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Explicit H-H> Dynamics for Negative-Bias
Temperature-Instability (NBTT) Degradation
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Abstract—In this paper, negative-bias temperature-instability
(NBTI) modeling, based on a generalized reaction—diffusion
framework, is presented. Unlike the previous models, the release
of atomic hydrogen from the Si-H bonds at the Si/oxide interface
and its subsequent conversion into molecular H, are considered
without the (unphysical) assumption of instantaneous transition.
The conversion reactions are handled explicitly with finite tran-
sition time, and numerical solutions that contain both H and
H> dynamics are obtained. The conversion reactions result in a
distinct time behavior which cannot be predicted from either H- or
H--only simulations. The results are then explained analytically.
The implications of hydrogen conversion dynamics on saturation
of NBTI characteristics and device lifetimes are also discussed.

Index Terms—Hydrogen, MOSFET, negative-bias temperature-
instability (NBTI), reliability, saturation, time-dependence.

I. INTRODUCTION

EGATIVE-BIAS temperature-instability (NBTI) is a sig-
nificant reliability concern for digital and analog circuits
in current generation CMOS technology [1], [2]. NBTI occurs
in negatively biased (Vgs <0 V) PMOSFETs at elevated
temperatures and is a consequence of interface-trap genera-
tion at the Si/oxide interface. In conventional Si MOSFETSs,
the transistors are annealed in hydrogen ambient to passivate
the dangling Si bonds during manufacture. This traditional
method proved to be an effective solution to the interface-
trap instabilities for decades; however, the continuing MOSFET
miniaturization trends (i.e., aggressive oxide-thickness scaling
leading to higher oxide field and process modifications, such
as nitridation of oxides to prevent Boron diffusion from p+
poly gate) and higher operation temperatures (due to power
dissipation from the circuits or ambient conditions) accelerate
bond-breaking at the interface over time during the device oper-
ation. The traps shift the threshold voltage, reduce the channel
mobility due to scattering, and induce parasitic capacitances in
the transistors. Overall, the drain—current degrades over time,
and parametric reliability becomes a significant concern.
The reaction—diffusion (R-D) framework has provided the
theoretical understanding of NBTI phenomena. In this model,
the characteristic power-law (¢") time-dependence of the
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Fig. 1. Schematic of hydrogen dynamics after it is released from a Si-H
bond. Interface traps are denoted by . Atomic hydrogen can diffuse away
from the interface freely (traditional NBTI with exponent n = 1/4) or forms Ha
with another H. Recent experiments suggest Ho diffusion due to the activation
energy of degradation.

degradation is attributed to the diffusion rate of hydrogen re-
leased from Si—H bonds at the Si/oxide interface [3]. Traditional
R-D model has considered atomic H diffusion as the factor that
shapes the time-exponent of NBTI. Recent measurements show
that the activation energy of NBTI suggests Ho diffusion with
a time-exponent n of 1/6 [6], [7]. If the diffusing species is Ho,
atomic H released from the Si—H bonds during stress must be
converted into Ho, as illustrated in Fig. 1. Previous attempts
that include Hy diffusion in NBTI have not handled this con-
version mechanism explicitly but rather assumed instantaneous
transition [8], [9]. Therefore, as to whether noninstantaneous
H-Hj transition modifies NBTI time-exponent is of interest.
One of the major shortcomings of existing Ho diffusion model
for NBTI is that it is not obvious that once H <> Hs transition
is accounted for, the 1/6 exponent will remain robust. Our
analysis completes the theoretical basis of the H <~ Hy model,
interprets the origin of robust 1/6 exponent and the role of H as
an interface layer.

In this paper, we present the theoretical background along
with numerical solutions that incorporate the dynamics of
hydrogen with a generalized approach that fills a fundamental
technical gap in the R—D framework. In Section II, traditional
R-D model for H-only diffusion is discussed and extended to
Hs-only diffusion. Then, the general scheme that contains both
H and H diffusion and the reactions between them is described.
We present the analytical and numerical results in Section III,
also explained the distinct early time behavior, and compared
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with experimental data presented in the literature. Finally, the
conclusions are given in Section I'V.

