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Time-dependent dielectric breakdown (TDDB) is a crucial issue for the dielectric reliability. In this
work, we present a full three-dimensional mechanistic model for calculation of the TDDB process in
polycrystalline thin films. The model is based on the multiphonon trap-assisted tunneling theory and takes
into account the intrinsic three-dimensional discreteness of traps at the dielectric grain boundaries. The
leakage current density is calculated by solving coupled three-dimensional master equation and Poisson
equation. The net phonon emission associated with each charge trapping and release event is treated as
a local point heat source, which then enters the Fourier heat equation for three-dimensional temperature
distribution calculation. The generated trap is determined by local temperature and electric field, which
is subsequently included in the next round of calculation of electric and thermal properties. A positive
feedback loop gradually leads to an increase of trap density, temperature, and leakage current density,
and finally the dielectric breakdown. Our model can, to a good approximation, reproduce the experimen-
tal leakage current density-voltage characteristics and the Weibull distribution of time to breakdown at
different dielectric thicknesses, stress voltages, and environmental temperatures. We find that in realistic
devices, the three-dimensional trap-to-trap transport of electrons contributes a non-negligible part to the
leakage current when the dielectric approaches breakdown. Our approach of three-dimensional mechanis-
tic simulation is computationally efficient such that evolution of 103 traps during the TDDB process can
be easily performed on a standard desktop computer.

DOL: 10.1103/PhysRevApplied.19.024008

I. INTRODUCTION

Dielectric thin films are key components of modern
semiconductor devices such as transistors, capacitors, and
memories. The degradation and breakdown of dielectrics
significantly affect device reliability and hamper device
performance and lifetime [1-5]. Unlike high-quality ther-
mally grown silicon dioxide, deposited polycrystalline or
amorphous dielectric materials (e.g., high-« dielectrics)
are more susceptible to defects, which tend to degrade over
time under electrical or thermal stress (time-dependent
dielectric breakdown, TDDB) [6,7]. TDDB can be char-
acterized from a time-dependent increase of leakage cur-
rent, temperature, and number of defects. Understanding
the physical mechanism of TDDB through modeling and
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simulation are essential to rational device design, opti-
mization, and prediction.

Research on TDDB modeling has already progressed for
decades. Many phenomenological and empirical models,
e.g., thermochemical model (£ model) [8,9], anode hole
injection model (1/E model) [9,10], anode hole release
model [11-13], exponential £'/?> model [14], and etc.,
were proposed to explain TDDB experimental data at var-
ious electrical or thermal stress conditions. For example,
the thermochemical £ model provides a description of
the chemical bond breakage due to bond vibration with
an external-electric-field-lowered activation energy. The
anode hole injection 1/E model is based on the idea that
holes generated at the anode due to impact ionization
are responsible for oxide damage. Although these models
provide simple physical pictures, they are insufficient to
describe the interplay of complicated and delicate physical
mechanisms responsible for dielectric breakdown.

© 2023 American Physical Society


https://orcid.org/0000-0002-2256-403X
https://orcid.org/0000-0002-5446-5570
https://orcid.org/0000-0002-2552-9571
https://orcid.org/0000-0002-8638-2294
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.19.024008&domain=pdf&date_stamp=2023-02-02
http://dx.doi.org/10.1103/PhysRevApplied.19.024008

QINGQING ZHANG et al.

PHYS. REV. APPLIED 19, 024008 (2023)

Percolation and leakage current filaments via multiple
defects in an dielectric also play a crucial role in the
TDDB process [15—17]. The generation of oxygen atomic
vacancies, which can trap and release electrons, gradually
forms percolative bonds for charge transport, and dielec-
tric breakdown occurs when an overall percolation path
is formed from anode to cathode. However, although per-
colation is an intrinsic nature of TDDB, its entire picture
should, in principle, involve more physics such as the
energy landscape of defects for charge trapping and trans-
port, in addition to the geometrical effects due to spatial
distribution of traps.

In recent years, more advanced mechanistic three-
dimensional (3D) leakage current and TDDB models are
developed [18—27]. These models typically include most
or part of the following features: (1) spatial distribution
of defects in the dielectric, which are often composed
of atomic oxygen vacancies and behave as trap states
for charge carriers; (2) energy distribution of trap states
due to local amorphous atomic environments and relative
energy-level alignment with respect to conduction- and
valence-band edges; (3) electron transfer rates between an
electrode and a trap, and between multiple traps, according
to the elastic and inelastic trap-assisted tunneling (TAT)
model; (4) the effect of applied electric field on the energy
levels and the subsequent charge-transfer rates; (5) statis-
tics of a sufficiently large number of electron processes
or integration over energy and space to obtain the overall
leakage current and percolation network; (6) coupling to
phonon-generated heat and temperature distribution, and
local temperature- and electric-field-dependent defect gen-
erate rate. These models have successfully reproduced
the experimental data on leakage current-voltage char-
acteristics and the Weibull statistics of device lifetimes
at various materials and device parameters, and at the
same time provide useful physical insight on the reliability
mechanism.

