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Abstract

We devise a new microscopic formalism for the
remote dipole scattering (RDS) limited relaxation time in
the inversion layers of HKMG MOSFETs. This
formalism can apply to two different dipole
configurations: (i) a “one dipole” configuration and (ii) a
“paired dipoles” configuration. We find that when fitting
the inversion-layer effective electron mobility measured
from the industry-level hafnium-based metal gate
MOSFETs, the former configuration yields a large value
of the HK/IL interface dipole density of around 10" cm?,
accompanied by a large threshold voltage shift AV dipote
of 12 V. These values are comparable with those of the
existing Monte Carlo simulation. More importantly, in
case of the latter configuration (paired dipoles) plus the
experimentally  determined  fixed charges, the
corresponding values can be significantly reduced to 10
cm? and 2 V, which are quite close to the experimental
estimations in the literature.

Introduction

Obvious mobility degradation has been observed due
to the application of HKMG stack in MOSFETs [1].
Fixed charges in the gate stack may be responsible via
remote Coulomb scattering (RCS) [2]. However, the
extracted fixed charges density is unreasonably large in
magnitude. Alternatively, the dipoles specific to HKMG
stack have an influence on the threshold voltage [3],
along with the density of typical 10 cm? as
demonstrated from the experiment [3] and the ab initio
calculation [4].

Indeed, the importance of the remote Coulomb
dipoles (RDS) as the intrinsic origin of the inversion-
layer mobility degradation of HKMG MOSFETs has
been experimentally highlighted [5]. To provide a deeper
understanding of the dipoles involved, sophisticated
device simulation is indispensable. Monte Carlo
simulation task [6] has been performed in this direction;
however, the dipole density thus extracted from the
HKMG mobility data still delivered a value of 105 cm?,
which is tenfold larger than that of ab initio [4] and
thereby leads to threshold voltage shift AV gipolc as large
as 10 V.
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To suppress such large values, in this paper, we
propose a new physical origin in terms of the “paired
dipoles” configuration, followed by a microscopic
inversion-layer electron mobility simulation and its
experimental extraction task.

Experimental Task
The experimental sample is the industrial hafnium-
based metal gate silicon bulk n-channel MOSFETs. The
gate length is 910 nm.

Fig. 1 Gate stack TEM images exhibiting HK and IL thicknesses of
1.45 and 1.27 nm, respectively.

To determine the gate stack parameters (offsets,
thicknesses, dielectric constants, work function, doping
concentration, etc.), we followed the previous work [7]
by making a combination of the TEM image (see Fig. 1),
the gate C-V fitting, and the conduction-band and
valence-band electron tunnelling current fitting. Then
substituting these parameters to our in-house microscopic
MOS system simulator, we can transform the measured
drain I-V at V4= 0.05 V to the electron effective mobility
as plotted in Fig. 2 versus inversion-layer density Niny.
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Fig. 2 Comparison of experimental (symbols) and simulated (lines)
effective mobility at three temperatures. The simulation includes the
fixed charges and “paired dipoles™.



202

For the scattering by remote Coulomb charges (RCS),
the experiment [3] shows that the flat-band voltage shift
AVrg changes slightly with HK layer thickness, This
indicates that remote fixed charges are positive, with the
density being around 3X10'3 ¢m? at HK/IL as obtained
from the AVrg slope. On the other hand, the additional
experiment [3], [5] and the ab initio results [8], [9]
revealed that the dipoles are situated at the MG/HK
interface and the HK/IL interface. In addition, the
polarity of MG/HK dipoles is completely opposite to that
at HK/IL as long as the metal gate contains the amount of
silicon atoms [3].
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Fig. 3 Measured element distribution across the gate stack. Silicon
atoms are quite rich in the metal gate, dictating that dipoles at MG/HK
are opposite in polarity to those at HK/IL interface. This carries a
negative threshold voltage shift to compensate for that from HK/IL
dipoles.

Further, we present in Fig. 3 the element distribution
measured across the gate stack. It can be seen that silicon
is rich in the metal gate. As a result, the charge
configuration involving fixed charges and dipoles is
established in the present HKMG device sample, as
depicted in Fig. 4.

o L
1l it

S Dipole Fixed charge

D

Substrate

Fig. 4 Schematics of the dipoles at MG/HK and HK/IL interfaces as
well as the fixed charges.

Formalism and Simulation
A. Conventional Remote Dipole Scattering (RDS)
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In order to derive electron’s momentum relaxation
rate due to scattering by remote dipoles, it is necessary to
solve a complicated three-dimensional Poisson equation
with respect to one dipole configuration (shown in Fig. 5)
at different boundaries. Stern [10] has greatly simplified
the same problem by taking a cylindrical symmetry, with
which the Poisson equation can be reduced to a one-
dimensional differential equation (see appendix B of
[10]).

The differential equation is given below:
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Fig. 5 Schematics of the charge configuration for the Poisson equation.
The distance between the interface and the positive charge of the dipole
is —z. The size of the dipole is d.

The corresponding charge configuration is shown Fig. 5.
In Eq.(1), Ax is the remote one-dipole scattering
amplitude associated with the potential (see [10]), and d
is the dipole size. The physical meaning and values of
remaining parameters can be found elsewhere [2]. One
solution of Eq. (1) is:

e Pe™

Ak) = [ 4,(2)g(2)dz = ——

Ame (I=e7)---(2)

The solution 4(k) can directly relate to that of RCS

model [2] as long as the factor (1-e*¢) reduces to 1.

The validity of (2) can be examined in the extreme
limiting conditions, for instance, the term of (1-e*9)
becomes 1 if the negative charge of the dipole leaves far
from the positive charge (d — « ). In other case, the
quantity 4(k) of dipole becomes zero if those two

charges within the dipole have complete overlap
(d—0).