II. NBTI THEORY
A. Standard R—-D Framework for H Diffusion

The modeling of NBTI through the R-D framework can
successfully explain several experimental observations such
as: 1) fractional time-exponents [11]; 2) activation energies
[12]; 3) relaxation dynamics of degradation [13]; 4) frequency-
dependence under ac stress [8], [13]; 5) isotope (i.e., deuterium)
effects [14]; 6) lock-in mechanism [15]; and 7) quasi-saturation
of NBTI [16].

In the R-D model, the interface-trap generation at the
Si/oxide interface is represented as a chemical reaction, i.e.,

Si—H+ht «— Si* +H° (D)

in which an inversion-layer hole h* weakens a Si—H bond and
hydrogen is detached as a result of thermal vibrations of the
chemical bond [17]. The remaining Si dangling bond (Si*) acts
as a donorlike interface trap [18]. The H released from the
bond can diffuse away from the Si/oxide interface or anneal
an existing trap. The interface-trap density Nyt increases with
the net rate of the reaction given in (1), so

dNrr
dt

= kp[No — Nit| — kRNITNI({O) 2

where kp, kr, Ny, and N}(IO) are bond-breaking, bond-
annealing, Si—H bond density available before stress, and hy-
drogen density at the Si/oxide interface, respectively. When a
device is stressed, initially, both Ny and NI({O) are negligible

(No > Nir) and so is the kRNITN}(IO) term in (2). Therefore,
the increase in Nyp is generation-limited. When sufficient
hydrogen builds up at the interface, the diffusion of H away
from the traps dominate, so the interface-trap generation rate
becomes limited to the diffusion of hydrogen and, thus, repre-
sents the characteristic time evolution of NBTI degradation. In
this period, the diffusion of hydrogen obeys

dNu _ ) d*Nu
dat TR g2

3)

where Dy is the diffusion constant. From (2) and (3), it is obvi-
ous that the temperature and electric-field-dependence of NBTI
is not considered explicitly in the R-D model. The oxide-field-
dependence is included in the kr term, and the temperature-
dependence of the degradation is incorporated through the
activation energies of kg, kg, and Dy [19]. The rates kr and
kg contain the microscopic details of the Si—H bond breaking
and annealing of Si* and reflect the associated activation ener-
gies as distributions over the energy range [20]. The effective
bond-breaking and annealing rates can be written as

-E

kpp= / k%,Re(%> -gr,r(E)dE )
0
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Fig. 2. Schematic representation of the numerical implementation for the
generalized H < Ha simulations. Both H and H dynamics are handled
explicitly. The standard R-D model with H diffusion ignores Ho generation.
The H2-only model assumes instantaneous conversion; therefore, the H branch
is not included. The simulation domain is discretized into M nodes, first node
being the N1 term. The rest of the nodes have H and Ha densities at the same
physical location.

where gp r(FE) is the Gaussian distribution [with mean E4 and
variance (AE 4)?] of the bond-activation energies.

The time-dependence of NBTI is governed by the slower
process which is the diffusion in the R-D model. Therefore,
any spread of activation energies in kr r has negligible effect
on the time-dependence when superimposed on the diffusion
mechanism [16].