Recently, our group presented a mechanistic model for
calculation of gate leakage current in multilayer stacks
based on multiphonon TAT theory, taking into account
the intrinsic 3D discreteness of traps in the dielectric [27].
Our model can, to a good approximation, reproduce the
experimental results at different dielectric thicknesses, gate
voltages, temperatures, and different gate materials. We
find that in realistic devices, the 3D trap-to-trap transport
of electrons contributes a non-negligible part to the gate
leakage current. This contribution is more pronounced at
low-voltage device operations, which is useful for low-
power applications. We calculate the intrinsic fluctuation
of gate leakage current due to positional and energetic
disorder of traps in the dielectric, and conclude that posi-
tional disorder is more relevant than energetic disorder for
realistic material parameters. The calculated gate leakage
current depends sensitively on temperature, trap energy,
and trap density. We provide a computationally efficient

3D master equation approach that enables 3D mechanis-
tic simulation of 10° traps on the order of minutes on a
standard desktop computer.

The most advanced physics-based multiscale TDDB
models to date have been developed by Vandelli and
Padovani et al. [23,26]. Based on the TAT model for
leakage current, the net emitted phonon energy associ-
ated with each charge trapping and release process leads
to the increase of local temperature. The trap-generation
(chemical bond breakage) rate is determined by the local
3D temperature and electric field around each defect. The
generated defect (trap state) enters the TAT model for
charge transport. A positive feedback loop with a stepwise
increase of trap density, leakage current, and local temper-
ature describes the evolution of the TDDB process and the
final dielectric breakdown.

In this work, we extend our leakage current model to
TDDB. Compared to the state-of-the-art TDDB models
above, we make further steps forward and add the follow-
ing improvements and features. (1) While existing models
assume all charge carriers penetrate through the dielec-
tric via at maximum one trap state, we take into account
the process of a charge carrier transferring between two
or more traps using a full 3D approach. We show that in
the TDDB process, as trap density increases, the trap-to-
trap transport becomes more relevant over time, especially
at breakdown. (2) Instead of using kinetic Monte Carlo
(KMC) simulation for trap-assisted leakage current, which
relies on the statistics of a huge number of charge-carrier
dynamics, we present a much more computationally effi-
cient algorithm—the 3D master equation approach. (3) To
efficiently calculate 3D electric and temperature fields, we
propose a method combining short-range field around each
trap and long-range field throughout the dielectric layer
[28]. (4) Because of improved computational efficiency in
(2) and (3), we are able to perform TDDB calculations
for a system size of 10 x 100 x 100 nm® containing 10°
traps. (5) We also introduce the Voronoi diagram to mimic
realistic polycrystalline morphology.

This paper is organized as follows. In Sec. II, we present
the 3D mechanistic TDDB model for a metal-insulator-
metal (M-I-M) structure. In Sec. III, we validate the
model against experimental data and discuss the under-
lying physics during the TDDB process. In Sec. IV, we
summarize the conclusions and envision possible next
steps.

II. MODEL

The TDDB model presented in this work is briefly
shown as a flow diagram in Fig. 1. After we input the
material and device parameters, a polycrystalline morphol-
ogy is generated using the Voronoi diagram. An initial trap
distribution is generated randomly on the grain boundaries
(GBs). The charge-transfer rates are calculated according
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FIG. 1. Flow diagram of the TDDB model.

Calculation of the new trap
generation rate Gi(x, y, 2)

to the TAT model. By solving the coupled 3D master
equation and Poisson equation, the trap-assisted tunnel-
ing current density, probability of trap occupation, and
3D electric field are obtained. The net phonon emission
at each trap in the TAT model is treated as a local point
heat source. Using the Fourier heat equation, we obtain a
3D temperature profile. The chemical bond breakage rate
is dependent on local electric field and temperature. The
location and interval time of a next trap is determined by
a Monte Carlo process. The generated trap subsequently
enters the TAT model for the next round of calculation. A
positive feedback loop of gradually increasing trap num-
ber, leakage current density, local temperature, and electric
field leads to dielectric breakdown. We define that the
dielectric breakdown is reached as the leakage current den-
sity becomes larger than Jgp, which is a sufficiently large
number typically set as 2 x 105 A/cm?. The model details
are described as follows.

A. Parameters

In this work, we choose a TiN-HfO,-TiN sandwich
structure as an example. We note that the presented model
framework can, in general, be applied to other M-I-M
structures. The material and device parameters are listed
in Table 1. A voltage V is applied between the two elec-
trodes. Due to the randomness of spatial and energetic
distribution of traps, the calculated leakage current and
time to breakdown fluctuate among different samples. We
thus take sufficiently large number (e.g., 50) of different
disorder configurations in the calculation.

B. Polycrystalline morphology generation

The polycrystalline grains are generated by the Voronoi
topology, which is the standard technique for simulation

TABLE I. List of parameters.
Parameter Value
Chemical bond breakage activation 4.4 eV [23]
energy Ey
HfO, conduction-band minimum £, 2.7 eV [29]
HfO, valence-band maximum £, —3.1eV [30]

Effective vibration frequency of the
O—Hfbond Gy
HfO, electron tunneling effective

7 x 1013 Hz [23]

0.2m, [29,31,32]

mass
TiN electron effective mass m, ..., 2.2m, [33]
Phonon energy Awy 0.085 eV [20]
Huang-Rhys factor S 25 [24,27]
Polycrystalline grain density Ng 10'® m~2 [34]
Prestress defect density in dielectric Njy 8 x 10%* m™3 [23]
HfO, dielectric constant ¢, 25[23]
TiN electrode work function Er 0eV