The solution of remote dipole scattering (RDS) rate
incorporating the Born approximation [2], [11] can be
written as

1 27me’ 5
—=[doq- cos(8) 5Ny | A7) -+ (3)
0

RDS
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Consequently, the total relaxation rate reads as

bttt
Tmta/ (E) TSR (E) TPh (E) 7 (E) TRCS (E) TRDS (E)

imp

“(4)

In this work, the substrate dopant concentration is 4 x
107 cm™, the effective permittivity is calculated by

&, =2¢€, e 1 (€, + &) [6], and the size of the dipole

ox

d is equal to 4 nm (see [3] and [4]). Moreover, for RCS
part, the fixed charge density at HK/IL is positive and has
a value of 3 X 10" cm? as determined from the
experiment [3].
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Fig. 6 Simulated RDS limited electron mobility versus inversion-layer
density. The same interface dipole density is used in the simulation.

According to ab initio [4], the density of dipole at
MG/HK is typical of up to 10'* cm?. Fig. 6 shows two
RDS limited mobility curves thanks to dipoles at MG/HK
and HK/IL interfaces, respectively. The mobility of
MG/HK dipoles is two orders of magnitude larger than
that of HK/IL dipoles, in case of the same dipole
densities at each of two interfaces (5X 10" cm™).

Because of that, dipole density at MG/HK is assumed
to be negligible in effect. We do not extract this quantity
in this work, because these dipoles are not responsible for
the mobility degradation. Consequently, the dipole
density at HK/IL is the only parameter to be determined.
To extract it, mobility simulation in this work is
performed by considering the charge configuration as in
Fig4. This is involved with the self-consistent
Schrodinger-Poisson equation solving to determine the
underlying wave functions, followed by the Kubo-
Greenwood formula for mobility calculation.

Fig. 7 shows simulation results in the “one dipole”
model with and without fixed charges. The extracted
dipole density at HK/IL is around 10" c¢cm? for fixed
charges free case. This quantity yields a large AV _dipole
of 12 V, which are comparable with that of Monte Carlo
simulation [6]. Next, with the fixed charge density =
3X 10" cm? [3], the dipole density is reduced to 5 X
10 cm™, along with a smaller AV, gipole 0f 5.5 V.
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After considering RCS and RDS in the one-dipole
model, the experimental effective mobility is well
reproduced at 300 K. The fitting quality is good but the
extracted dipole density and threshold voltage shift are
still much higher than the published experimental and ab
initio values.
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Fig. 7 Comparison of experimental (symbols) and simulated (lines)
electron effective mobility versus inversion-layer density. One dipole
model is used, with and without fixed charges, in the simulation.

B. “Paired” Remote Dipole Scattering (RDS)

Considering a circumstance where the dipole density
is high enough, we can expect the potential of a dipole
and its neighbor will have considerable “overlap”, as
shown in Fig. 8.
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Fig. 8 (a) One dipole model by removing the overlap part of each dipole
potential. As a result, the impact of dipoles is underestimated, leading to
a large Ndip while fitting effective mobility data, (b) The “paired”
dipole model including the overlap potential (shaded area), named as
the multiple potential. The label R is the distance between a dipole and
its neighbor.

These overlap areas of dipoles are remarkable. Those
dipoles appear to be “paired” in terms of the created
multiple potential as shown in Fig. 8 (b). Such multiple
potential can strengthen the dipole’s impact on mobility
degradation. For the “paired” dipole model, we
appropriately estimate the impact of multiple potential to
a first-order approximation, by introducing a multiple
potential factor [12] to multiply the amplitude associated
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with potential Ag. In this case, Ax expression is therefore
modified as

A e Re™ - sin(kR
A(k)pairgd = 47[5 OT (1-e kd )1+ %) -(5)

where R is the distance between paired dipoles and
equals /4/;;1\/@) . Again, the mobility fitting quality is

good as shown in Fig. 9. It is noteworthy that the
extracted Naip and AV, gipole are significantly reduced to
2x10' cm? and 2 V, respectively, thanks to the
application of the proposed “paired” dipole model.
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Fig. 9 Comparison of experimental (symbols) and simulated (lines)
electron effective mobility versus inversion-layer density. Both dipole
models are included in the simulation. The table lists the extracted N,
and AV, gipole Values.
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Results and Discussion

Using the same input parameters, the temperature
dependent inversion-layer electron effective mobility has
been well reproduced within the context of the paired
dipole model, as shown in Fig. 2, achieved without
adjusting any parameters.

More importantly, the extracted dipole density in this
work is much smaller than that of Monte Carlo

simulation [6], leading to a threshold shift as small as 2 V.

The underlying dipole density at HK/IL is around 2 X
10'* ¢cm?, which is quite close to both the experimental
observation [3] and the ab initio calculation [4].

There are several factors to affect the total threshold
voltage shift AVy. First, the experimentally determined
fixed charges at HK/IL interface is around 3 X 10" c¢m™
[3]. These fixed charges carry a threshold voltage shift of
-0.4 V. Second, MG/HK dipoles are opposite in polarity
to those at the HK/IL interface. The corresponding dipole
density is mearly equal in magnitude to each other
(around 10'* c¢m?). Consequently, the net threshold
voltage shift is likely small in magnitude, taking into
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account fixed charges and dipoles, thanks to charge
compensations.

Conclusion
Through the microscopic mobility calculation and the
experimental comparison, the proposed “paired dipoles”
configuration has been verified to be a plausible intrinsic
origin of the mobility reduction in HKMG MOSFETs.
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