When a Si-H breaks, every dangling Si bond is associ-
ated with a free H atom in the oxide; therefore, Nir(t) =
J Nu(r,t)d3r. The density of H in the oxide during diffusion
can be approximated with a triangular profile, broadening as
/(D - t). Then, the interface-trap density is given by

Dyt
(0) Yy
Nrt)y= [ N9 (1- d
w0~ [0 (1= g )
0
(0)
N
=~ \/Dat. )

During the diffusion-dominated regime, the (dNyt)/(dt) term
is negligible compared to the other bond-breaking and anneal-
ing terms in (2); therefore, (2) can be simplified as

_ krNo

NNy = = ©)

Substituting NI({O) from (5) into (6), we obtain

ErN, ,
Nir(t) =4/ ;kRO (Dyt)# (7

which gives the time-exponent (n = 0.25) of NBTI when only
H diffusion is taken into account. The derivations up to (7)
correspond to H-diffusion branch in Fig. 2; therefore, the gen-
eration and diffusion of Hy are ignored completely.

B. R-D Modeling With Hy-only Diffusion

In the standard R-D model, only H diffusion is considered.
However, it was shown that measurement-induced delays or
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interruption of stress could yield time-exponents that are higher
than the uninterrupted case [6], [7], [15]. Moreover, theoretical
calculations suggest that atomic H is unstable and converted
into molecular Hy after it is released from the Si/oxide in-
terface [17], [21]. Furthermore, activation energies extracted
from NBTI measurements support that the dominant diffusing
hydrogen species is Hs [9], [10]. Therefore, a modified R-D
modeling with Hs can be obtained based on the principles of
the H-only framework. In the Ho-only model, after dissociation
of Si—H bonds, released H atoms react and form the hydrogen
molecule (see Fig. 1) as

H+H < H,. (8)

Analytically, the derivations that yield (7) can be repeated when
H, diffusion is the dominant factor that limits the degradation
rate. The fundamental assumption in this modified model is that
all atomic H becomes Hy and only the Hs-diffusion branch
in Fig. 2 is taken into account. Once the H atoms react and
generate Hs, the change of the interface-trap density in (2) can
be rewritten as

dNtT
dt

= kp[No — Nit] — kRNITNf(I(?iﬁ‘ 9

in which the annealing component has an effective hydrogen
density term (and kp, kr can be different from the H-only
model). The Ny ¢ is obtained by considering the equilibrium
dynamics of (8), namely

N oc /N (10)
Additionally, corresponding to Hs diffusion, (3) becomes
dNm, d? Ny
=D Z, 11
dt Ho ™2 (D

The triangle approximation with Hy diffusion away from the
interface results in

L\ 0)
Nip=2- 5J\fH;,/DHQt = N \/Dit.

The factor 2 in (12) comes from the fact that H, contains two
H atoms, and therefore, it is associated with two interface traps.
At the Si/oxide interface, (6) is still valid, and inserting (12)
into (10) yields

12)

kr N,
NIT(t)O(|:I]:; 0

r - (Dy,t)s. (13)

R
The Hy diffusion and the time-exponent in (13) is consistent
with the experimental activation energy of NBTI and time-
dependencies observed in measurements.

C. Generalized R—-D Model With Both H and H Diffusion

The Hs-only R-D model employs assumptions stating that
H-to-Hs conversion is extremely fast, and H is consumed totally
to generate Hy. However, these assumptions may not be realis-
tic, in general, for such a conversion reaction and the validity of
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Fig. 3.  When the conversion of H to Hs is added into the simulations, the

time-behavior changes significantly at earlier times. The diffusion mechanism
in H-only and Hz-only implementations cannot foresee this behavior. The H
and Ha results are the limiting cases for the H «» H2 solution when the Ha
generation rate kg, is increased or decreased further.

the robust power-law time-dependencies predicted by H-only
and Hs-only models (also widely supported by experiments)
is of concern. This issue can be addressed by a generalized
modeling approach in which the aforementioned assumptions
are relaxed by considering the dynamics of (8). In this ap-
proach, both H and Hy branches in Fig. 2 are included, and
their diffusion and mutual conversion are explicitly accounted
for. According to (8), the rate of change in Vg, is given by

