI in-
vestigation is the threshold voltage shift AVry. Since the real-
ization of the importance of both, interface-traps and oxide-
charge, and the recovery effect to NBTI!'8-291 some data
have been reported on both stress and recovery phases using
interface-trap measurement methods, such as charge pumping
(CP)*21-231 and direct-current current—voltage (DCIV)2%24l
techniques. These data can be used to test the RD model. It
has been observed that the experimental data are mostly not
consistent with the standard RD model. The measured power
index 7 in the stress phase often deviates from 1/6. The rela-
tive recovery is mostly less than 50% and is temperature de-
pendent. In addition, a permanent interface-trap component
may be present in the recovery phase!?!. Therefore, to better
understand interface-trap generation/passivation in NBTI, it
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Fig. 1. Schematic diagram showing the reaction—diffusion model,
which describes the generation of interface traps at the Si/SiON in-

terface.

is necessary to reassess the RD model using a more practi-
cal structure and conditions to see if the model is consistent
with the experimental results. In this paper, we solve the RD
model numerically by taking into account the effects of a finite
oxide thickness and initial interface traps. In contrast to all
of the previous calculations, we solve the RD model in both
the stress and recovery phases by considering a finite oxide
thickness with reflective and absorbent boundary conditions at
the SiO,/poly-Si interface, so that the theoretical calculations
and experimental observations of NBTI can be compared more
reasonably and quantitatively. A smaller interface-trap recov-
ery ANyr(?) and a permanent component are predicted when
the boundary is absorbent. We show that the RD model is
more consistent with experimental results if the proper bound-
ary and initial conditions are considered.

2. Standard reaction—diffusion model

The RD model states that when a pMOSFET is biased
into inversion, the Si—H bonds at the Si/oxide interface cap-
ture holes in the channel and dissociate into positively charged
interface traps and hydrogen particles. The latter diffuse away
either in the form of atomic H or molecular HyP~ 'Y (see
Fig. 1).

Earlier experiments showed that the power index n of
NBTTI is close to 0.25, in accordance with the RD model’s pre-
diction of the H diffusion. However, recent experimental re-
sults show that the earlier experiments are not directly compa-
rable with the RD model due to the recovery effect, and a more
reliable power index of 0.17 is obtained by the improved ex-
perimental methods!®!. Therefore, H, diffusion is more likely
in the NBTI process'®! and only H, diffusion is discussed in
this paper. In this case, the process can be described by
Egs. (1)—(6).

dNT(?)

- kr(No — Ni1(?)) — kgy/ Ny, (0, ONi (), (1)

Nir(®)li=0 = Nr1o, ()

where Nyr(f) is the density of interface traps, Ny is the density
of Si—H bonds, kr(kgr) is the forward (reverse) reaction con-
stant, Ny, (x, ¢) is the concentration of H; in the oxide, Dy, is
the diffusion coefficient, and k,, is the annihilation rate of H, at
the boundary x = d. The standard RD model assumes that (1)
the oxide thickness d is infinite and (2) both Nt and Ny, (x, 0)
are O for a fresh device. Under these assumptions, the bound-
ary condition Eq. (5) can be replaced by the conservation law,
which can be written approximately as

Nir =2 f Ny (x, 0t ~ pNit, 0,0 yDrds ()
0

where p ~ 3 is a dimensionless constant'. Based on the above
assumptions, one can obtain an analytical solution for Nyr(?) in
the diffusion limited region,

keNo \>3
@) (D0

Nir(1) = ( e

®)
Figure 2(a) shows numerical solutions of the standard RD
model for H, diffusion, in both the stress and the recovery
phases plotted on a linear scale. In Fig. 2(b), the same result
for the stress phase is plotted on a log—log scale. The most im-
portant characteristic predicted by the standard RD model for
H, diffusion is that interface-trap generation under a stress fol-
lows a power law, Nip(7)— t* with n = 1/6 in the diffusion lim-
ited region. The relative recovery is ~50% when the recovery
time is equal to the stress time. Both the 7'/® dependence and
relative recovery (~50%) are temperature independent. Fig-
ure 2(c) plots the Ny, (x) profiles for a few times in the stress
phase. As shown, Ny,(x) can be well approximated by trian-
gles with diffusion fronts at ~3 \/Dth (but not \/Wzt).