(reference energy)
Material electrical polarization factor py

5.2 eA [23,35,36]

Trap energy (mean value) Er 0.5eV [23]
Trap energy (deviation) o 0.5 eV [23]
HfO, thermal conductivity k7 0.5 W/(m - K) [37]
Minimum distance between traps a 0.36 nm [38]
Hopping attempt frequency vg 103 Hz [20]
Distance between two electrodes L, 5 —8nm
Lateral dimensions of the system L,,, L. 20 — 100 nm

4m, 1s the free electron mass.
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of the realistic growth process of polycrystalline thin films
[39]. For an ultrathin dielectric layer (e.g., < 10 nm),
because its thickness is much smaller than its lateral
dimensions, we assume the GBs are normal to the sub-
strate for simplicity. We use periodic boundary condi-
tion in y and z directions for the Voronoi topology
generation.

Due to local atomic environments, chemical bonds tend
to break much easier at GBs than inside single-crystal
grains [40,41]. For example, by using first-principles cal-
culation, McKenna et al. showed that the ratio of traps
generated at the GBs fgg to traps generated inside grains
Joulk 18 determined by a segregation energy £, and tempera-
ture 7' as fB/foulk = exXp(—Es/kpT) [38]. Their calculation
results show that fGg/foux is around 87 for m-HfO, at
T = 1300 K, and the number is expected to increase by
orders of magnitude at room temperature. Therefore, we
consider only traps in GB planes in this work for sim-
plicity. The minimum distance between traps at the GBs
is set to be 0.36 nm, which is limited by the chemical bond
length and is also obtained from atomic first-principles cal-
culations [38]. The initial trap concentration and energetic
distribution parameters are determined by calculating the
temperature- and voltage-dependent leakage current den-
sity and comparing with experimental results before the
TDDB stress. Due to the complexity of the amorphous
nature at the GBs, the trap (primarily oxygen vacancies)

J

energy is widely distributed in the band gap. Here we
assume that the energy of each trap is taken randomly from
a uniform distribution in the range of E7 + o [23]. In addi-
tion, the trap energy is modified by the local electrostatic
potential as described in the following sections.

C. Charge-transfer rates

The charge-transfer rates are calculated by the effective-
mass-based semiclassical TAT approach [20,21,27,42].
The following processes are considered in our model, as
shown in Fig. 2. (1) We consider both elastic and inelastic
charge-transfer processes between a metal electrode and a
trap in the dielectric. For the elastic process, the energy
of an injecting electron in the metal is equal to the trap
energy, and no phonon is involved during the process. For
the inelastic process, the energy of the incoming electron at
the electrode is different from the energy of a trap, and the
energy difference is associated with absorbing or emitting
multiple phonons (lattice vibration). The inelastic (elas-
tic) process rates are shown in Egs. (1) and (2) [Egs. (3)
and (4)]. (2) Charge-transfer between two traps. This pro-
cess is considered as an incoherent hopping event and is
described by the Miller-Abrahams formula in Eq. (6). We
also allow for the direct tunneling process through trap-
zoidal or triangular barriers using the transfer matrix and
WKB method [Egs. (10) and (11)] [27].

-0
. - mha)o
wan/eile:trap,i = Co,i[ ZgL/R(Em,i)f (Emi> Erpjrs T T(Enm iy X1/, Xi) Lin (T)EXp ( isT, )
m<0 i
+00
+ ZgL/R(Em,i)f (Emi» Er /R E)T(Em,i,xL/R,xi)Lm(ﬂ)}, (1)
m>0

inela

-0
Otraps /R = CO,i[ ZgL/R(Em,i)(l — [ Emis Er1yrs T)) T(Epm iy Xis X1/R) Lin (T}

m<0
= mhw
- 0
+ ZgL/R(Em,i)(l —f Emi ErF LR, Tz’))T(Em,iaxi:xL/R)Lm(Ti)exp <— ) :|, (2
kpT;
m>0
5/2 3/2
m 8(Er; — Er/r) -
wi‘/aRﬁ,m,,,i = ( nr::tal) ;h\/E# S (Eri, Er1/r, TDT(ET), X1/R, Xi), (3)
(0.4 N
5/2 3/2
my; 8(Er; — Er/r) -
“)terl:p—>L/R,i = ( ’;ln:tal) ;h\/lﬁ (1 =/ (Eri, Err, D) T(Eris X1y X1/R).- 4)
[0).4 5

The prefactor cg,; is given by co; = (4n)2Rii /Egeth 12 /
2m?,, with R;; = h//2m? Ep; the localization radius of
the trapped electron in trap i [43]. E, = E. — E,, is the band

(

gap. e is the elementary charge. / is the reduced Planck
constant. F; is the local electric field at trap i. Ep; = E, —
E; is the trap energy with respect to the conduction-band
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FIG. 2. Energy level diagram and charge transfer processes of
a metal-insulator-metal (M-I-M) structure with an applied volt-
age Vox. The charge transfer mechanisms considered in the model
are: (i) direct tunneling; (ii) elastic/inelastic tunneling of an elec-
tron from the cathode to a trap; (iii) trap-to-trap tunneling; and
(iv) elastic/inelastic tunneling from a trap to the anode.