ANy,
dt

where k1, and Ky, are generation and dissociation rates for Ha.
The rate for H can be written similarly. After Si—H bonds break,
the released H atoms can diffuse away from the interface or get
converted into Hy. Although neutral H atom is thought to be un-
stable compared to the charged H ions in the oxide [22], in this
model, the assumption is that the conversion into Hs takes place
very quickly, so neutral HY is possible under nonequilibrium
conditions. The molecular Hy can also diffuse or dissociates
back to H atoms. Note that Hy cannot be formed directly from
the Si—H breaking nor it can passivate an interface trap. The
complex nature of the dynamics in the generalized approach
does not permit understanding the time-dependence of NBTI
readily. Therefore, numerical solutions are needed to assess the
effects of H-Hy dynamics on NBTI degradation. The solutions
are based on (2), (3), (11), and (14) and do not contain any
approximations regarding the shape of the hydrogen profiles or
restrict H-H, conversion reactions with specific assumptions.
The details of the numerical implementation are presented in
the Appendix.

= kHlNI?I - kH2NH2

(14)

III. SIMULATION RESULTS AND DISCUSSION

The result of H <» Hy simulation is compared with those
of H-only and Hs-only R-D numerical solutions in Fig. 3. As
predicted by (7) and (13), H-only and Hs-only simulations
reflect the time-exponents of 1/4 and 1/6, respectively. The
H-only and Hz-only curves act as limits to the H < Hy result,
i.e., as kg, in (14) reduces toward zero and H < Hj solution
approaches that of H-only. Similarly, as kg, is increased further
so that more H is consumed, the H < Hy result approximates
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Fig.4. Experimental data published in the literature shows a higher time-slope
initially. H <= Ha theory supports the observations. Data from [15] and [23].
Note that AV and Alp i, are assumed to be proportional [2]. The AV can
include both interface charges and mobility degradation; however, at Vg >
Vr, the mobility component is smaller due to the screening of inversion-
layer holes.

the Hy-only solution. In Fig. 3, despite the fact that it gives
the same result as Hy-only implementation at later times, the
H < Hs simulation shows a distinct behavior at earlier times.
While the Hs-only model shows a sharp transition from
t! (reaction-dominated) to ¢'/6 (diffusion-dominated), the
H < Hs shows an intermediate soft-transition region with
slope 1 <n < 1/6 (n ~ 1/3 as in Fig. 3).! It is possible to
use the interpretation of the exponent and prediction of early
transition region (e.g., < 10 s) as a test for H <- Hy model. The
time-exponent (1 < n < 1/6) predicted by the theory supports
experimental data presented in Fig. 4 [15], [23]. This change
in the time-exponent is observed for a wide range of values
of the ky, and kyy, parameters, and the transition point where
the exponent becomes 1/6 always denotes the beginning of the
diffusion-dominated regime. The time-exponent of ~1/3 in the
H < Hj solution can be explained by the aid of Figs. 5 and 6.
In this regime, the atomic hydrogen released from the interface
is being converted to Ha (d Ny, /dt < 0) according to (14), and
thus, NI({O) keeps decreasing as Ng;) increases over time (see
Fig. 5). Unlike (12), the diffusion in this regime is negligible,

and since NI({O) < NI({? due to the conversion, Nyt o< NI({(;) as

verified by Fig. 6. Therefore, (dNyr/dt) (dNI({O;/dt) can be
obtained. Also, from Fig. 6, although NI({O) < NI({OQ) at the Si/
oxide interface, due to Ho generation, ki, []\71({0)]2 > ku, N}(I?
in (14). Substituting NI({O) from (6) gives

dNir _ dN, 1({02)