3. RD model with absorbent or reflective bound-
ary

When the oxide thickness is finite, the boundary condi-
tion of Eq. (5) should be considered. Since the detailed prop-
erties of the oxide/poly-Si interface are not understood, we
model the boundary by two typical cases, i.e., the absorbent
or reflective conditions. In the case of an absorbent boundary,
kp = oo and Equation (5) is replaced by

Nu,(x,0)| _, = 0. ©)

For a reflective boundary, k, = 0 and Equation (5) is replaced
by
ONy, (x,1)

R =0. (10)

x=d
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Fig. 2. Numerical solution of the standard RD model for H, diffusion.
The parameters used in the calculation are Ny = 1.0 x 10™ cm2, kg
=1x 1073 s7!, kg = 1.8 X 107~ cm®/s, and Dy, = 1 X 10716 cm?/s.
(a) Time evolution of interface-traps Nir(?) plotted on a linear scale.
(b) The same data for the stress phase of Fig. 1(a), plotted on a log—
log scale. (c) Hydrogen profiles Ny, (x, f) at several times in the stress
phase. In the diffusion-limited region, Ny, (x,t) can be well approx-
imated by triangles with diffusion fronts at ~3 4/Dgt, as shown by
dashed lines.

The RD model of Egs. (1)=(6) with an absorbent (k, = oo) or
reflective (k, = 0) boundary and with zero initial conditions
[Nrro = 0, Ngo(x) = 0] is numerically solved. The results for
Nir(?) are presented in Fig. 3(a). In both cases, d (= 3.5 nm)
and the other parameters are kept constant. Figure 3(a) also
presents the result of the standard RD model for a thick ox-
ide layer. As shown, for a short stress time ¢ (< 100 s) when
3Dyt < d, the boundary effect is negligible. For large ¢ (>
300 s) and 3 vVDyt > d, the boundary effect is not negligi-
ble and becomes very important in the recovery phase (¢ >
1000 s). Compared to the standard RD model, Nir(¢) in the
stress phase for large ¢ increases more rapidly for the absorbent
boundary and less rapidly for the reflective boundary. In the
recovery phase, the fractional recovery at t = 2000 s a with
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Fig. 3. (a) Numerical solution of the standard RD model and of that
with an absorbent or reflective boundary conditions for a finite oxide
thickness. Evolution of the H, profile (b) with an absorbent boundary
and (c) with a reflective boundary at a few time intervals in the stress

phase.

respect to Nyr(z = 1000 s) is less than 50% for the absorbent
boundary. In particular, the recovery quickly saturates and
a permanent-like (unrecoverable) component shows up. For
the reflective boundary, in contrast, the fractional recovery is
larger than 50% and no permanent component is expected.

The above results are easily understood with the help of
the Ny, (x, t) profiles plotted in Figs. 3(b) and 3(c) for an ab-
sorbent and reflective boundary, respectively. At the beginning
of the stress phase, Nyr(t) and Ny, (x, ) follow the standard RD
model. For large ¢, when the diffusion front reaches the x = d
boundary, Nir(t) is affected by the boundary. Under absorbent
conditions, the H, particles are all lost at the boundary, which
enhances the generation of Nyr(t) in the stress phase and leads
to a permanent Nyp(t) component in the recovery phase. Under
reflective conditions, the H; particles reaching the boundary
are totally reflected, which suppresses the generation of inter-
face traps in the stress phase and accelerates the recovery in
the recovery phase.
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Fig. 4. Numerical solution AN1(#) from the RD model with three dif-
ferent Nyro.

4. RD model with non-zero initial value

During the CMOS manufacturing process, hydrogen is
used to passivate Si dangling bonds. Some of the dangling
bonds which are not passivated by H form interface traps Nyrg
in fresh devices. The presence of Nipg may be observed by
experiment methods, such as charge pumping.

When Ny is not zero, the rate equation (1) should be
rewritten as

dAN,
dItT([) = ke[No = ANt ()] = k /Nu, (0, DANr (1)

— e + kr /N1, 0, )] Nrro, (1

where ANir(f) = Nit(f) — Nito are the generated interface traps
under stress. Compared to Eq. (1) for Nip(¢), the generation
rate dNyr(#)/dt reduces with increasing Nipg due to the last
term —(kg + kg \/]W)Nm). This term is more pronounced
for small ¢+ when Nirg is comparable to or even larger than
Nrr(t). For large t when Nitg < Nir(?), the effect of Nyt is
negligible.

Figure 4 presents numerical solutions of the RD model
for Nir(¢) with three different Ny, plotted on a log—log scale.
To decouple the effects of the boundary and the initial value,
an infinite thick oxide layer is assumed in this calculation. As
Figure 4 shows, even when the initial value (1 x 10'° cm2)
is one order of magnitude less than the generated ANy (?) at ¢
=1000 s (~1 x 10" cm™2), the effect of the initial value is not
negligible. For Nitp = 5 X 10'° cm~2, which is about 1/2 that
of Nir(t=1000 s), the effect is significant as the power index n
increases from 0.17 to 0.24. Neglecting the initial value effect
may lead to the misinterpretation of experimental results, for
example, from H; to H diffusion.