edge. x; = 0 and xg = L, are the locations of the two elec-
trodes. The location of trap i is (x;, yi, z)). f (Ei, Er, T;) =
[exp (E; — Ep/kgT;) + 177! is the Fermi-Dirac distribu-
tion. Er s g is the Fermi level of the left or right electrode.
Epr = Er —eVo. T; is the local temperature at trap i.
En; = Er; +mhw, is the trap energy plus (m > 0) or
minus (m < 0) the phonon energy associated with the
transition. m is the number of phonons involved in the
charge transfer. T is the transmission coefficient calcu-
lated using the WKB method [27]. L,, is associated with
the multiphonon transition probability and describes the
electron-phonon coupling strength:

1 |m|/2
L, = <fo: > exp [=S 2fp + D] (), (5)

where z = 25/fp (fs + 1), 1j(z) is the modified Bessel
function of order |m/|, and f3(7;) = [exp (hwo/kgT;) — 1]71
is the Bose-Einstein distribution. The density of states
(g) of electrodes is assumed to be parabolic, g;/r(E) =

3/2
127 (200 /12) VE = Ere©(E -
Er /1), where © is the Heaviside step function.

The charge-transfer rate between two traps is treated as
an incoherent hopping process and obtained by the Miller-
Abrahams formula [44]

Fyj Ty
Wi—; = Vo CXp —R— eXp —R—
L, tj

—2(E; —E;) ) (kg (Ty+T; o
N e 2 —En/(kp( +j)), E/ E; >0, ©)
17 E} _Ei < O:

where r; =/ —x)%+ (i —;)* + (z — z;)%.  Peri-
odic boundary condition is assumed in y and z directions.

When two traps are spatially close to each other, the
trapped electron wave function tends to delocalize. This
effect is modeled as a decrease of the phonon energy hwy
with intertrap distance [23,45,46]:

Vi
ha)o’[j = ha)o |:1 — €Xp (_WZR,))] B (7)
S0 TH

D. Calculation of leakage current density

The leakage current density in our model consists of two
parts, the TAT current density Jrat, and the direct tunnel-
ing current density Jpr. The total leakage current density
is then J = Jpt + JraT.

Jrar 1s calculated using the 3D master equation
approach. Instead of following the dynamics of every
electron for statistics in KMC, the 3D master equation
calculates the evolution of electron occupation probabil-
ity of each trap p;. Compared to KMC, the 3D master
equation approach significantly improves numerical effi-
ciency while maintaining the accuracy of physics [27]. At
steady state, the charge capture and release rates associated
with each trap are balanced, described as

dp;
Z[wi—y'pi(l —pj) —wispi (1 —=p)]= - 0, (8)
J

where the term 1 — p; excludes multiple electrons occupy-
ing a single trap at the same time. The 3D master equation
is coupled to the electrostatic Poisson equation and solved
for p; at all the traps using Newton’s iteration method. Jat
is then obtained as a sum of all charge-transfer processes
along the direction of the applied electric field:

e
L.L,L.

Jrar =

sz‘—gpi(l —pi)x —xi). (9
ij

The direct tunneling current density Jpr is calculated
through the Tsu-Esaki equation [47].

* k T +o0 _
Jpr = el 787 / T(E)NE)E,  (10)
2m2h3 Epy
L ew (557
N(E) = 1In , (1D

e (U5)

where N (E) is the supply function. Jpr is typically much
smaller than JraT, but is not negligible at high voltage
stresses and small dielectric thicknesses [27].

E. Calculation of 3D temperature

Assuming that the thermal conductivity of the dielectric
is homogeneous and the heat flow is sufficiently fast, the
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Fourier heat diffusion equation [Eq. (12)] can be reduced

where k7 is thermal conductivity, P is the heat generation
to its steady-state form [Eq. (13)]:

rate per unit volume, p is the material density, and C, is
the specific heat capacity. A justification of the steady-state
heat transport is discussed in Sec. S1 within the Supple-
(12)  mental Material [48]. The heat power generation from
individual traps can be described by a sum of Dirac §

V(krVT) +P = ,()Cp 2

P =—k/V°T, (13)  functions:
PGF) =Y P8’ F—7). (14)
By using the mathematical formula V21/r = —4783(r), Egs. (13) and (14) can be converted from differential equations

to algebraic equations. Due to the fact that metallic electrodes typically have a larger thermal conductivity than the
dielectric, we further assume that the two electrodes are ideal heat sinks and their temperature is always equal to the
ambient temperature. Similar to the electrostatics where metallic electrodes are considered as ideal electrical conductors
and behave as mirrors for point charges outside, here we employ a similar “mirror heat image” method to calculate the

3D temperature distribution in the presence of two isothermal electrodes in parallel [28]:

Nimg

>

1 P;
Teoy.2) = o Z [

Vo -2+ -yt -z

Nimg

V& +x+2nL)% + (¢ — yi)? + (2 — z)?

N=—Nimg

+ Y i

n=—Nimg,

where T¢,, is the ambient environmental temperature and
Nimg 18 the number of heat-mirror images. We take a large
enough number 7y, = 100 so that further increase of 7,
does not affect the results. We note that Eq. (15) is only
valid for a uniform thermal conductivity. However, due to
lattice mismatch, the thermal conductivity at grain bound-
aries is in general smaller than that inside grains and a “hot
spot” could be generated due to thermal insulation of grain
boundaries. We further discuss this topic in Sec. S2 within
the Supplemental Material [48].