(0)72
& < &k, [Ny ']7 o<

ez P

! At this point, it is important to recognize that a slightly different version of
H-H2 R-D model has been considered in the study in [7] and [8]: It considers
H-H2 conversion at the SiOa/poly interface rather than at the Si/SiOz2 inter-
face, as presumed in this paper. Both models predict long-term n ~ 1/6 regime
and anticipate this transition regime (1 < n < 1/6); however, the prediction is
explicit and quantitative in our formulation (see Fig. 3) but implicit in the study
in [7] and [8]. Since modern oxides are thin, any differences in the transition
rates predicted by these models would be practically indistinguishable. In any
case, the generalized framework presented in this paper can be easily modified
to incorporate reaction at the SiO2/poly interface, if necessary and appropriate.
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conversion into Ha. The Ha density is much higher than that of H. The diffusion
is negligible so the profile tips extend only slightly with time and the change
in densities of H and Hz at the interface is much more pronounced. Therefore,
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Fig. 6. During the Ny1 o t!/3 regime, simulations show that the density of
H(®) decreases due to conversion into H2. Ny, > Ny, and since integrated,
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Fig. 7. After sufficient Ho buildup at the interface, diffusion begins to take
over. The densities of H and Ho at the Si/oxide interface decrease with time,

whereas the profile tips move as y/ Dpydrogen - t (much faster compared to

the profiles in Fig. 5), in accordance with the diffusion process. Both H and
Ho diffuse but the density of H is much less than that of Ha, and the overall
time-dependence of Ny is limited by Ha diffusion n = 1/6 regime.

The analytical solution of (15) gives Ny o< t'/2, as observed
in the numerical simulation results.

As the H, density increases at the interface, eventually, it
begins to diffuse away. As shown in Fig. 7, H also diffuses;
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however, its density is much smaller than Hs, so the interface-
trap generation rate is governed by Hs diffusion. Therefore,
this behavior shifts the time-exponent to 1/6 at later times, in
agreement with the analytical solution of (13).

The H < Hs model shows a transition behavior as the
time-exponent changes from a higher value to 1/6 at earlier
times. Note that this early time (< 10 s) transition is very
different from the long-time (> 1000 s) quasi-saturation
behavior observed in NBTI experiments. The quasi-saturation
has been variously attributed to 1) reflection of diffusing
species from material boundaries [8], 2) consumption of all
Si—-H bonds [16], [24], 3) distribution of bond energies [25],
4) experimental artifact arising from measurement delay (e.g.,
charge-pumping technique) [6], [26], 5) dispersive transport of
H™ species [27], etc.

These effects have been discussed in detail in [16]. It is now
generally believed that long-term quasi-saturation is an artifact
of measurement delay [6], [7], [16], [28] and would disappear
once the measurement delays are accounted for. However, the
short term (< 10 s) transient that we are discussing here is due
to H-Hs dynamics: This is a robust physical phenomenon and,
in the absence of significant hole-trapping, should be visible
even in no-delay measurements like on-the-fly measurements
or ultrafast measurements.

This paper specifically deals with the R-D model, in which
the degradation is attributed to interface-trap generation after
Si—-H breaking. Recent reports suggest that hole trapping/
detrapping can also contribute to the overall NBTI degradation
[23], [29], [30]. Since both Nyt and hole trapping can
affect NBTI, the time-dependence can depend on several
factors: oxide-growth conditions (plasma/thermal nitridation),
nitrogen concentration in the dielectric, oxide thickness, the
measurement technique employed, possible measurement
delay in characterization, the first time point and its subsequent
use in degradation calculation, etc. [31], [32]. These factors
are often not specified thoroughly in the reports, in turn, the
process of distinguishing interface-trap and hole components
becomes difficult. However, a recent systematic work
points out that for technologically relevant thin oxides, the
interface traps are mainly responsible for NBTI [32]. With
the generalized R-D framework presented in this paper, the
interface-trap contribution can be quantified from AVp or
Alp jin and any residual impact of hole trapping can be readily
assessed.