5. Comparison with experimental results

The devices used in the investigation are p-MOSFETs
fabricated with a poly-Si/SiON gate stack. SiON was grown
by thermal oxidation followed by plasma nitridation and post-
deposition thermal annealing. The oxide thickness is 3.5 nm.
A CP method was used for the interface-trap measurements in

July 2009
40 T T T T T
(€))
A 2y
30} /‘ |
"g A/ T (C)
£ 2t / —— 25
< 1 —e= 100
E
Z 4 —a=— 150
ol 1
[ -—'—4- e,
@'
_lk.‘.—./
0 = 1 1 1 1
0 500 1000 1500 2000
Time (s)
40 L] Ll T T T
® T
=—0=25 Ny —— A
i llgg /;0=1.8x10"’cm251 y
& / Ea=0.95 6V
o
S 20} 2 Np=1.5x10%m®> .
;: A/ Tox=3.5nm
! t,=20s
10} 1 J
mmm—
AQ‘O’O/ ° %0.050_0 5
_gg.n——ﬂ——lm—_'!mﬂ-u—g_lu_q

0 500 1000 1500 2000

Time (s)
Fig. 5. (a) Interface-trap density N(f) measured by CP in the stress
and recovery phases at 7' = 25, 100, 150 °C; (b) Numerical solution
of the RD model with the absorbent boundary at 7 = 25, 100, 150 °C.
The diffusion constant at different temperatures 7" is assumed to fol-
low an Arrhenius-like behavior with Dy = 1.8 x 10™* cm?/s and E, =
0.95eV.

the NBTI characterization. The density of interface traps
Nir(?) is proportional to the measured CP current Icp(t)[26] and
is calculated from Ip(#) by considering the temperature de-
pendence of I, for a fixed Nir!?”). Figure 5(a) presents the
measured Nir(¢) for the devices in both the stress and the re-
covery phases at 25, 100, and 150 °C plotted in the same fig-
ure to show the temperature dependence. The most important
feature observed in Fig. 5(a) is that the relative recover-
ies, defined as R =—[Np(2000 s)— N (1000 8)1/[Nrr (1000 s)—
Nir(0s)], are all less than 50%. This is consistent with pre-
viously published CP results!*2!-231 Moreover, R decreases
with increasing T (29% at 25 °C, 20% at 100 °C, and 14% at
150 °C).

As shown in Fig. 3(a), the above features are clearly not
consistent with the standard RD model, which predicts R to
be about 50% and to be temperature independent. The results
are also not compatible with the RD model with a reflective
boundary. For a reflective boundary in the recovery phase, the
RD model predicts R to be larger than 50% and to increase
with increasing temperature. R reaches near 100% at high T
(for example, 150 °C), which is completely opposite to the ex-
perimental observations.

We show here that the experimental results are possibly
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explained by the RD model with an absorbent boundary. To
simulate the experimental results at different 7, we solve the
RD model using an absorbent boundary. The measurement de-
lay has been considered in the calculation since its effect can
be predicted by the RD model itself. According to the CP ex-
periments, a delay time of 20 s is used. The diffusion coef-
ficients are assumed to follow an Arrhenius law, while other
constants, such as kg and kg, are assumed to be temperature
independent for simplicity, as their T-dependences are very
similar and will largely cancel out"!. Figure 5(b) presents
the numerical solutions of the RD model with an absorbent
boundary for a d = 3.5 nm oxide at 25, 100, and 150 °C. By
comparing Fig. 5(b) with Fig. 5(a), it is shown that the main
features of the experimental results are well reproduced by the
RD model. In the stress phase, the rapid increase in Nyr(f) with
T is due to the increase of the diffusion constant. In the recov-
ery phase, R is smaller than 50% and decreases with increasing
T due to the absorbent boundary. A permanent Nyr(¢) compo-
nent is predicted due to the loss of H, in the boundary. This
component is larger at higher T when more H, is lost due to
the faster H, diffusion from the Si/oxide to the oxide/poly-Si
interface.

We show that proper boundary and initial conditions im-
prove the agreement of the RD model with the experiments.
Since NBTTI includes both interface and oxide traps, experi-
mental results, even those like CP, may contain a contribution
from oxide traps. Therefore, care should be taken to compare
the RD model with experimental results from interface traps
only and not from oxide traps.

6. Conclusions

The standard RD model for an infinitely thick oxide is
not consistent with the interface-trap generation/passivation
results measured by CP in the stress/recovery phase in NBTI
experiments. By numerically solving the RD model with an
oxide of finite thickness, the main features of the experimen-
tal results are reproduced by the RD model with appropri-
ate boundary conditions. A smaller (R < 50%) and T depen-
dent recovery of the stress-induced interface-trap generation
is experimentally observed and reproduced by the RD model
with an absorbent boundary at the oxide/poly-Si interface. A
permanent-like interface-trap component is also predicted by
the model. In addition to the boundary condition, numerical
calculation shows that the initial value of the interface traps
may significantly affect the power index n derived from the
RD model in the diffusion limited region.
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