The heat-generation power is linked to the net number
of emitted phonons associated with each trap during the
charge-transfer processes:

PR = hae(1 — py) Z oK, (16)
HL/R = hawop; Z wflff/R m (17
pii _ wi—;pi(1 —p;)(E; — E;), E;j —E; >0,
! B 09 E} - Ei g Oa
(18)

w0 VO =X+ 20002 + (v — y)? + (2 — 2)?

:| + Tenv> (15)

0, Ei —E; >0,
—p)Ei—E), E —E: <

Pi—)j _

s {wi—y'pi(l (19)

Here PY/*7" (P17} is the power-generation rate at trap i
during the process of an electron transfer from an electrode
(the trap) to the trap (an electrode). w‘L‘}e}{‘_)l o (@il JRm) 18
the inelastic charge-transfer rate from an electrode (trap i)
to trap i (an electrode) associated with m phonons. m >
0 (m < 0) denotes phonon emission (absorption). P;
(P el ) is the power-generation rate at trap i (j ) during the
process of an electron transfer from trap i to trap ;.

F. Calculation of 3D electric field

In the vicinity of each trap, the 3D feature of local elec-
tric field due to the trapped charge is crucial for accurately
calculating the next trap-generation rate. To efficiently cal-
culate the 3D electric field due to both the applied voltage
and the trapped charge, the 3D Poisson equation is simpli-
fied as a combination of long-range and short-range con-
tributions [28]. Far from each trap, the long-range electric
field Frr(x;) is obtained from the one-dimensional (1D)
discrete Poission equation along x direction. Within each
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discretization step Ax = x;.1 — X;, the trapped charge den-
sity py, is layer averaged over the y-z plane. Within a cutoff
radius R¢ around each trap, the short-range electric field
at a possible trap-generation site i due to charge-carrier

J

occupation at an existing trap j, Fsr(i,j), is obtained
from the 3D Poisson equation including the mirror-image
charges generated by two parallel electrodes:

Fae(i)) ep [ 1 nim? 1
i,j) = —
SRBIT dege, O —x)*+ Oy =¥+ (@ —z)? | = (g +x+2nl)? + (0 —y)? + (g — 2)?
=—"Nimg
Nimg 1
; }, 0)
n:_ﬁ’n#) O —x; +2nL)% + (v —y)* + (7 — z)?
For(iyj )y = Fsr(is)) i , 1)
V&G = x)?+ 0 =y + (5 — 2)?
Cay .. Yi—Y;
FSR(la] )y - FSR(laj)\/(xj — xj)z T (yj _yi)z T (Zj — Zi)z ) (22)
Zi — Zj
Fsr(i,j): = Fsp(i,j) - (23)

V& —x)2+ 0y —y)? + @ — 2%

with g¢ the vacuum permittivity. To avoid double counting of both long-range and short-range fields within the cutoff
radius, a correction term to the electric field at a possible trap-generation site i due to disk charge density of layer x;,

Flisk (i, x; )x, needs to be included:

|xj —x; + 2nL|

|xj +x; + 2nLy|
R,%] —X; + (‘xj + xi + 2nLX)2

sgn(x; +x; +2nL,) | 1 —

, 24

Ndisk
. . Ix; — x;l
Fais(i,x))y = =—— | sgn(x; —x;) [ 1 — L—— ) —
dlSk( J)X 280& g (j l)< RC ) n=2’l£isk
Ndisk
+ Do senly —xi+2nLy) | 1
n=—ndgisk n#0

where R} =Rt — (x; —x;)*. In the limit of Rc — 0,
the electric field calculation reduces to purely 1D. In the
limit of Rc — o0, the electric field calculation is fully 3D,
but the calculation is very slow. In this work, to main-
tain both physical accuracy and numerical efficiency, we
choose R¢ = 3.6 nm and ensure that further increasing R¢

does not affect the calculation results.

G. Calculation of next trap generation

After the 3D temperature and electric field profiles are
obtained, the position-dependent next trap-generation rate
Gr(x,y,z) is determined as

E _bFX s Vs
Gr(x,,2) = G exp (_ A [Fox (x,y Z)|) . (25)

ksT(x,y,z)

where b = po[(2 + ¢,)/3] is the bond polarization fac-
tor. The location of a generated trap is obtained from

R+ @ —xi+2nL,)

(

the standard Monte Carlo approach. The time interval of
trap generation is calculated from the standard exponen-
tial waiting time distribution. The generated trap, together
with all existing traps, subsequently enter the next round
of calculation for charge transfer, leakage current density,
temperature, and electric field.

In this work, the microscopic picture of trap generation
is assumed to be oxygen vacancy formation directly due
to the electric field. However, we note that recent work
from first-principles studies shows that the dipole moment
of defects and bonds is generally not strong enough to
directly induce a significant barrier lowering for dissoci-
ation by the electric field. Instead, electron injection into
self-trapped states in the a-HfO, [so-called (bi)polarons]
leads to a significant reduction of the barrier to form
Frenkel-pair defects [49,50]. In this situation, the physi-
cal meaning of Gy would then be the rate of the double
electron capture process occurring at precursor sites, £
would then become the zero-field bond-breaking energy
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associated with a precursor site with two trapped electrons,
and b would be the effective dipole moment at the saddle
point (relative to the initial-state dipole) in the zero-field
reaction pathway [50].