IV. CONCLUSION

In this paper, we considered a generalized R—D model for
H-to-Hs conversion with finite-transition time. The time-
behavior of NBTI is investigated when the dominant diffusing
species is Ho, and unlike previous attempts, the conversion of
atomic H into Hy is implemented explicitly in the numerical
solutions. It is shown that the conversion of H to Hs results in
time-slopes higher than traditional NBTI time-slopes at earlier
stress times. This time-dependence cannot be predicted from
diffusion-only implementations.

The distinct time-dependence of the early part (< 10 s)
degradation then can be used to assess the dominant hydrogen-
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related mechanisms (Hs-only or H-Hs), the role of hole-
trapping, or correct the artifacts due to first measurement point.

The experimentally observed soft-transition in the time-
exponent in NBTI may stem from such conversion-dominated
hydrogen dynamics.

If the measurement window is not long enough to allow
the (soft) transition from n = 1 to asymptotic n ~ 1/6 region,
the average NBTI time-exponent would be too large and the
NBTI lifetime prediction by the data would be unnecessarily
pessimistic. As such, one needs to exclude the initial soft-
transition region before making lifetime predictions for NBTI
degradation.

APPENDIX I
NUMERICAL IMPLEMENTATION

To understand the implications of H-Hy dynamics on NBTI
degradation, the numerical model that incorporates both hy-
drogen species, their mutual coupling, and the exchange with
Si—H bonds at the interface is developed. The diagram in
Fig. 2 illustrates how the device domain is discretized, and the
simulations are implemented. At the interface, the Nyt term
is coupled only to the N}(IO) term according to (1). The atomic
hydrogen, once free from the interface, can diffuse away or gets
converted into Hs, as in (8). Similarly, Hs can also diffuse or
dissociates into two Hs. Notice that Hy cannot be generated
directly from the Si—H breaking.

Time-dependent Newton—Raphson method is used to con-
struct the Jacobian matrix, which is given schematically as

S (M) M 1
NN L0 |
0 ©
. nl0 L
L) )
Ho H
cﬁ?j A asc
o e agea ()

The molecular and atomic hydrogen blocks, which are rep-
resented as nyg, and ny terms in the matrix, constitute the
diffusing species. The conversion reactions between the Hs
and H are shown by coupling blocks [cy, and cy from (14)].
The trap generation and annealing reaction in (1) is inserted
into the ag_ 4 term along with the interface-trap density (nyT)
term. Finally, to conserve the hydrogen and trap densities in
the simulation, a boundary condition is implemented through
the term apc. The boundary condition is obtained from a rate
at which hydrogen changes at the Si/oxide interface [33], [34].
Implementing box integration at the interface gives

A dNy

2 dt (16)

= Jinward - Jaway
where A is the grid spacing of the discretization in the domain,
Jinward 1s the flux of H toward the Si/oxide interface, and Jaway
is the flux in the opposite direction. The Jiyward 1S simply the
interface-trap generation term dNyr/dt from breaking of Si-H
bonds and generating atomic H. The J,way encapsulates the
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diffusion of the hydrogen species, H and Hs, and their mutual
conversion terms from (14). Therefore, the overall boundary
condition can be written as

AdNyg  dNit

> d @ +JH+2~JH2+kH2NH27kH1NI%.
(17)

The J represents the flux of the diffusing hydrogen species, i.e.,

dX
Jx =Dx—

0y (18)

and the flux of Hy is multiplied by two in (17), since a molecule
contains two H atoms.

APPENDIX II
SIMULATION PARAMETERS

Throughout the simulations, the following parameters
were used: kr = 1071 s71; kr =8 x 1072 cm?/s; ky, =
107° cm®/s; ky, = 107! s7'; Dy, =4.0 x 1077 cm?/s;
Dy =28x 107" cm?/s; and T =125 °C. The time-
dependencies (time-exponents) of the degradation are indepen-
dent of the parameters used above; they will only modify the
magnitude of the degradation or shift in time. Since we are
not fitting any particular experimental data in this paper, these
parameter values were taken to be estimates of corresponding
physical mechanisms.
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