II1. RESULTS AND DISCUSSION

Figure 3 shows the measured and simulated prestress
leakage current density-voltage characteristics of a 5-nm-
thick TiN-HfO,-TiN device at different temperatures. The
experimental data are from Ref. [23]. By comparing sim-
ulation results with experiment, the prestress trap density
and trap energy (mean value and standard deviation) are
extracted (Table I). The good agreement between simula-
tion and experiment at various temperatures and voltages
indicates that the model presented can well capture the
trap-assisted charge transport in the dielectric.

In Fig. 4, we perform TDDB simulations of a 5-nm-thick
TiN-HfO,-TiN device at Tepy = 398 K with two constant
voltage stresses Vox = 3.1 and 3.2 V. The breakdown time
among different samples follows the Weibull distribution,
with the cumulative distribution function F' given by

|: 1BD g
Fel_exp ‘(T) , (26)

where X > 0 is the scale parameter and k > 0 is the
shape parameter. By plotting In(— In(1 — F’)) versus fgp,
a straight line with a slope & can be obtained. The simu-
lated 7gp distribution agrees well with experimental results,
obtained from Ref. [23]. By varying the applied stress volt-
age Vox, the value of material electrical polarization factor
po 1s extracted. The obtained slope £ ~ 1.5 > 1, meaning
that the failure rate increases with time. This indicates that
the dielectric TDDB is an “aging” process.

Figure 5 shows the measured [23] and simulated
Weibull distributions of breakdown time of a 7-nm-thick
TiN-HfO,-TiN device at different temperatures. Good

1073

— I Thickness: 5 nm n

g 107°

<

2

21077 = 423K

% 4 393K

= + 363K

g 107° v 333K

5 303K

(&) y Simulations
10~

000 025 050 075 1.00 125
Vox (V)

FIG. 3. Calculated (curves) and experimental (symbols) pre-
stress leakage current density-voltage characteristics of a 5-nm-
thick TiN-HfO,-TiN device at various environmental tempera-
tures.

Area: 1072 m? .
Thickness: 5 nm :
0 Tenv: 398K *
(y
Z -1
£
£
-2} A
¢ 31V
e 32V
=3F . — simulations
102 10° 10 10°

Time to breakdown (s)

FIG. 4. Calculated (curves) and experimental (symbols)
TDDB Weibull distributions of a 5-nm-thick TiN-HfO,-TiN
device at two different voltage stress conditions.

agreement is obtained and the chemical bond breakage
activation energy E is extracted. The Weibull slope in this
figure is approximately 2—3, larger than that in Fig. 4. This
result agrees with previous research and is known to be a
percolation effect [15,16].

Figures 4 and 5 correspond to different device areas. It is
well known that the time to breakdown depends sensitively
on the area. For two samples with areas A; and A,, the ratio
of tgpy to tpp; is given by [16]

oz _ (A2>_l/k (27)

BD1 Ay

This scaling rule, however, is only obtained from statisti-
cal effects. If the dimension of simulated dielectric sample
is too small, one would expect that the temperature and
electric field increase during TDDB is not negligible at the
boundaries of the simulation box. Therefore, a crosstalk
between neighboring samples would occur. To avoid this
effect, we choose sufficiently large simulation boxes with
lateral dimensions L, x L, > 400 nm?. We validate our
model by further increasing the device area and compar-
ing the scaling of breakdown time, as shown in Fig. 6. The

Area: 107° m?
Voy: 3.3V
Thickness: 7 nm

In(-In(1 - F)
|

323K
348 K
373K
398 K

107 10" 10° 10°
Time to breakdown (s)

|
[N

FIG. 5. Calculated (curves) and experimental (symbols)
TDDB Weibull distributions of a 7-nm-thick TiN-HfO,-TiN
device subjected to a voltage stress at different environmental
temperatures.
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Thickness: 5 nm

o
o

N
»
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—Eq.(27)
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A,lA,

FIG. 6. Scaling of breakdown time #gp to device area A4, cal-

culated from Eq. (27) (curve) and full 3D simulation (symbols)

of a 5-nm-thick TiN-HfO,-TiN device at T,y = 398 K and
Vox = 3.2 V.

simulation results agree well with Eq. (27), showing that
the crosstalk effect is insignificant in our simulation. After
the area scaling is validated, simulation of an arbitrarily
large device (e.g., 1072 or 10~ m?) can be simplified as
a combination of a smaller device simulation and Eq. (27).

The effect of trap recombination, phonon energy, bond
polarizability, and grain properties on TDDB are discussed
in Secs. S3—S6 within the Supplemental Material [48].
Trap recombination could partially “heal” the device and
decay the TDDB process. A smaller phonon energy can
enhance electron-phonon coupling, and thus reduce the
time to breakdown. The bond polarizability can signifi-
cantly affect the voltage dependence of TDDB. Because
in our model TDDB occurs only due to traps along grain
boundaries, increasing the grain density would speed up
the TDDB process.

To gain further insight into the progressive degradation
of the dielectric, we analyze the evolution of maximum
temperature, number of traps, current density, and the frac-
tion of trap-to-trap contribution to the total leakage current
in Fig. 7. We observe that the gradual increase of cur-
rent density and trap number occurs earlier than an abrupt
increase of the maximum temperature. Once the onset of
temperature increase appears, the TDDB process immedi-
ately becomes accelerated and the dielectric quickly breaks
down. For this example a 5-nm-thick device at 3.2 V, the
ratio of trap-to-trap current to the total current density
Jirap—trap/J 18 very small before TDDB occurs, which is
consistent with our previous studies [27]. Near breakdown,
Jirap-trap/J increases sharply and can reach 1072107,

In Fig. 8, we further analyze the evolution of Jiap-trap//
for a thicker (8 nm) device. It is observed that the trap-to-
trap transport during TDDB is more important. Especially
near breakdown, Jip-trap/J could reach as high as 40%
of the total leakage current. This result shows that the
full 3D modeling of the charge transport including trap-
to-trap contribution, as described in this paper, is crucial to
accurately describe the physics of the TDDB process.

1200

Vo 32V

1000 Tenvi 298K

Area: 107° m?
Thickness: 5 nm

Breakdown®

Onsetg é J

(a)

800

600

Max T (K)

400

200
300

(b)

N
o
o

Number of traps
o
o

()

0.0
10°

(d)

1072

Jtrap-trapl"’
2
IS

107°f

1078

104 10 10°
t(s)

107 108

FIG. 7. Evolution of (a) maximum temperature, (b) number of
traps, (c) current density, and (d) fraction of trap-to-trap contri-
bution to the total leakage current of a 5-nm-thick TiN-HfO,-TiN
device. Results shown are for three different samples.

Figure 9 shows the spatial distribution of the GBs and
the evolution of trap sites. Before stress (f = 0), an ini-
tial density of traps is determined by the prestress current
density in Fig. 3 and randomly located at the GB inter-
faces. As TDDB progresses, the trap number grows and
its spatial distribution varies among different cases. At a
large voltage and a high temperature [Figs. 9(a)-9(c)], the
traps are generated more randomly before 7y,se¢ and more
correlated in clusters after zy,s¢. At a low voltage and a
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FIG. 8. Evolution of fraction of trap-to-trap contribution to
the total leakage current of 8-nm-thick TiN-HfO,-TiN device.
Results shown are for three different samples.

high temperature, the traps are always generated in clusters
[Figs. 9(d)-9(f)]. At a large voltage and a low tempera-
ture [Figs. 9(g)-9(i)], the results are similar to the large
voltage and high temperature case. These results can be
understood as follows. Before #,us, because the system
is close to an isothermal state, the next trap generation is
mainly determined by the local electric field [Eq. (25)]. At
a large voltage, the externally applied electric field dom-
inates over the local electric field around each trap due

to trapped charge carriers, a near-uniform trap-generation
probability is maintained throughout the entire system. At
a low voltage, the local electric field dominates and the
next trap-generation probability is higher around existing
traps, resulting in spatial correlation of trap generation.
After fonset, the maximum temperature in the system dra-
matically increases around high-power traps, therefore the
next trap-generation rate is now determined by the temper-
ature effect. The traps always form clusters. The electric
field effect now becomes less relevant.

Figure 10 shows the calculated temperature profile of
three representative GB surfaces at the onset (a) and
breakdown (b) time. At the onset of TDDB, the overall
temperature of the entire device is close to the environ-
mental temperature and the spatial variation of temperature
distribution is small. When reaching breakdown, the tem-
perature increases dramatically around a local trap cluster
due to the large electrical current transferred into heat.
Even at breakdown, the temperature of the left GB plane
does not differ much from the environment. The break-
down is mainly due to the trap cluster at the corner formed
between the middle and right GB planes.

Figure 11 shows the calculated corresponding vector-
ized electric field profile for the case of Fig. 10. For the
left GB plane, the external applied voltage is dominant.

FIG. 9. Evolution of 3D spatial distributions of traps (red dots) at GBs in a 5-nm-thick TiN-HfO,-TiN M-/-M device from prestress
[(a),(d),(g)], onset [(b),(e),(h)], to breakdown [(c),(f),(1)]. (a}Hc) Teny = 398 Kand Vox = 3.2 V; (d)Hf) Teny = 398 Kand Voy = 1.5V;

(2)~(i) Teny = 50 K and Voy = 32 V.
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FIG. 10. Calculated temperature profiles of three representa-
tive GB interfaces at (a) onset time and (b) time to breakdown of
a 5-nm-thick TiN-HfO,-TiN device under stress of Vo =3.2V
and T,y = 298 K.

The electric field is uniform and along x direction. For the
two other GB planes in which TDDB occurs, a signifi-
cant amount of charge carriers are trapped in the cluster
and the electric field profile is greatly modified by these
trapped charges. Figures 10 and 11 show that calculation of
temperature and electric field in 3D are crucial in modeling
TDDB physics.

A powerful aspect of our model is to identify the leakage
current associated with each trap. We can address here a
worthwhile question of whether the increased current dur-
ing TDDB is due to the increased defect concentration or
due to the enhanced trap-trap hopping rate itself. In Fig. 12,
we study the contribution to the leakage current due to each
part of the traps during the TDDB process. In the exam-
ple shown, the TDDB simulation starts with 50 traps. As
the trap number and leakage current increases with time,
we can trace the leakage current due to any given trap or
trap clusters. The results shown are the current contribution
due to the first 50, 100, 150, and 200 traps, and the frac-
tions to the total leakage current due to traps 1-50, 51-100,
101-150, and 151-200. When a hopping event is between
two traps, we assign its contribution to the next trap for

(a

4 Fox=6.4x10V/im

FIG. 11. Calculated electric field profiles of three representa-
tive GB interfaces at (a) onset time and (b) time to breakdown of
a 5-nm-thick TiN-HfO,-TiN device under stress of Vo, = 3.2V
and T,,y = 298 K.

simplicity. The results show that for earlier traps, the asso-
ciated leakage current is almost unchanged with time. It
is probably because the old traps are separated far from
each other. For latter traps closer to breakdown, their asso-
ciated leakage current significantly increases with time. It
is likely because that these traps are in clusters at a local hot
spot. Another observation from this result is that leakage
current is mainly caused by a few “favored” traps, rather
than all traps, especially in the early stage of TDDB. A
generated trap is likely to be very high in energy so that
it can hardly accommodate any electron. In summary, at
an early stage of TDDB, the increased current is mainly
due to the increased defect concentration; at a later stage
closer to TDDB, the increased current is due to both the
increased defect concentration and the increased current
due to trap-trap hopping itself.

Another powerfulness of our model is to elaborate on the
significance of delicate and complicated interplay between
elastic and inelastic processes. In Fig. 13, two cases are
compared: (a) both elastic and inelastic processes are
included; (b) the elastic processes are turned off and the
TAT process contains only the inelastic processes. The cur-
rent density, number of traps, maximum temperature, and
fraction of trap-to-trap current in the TDDB process are
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FIG. 12. Progress of contribution to leakage currents during a TDDB process starting from 50 traps. (a) Leakage currents from the
first 50, 100, 150, and 200 traps as a function of the total trap number. (b) Normalized contribution to the total leakage current from

traps 1-50, 51-100, 101-150, and 151-200.

compared for cases (a) and (b). First we observe that the
current due to elastic processes are orders of magnitude
higher than that due to inelastic processes. This is prob-
ably because the electron-phonon coupling is not strong
enough. In Fig. S3 within the Supplemental Material, we
see that if the phonon energy is further reduced from
the current value hwy = 0.085 eV, the electron-phonon
coupling and thus the inelastic processes are expected
to increase by orders of magnitude. Another interesting
observation here is that turning off elastic processes, coun-
terintuitively, would significantly affect the TDDB process.
On first thought, one would think that the elastic process
does not involve phonons, thus it would not contribute to
the heat power. It would then not affect the temperature
distribution and the trap-generation process. However, we

should keep in mind that TAT is a multistep (at least two-
step) process. The electron tunneling into a trap and out
of a trap are assumed to be two incoherent and indepen-
dent processes. Also, current continuity should always be
satisfied. Because of these reasons, it is well possible that
while the first step is elastic, the next consecutive step is
inelastic. One can think of an example trap site, which is
within the inelastic processes difficult to capture an elec-
tron but easy to release an electron. If we take into account
only inelastic process, the current density and heat power
associated with this trap would be very low while if the
elastic processes are introduced this trap might become a
high-current and high-heat-power site. Another observa-
tion here is that if only the inelastic processes are taken into
account, the trap-to-trap multistep processes now becomes

FIG. 13. Comparison between

(a) 10° (b) 1000
-
5104 7777777777 L g 800
g’ Elastic and inelastic g
2 % 600F
g 10? =
[
g 2 400
: £
€ 100 Inelastic only 5
e ™ Z 200
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elastictinelastic and inelastic-only
cases. (a) Current density, (b) number
of traps, (¢) maximum temperature,
and (d) the fraction of trap-to-trap
current as a function of time during
the TDDB process.
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very significant. As shown in Fig. 13(d), the fraction of
trap-to-trap current is > 20% even at the very beginning
of TDDB, and approaches > 80% near the end. This again
shows the relevance of our unique 3D master equation
approach in this work, which accurately takes into account
full 3D interactions of all trap sites.

IV. SUMMARY AND OUTLOOK

We present a 3D mechanistic model for the TDDB pro-
cess in polycrystalline thin films. The model starts from
microscopic description of trap states in the dielectric and
the associated charge-transfer processes. By coupling 3D
electric and thermal equations, the macroscopic polycrys-
talline system and its evolution towards dielectric break-
down are systematically depicted. The model calculation
well reproduces experimental results and key material
parameters are extracted. The modeling work also unravels
significant physical insight during the TDDB process.

We also comment on the simulation speed of the model
presented in this work. A typical simulation of the entire
TDDB process with 400 traps generated in the end takes
around 20 h on a standard up-to-date desktop computer. A
single-step calculation of leakage current, temperature, and
electric field takes a few minutes, which is repeated every
time the trap number increases by 1. A larger device with
10? traps at breakdown can be calculated within 1 week.

The model could be further developed in the near
future by improving the effective-mass-based semiclas-
sical charge-transfer rates by first-principles calculations
[26,51]. For example, the Miller-Abrahams hopping rate
used in this work neglects lattice reorganization, which
could play a significant role in the charge-trapping process
associated with oxygen vacancies [52,53]. In our model,
the traps are assumed to be static, i.e., they are fixed
in position and chemically stable. However, it has been
shown in the literature that the traps could be dynamic due
to atomic migration during the TDDB process [54—56].
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