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mechanisms: phonon, surface roughness -anddahmte
Abstract-- In this paper, a theoretical study of electron  coylomb scattering (RCS). This last mechanism is due to
mobility in nanowires MOSFETS is performed. The Kubo- — the non-perfect quality of process which traps charges in
Greenwood formula [1,2] is used and coupled to a self- the gate oxide. So, in the following, we will particularly

consistent solution of the Schrdédinger and Poisson equations f the RCS and il . hich t
for cylindrical gated silicon nanowires. Phonons and surface ocus on the and we will examine which parameters

roughness scatterings are treated in accordance with affect the mobility in order to support the technological
literature [3-5]. This paper focuses on MOSFETs using high- Process in the choice of dimensions or materials used in
k/metal gate stack. This configuration features a lot of the transistor fabrication.

trapped charges in the oxide which strongly affect the In the following, a cylindrical nanowire depicted in
mobility especially at low inversion charge. Called remote figure 1 is considered with a low-P-doped J@:ﬁq'?’)
coulomb scattering (RCS), it is modeled following Kubo-  sjlicon channel delimited by highly N-doped source and
Greenwood ~approach including screening effect. The —g4in regions. An interfacidl/high+«/metal gate stack is

formallsm of‘the_ Poisson sol_vmg considering a local pharge used with a metal (Al) gate work function equal to 4.3eV.
in the oxide is given. Numerical results focus on the impact

of technological parameters such as the amount of trapped
charges in the oxide, the thickness of interfacial layer and Gate
the permittivity of the high-k dielectric on the RCS mobility.
The idea is to support and to bring some orientations in the
choice of materials and dimensions during the transistor
technological process.
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I. INTRODUCTION
Fig. 1. Schematic of the GAA nanowire architecture and geometrical
Due to the exploration of alternative solutions featuring parameters definition.

high performances, nanoelectronic devices have evolved
towards architectures _aIIOW|ng_ a much_ better electrostatmﬁ. KUBO-GREENWOOD INVESTIGATION FOR
control of the device active region compared to ELECTRON MOBILITY
conventional MOSFETs. GAA nanowires MOSFETS,
regarding their particular shape, are one of the MOSL  The electronic band structure description
promising architectures. This is due to the surface
controlled by the surrounding gate which is significantly The electronic structure is obtained by computing a self-
much higher than for planar devices. With this architectugonsistent  Schrédinger-Poisson  solver in  cylindrical
(now considered as a realistic technology due to recegfordinates for a silicon nanowire oriented along the [001]
significant progress of technological processes [6i7[5, axis. The 6 minima of the conduction band are described
possible to envisage ultra-scaled devices as required by wighin the effective mass approximation. The 2 valleys
International Technology Roadmap for Semiconductdilong the [001] direction, named “longitudinal” valleys,
(ITRS, [8]). In order to assess potentialities of sueh drave a confinement masg = 0.19In. and a transport
architecture, a deep understanding is required for tieassm = 0.916n., wherem. is the free electron mass. The
electronic transport. Although theoretical papers already ‘transverse” valleys are anisotropic along the
investigated nanowire transport, it is hardly to make a lingonfinement  directions. ~ The  cylindrical ~ mass
with technological process where defaults are generated.@pproximation is used here [5,9,10]: the confinement mass
this paper, we numerically investigated the electroi$ M. = 2mm/(m+m;) and the transport massris. This
mobility in nanowire including main limiting scattering allows cylindrical symmetry to be used in the Schrodinger
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equation simplifying the system to one dimension. For thipotential in the active region [10], | and q is the angular
nanowires (diameter < 5 nm), the effective massomentum and the wave vector difference between the
approximation fails to describe accurately quantunmitial and final state. The interest is to take into account
confinement [10,11]. We modify the confinement massdahe impact of the angular momentum on the mobility even
given above in order to fit the energy levels given by & only the radial part of the wave function is used. The

tight-binding calculation [12]. global matrix element of the system is easily obtained
integrating the previous equation along all the trapped
B. The Kubo-Greenwood theory charge.
The mobility is computed in intrinsic cylindrical 1S :2,71_an0 (r, )er,cdrc (5)
nanowires using the Kubo-Greenwood formula [ba$ed o

on the relaxation time approximation. Each interactiomherenc(r.) is the coulomb center density along the radius
frequency is estimated using the Fermi golden rule basegis of the nanowire.
on the effective mass approximations corresponding to theThe momentum relaxation time is obtained by injecting
probability to change from the initial state to the final onethis matrix element in the Fermi golden rule:
The low-field electron mobility can be derived from the
initial formula then modified to 1D transport [3] summlngi: L Wz . OE-Ey) 1+2AE-E4] (6)

D'j' aa' "

. G i
over the different valley and subbands Trcs e 2 [ECE, JE-E,
1 , 1) wheref is the non-parabolic parameter.
Hiot =sz N M7 The only term remaining to determineGg(r,rc) which

tot

epresents the normalized potential due to the charge
ocalized inr. with the retarded Green function satisfying
the Poisson equation. Without screening effect, the Poisson
equation in cylindrical coordinates is:

where iy, and r; are the total carrier concentration and th
concentration in subband.]), respectively, ang, is the
mobility of the subband expressed as:

__ 2 v j (2
Ho =———— | 9% (E).(E~E )r% (E)I(E).(L~f(E))dE 2 10 2
a0 ’ (b e o= Laten @
wherem,” is the effective mass of valley E,; is the energy
level of the subband j of the valley f(E) is the Fermi-

Dirac statisticsg;p” is the density-of-states of the subban

with y depends on the position of the charge (1 for a charge
gjn _tge) silicon film oreg/eoy for a charge in one of the gate

. oxide).

j and 7" is the total momentum relaxation time. The main The Poisson equation in cylindrical coordinates has an
scattering mechanisms pointed out by experimentgkpiicit analytical solution thanks to the modified Bessel
investigations are considered: phonom, surface functions of the first (I) and second (K) order. The solution
roughnessSR and remote coulomb scatteriRCS The s inspired form [5] and the solution description for a high-

scattering by ionized dopants is not included becaugfmetal gate stack is given in [10]. (Notatiopare defined
nanowires are considered intrinsic. The total momentugh the figure 2)

relaxation time is obtained by summing the scattering rates

fall hani - al(ar) 0=<r=<rs

otall mechanisms. G(rr,)= bl (gr)+cK,(qgr) rs<r <rox (8)
1.1 .1 1 A e g1 (gr)+e K, (ar) rox<r <rc
Tot Toh TsR  Tres 3) fl(gr)+hK,(gr) rc<r=<rm

The scattering matrix elements for the phonons or surfaggere a, b, ¢, d, e, f and h are constants obtained with
roughness are widely spread in the literature usirigpundary conditions of the system.
deformation potentials [3-5].

C. The Remote Coulomb Scattering (RCS) Metal x Trapped charges

The last mechanisnRCS due to trapped charges in the
high-k/metal gate stack is investigated by solving the
Poisson equation considering a local charge in the oxide.
The matrix element of the RCS perturbation induced by a
single coulomb center of charge Q at the positioris r
defined by §¢,] is the initial state and',j’ is the final state):

Silicon

Viiaj :% "[¢aj Paj Gig (rre )rdr 4)
C | 0

whereg in the wave functiongg; is the silicon permittivity,

G is the Green function representing the dimensionle'ggr‘lz‘ Schematics of a transverse cut of the GAA nanowire and definition

otations for the different interfaces of the gate stack.
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Then, screening effect due to the accumulated charge in. 600

the silicon film is considered using the Debye-Hiickel o 7 — 5nm
approximation. In previous work, we highlighted an > 500 | -—6nm ]
_ ~ . w b —+—10nm
expression for the screened Gre€&h potential as a £ i ~m--20nm
correction. =~ 400l ]
E L
S G (F ) Giq (gt ) 9) 8 E
~ Mg 1l max Ig\'max:'c 1S |
Gig(1)=G(r.re )+~ S o 300 : R
1+;G\q(rmax’rmax) 8 [ N
where S is the screening parameter [10] apg is the % 2005
maximum position of the wave function. ? I o 4
Main results are exposed in figure 2 with the Greeng 190 0 fappedcharges/m 1

function with respect to position along the nanowire radius § 7

and the scattering rate due to trapped charge in the gat& ol ‘ ‘ ‘

oxide. 0 5 10 15 20
Electron density (10 *?cm )

T T T T
02l Silicon SiO2 HfO2 ] Fig. 3. Electron mobility versus the electron density for different
’ ] nanowire diameters. g8=0.6nm; fx=2nM; £50=3.9; Kk=18;
Nix=5.10%cm?
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In the following, we will see what would happen with the
mobility if technological process or materials are changed.
Others parameters such as the amount of trapped charge
depending on the process quality, the gate stack
dimensions or the permittivity of dielectrics are considered
using a 20nm-diameter nanowire. Figures 4 plots the total
mobility depending on the electron density where the
amount of trapped charges in the gate oxide varies. This is
a real issue because we experimentally observe a large
variability of this parameter (depending on the cross
section of the nanowire for example [13]). As expected,
Nanowire radius position  (nm) increasing the amount of .charge, the impact of the RCS is

sgonger and so the mobility decreases. The quality and the

Fig. 2. Green function versus the position along the nanowire radius and . f th K . hall .
for different wave vector and for the first transversal subband?ur'ty of the gate stack remains a great challenge in

Comparison between the screened and unscreened cases. modern microelectronics.
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II.LRESULTS — IMPACT OF TECHNOLOGICAL 1200 ‘
PARAM ETRS [SJ;JZO(B.n;nm) / HfO _ (2nm)

L . . . 1000 f* - B 2
The objective of this part is to provide some results : N, =lel2cm

regarding the mobility dependence on parameter
variations. As said in the introduction, MOSFETs are
submitted to geometrical integration which leads to a
reduction of dimensions as well as to the emergence of
new materials. The interest is to highlight the impact of
this integration on the electronic transport of carriers.
Figure 3 shows the total mobility with respect to the
electron density for different nanowire diameters. We can
note that the electron mobility is strongly reduced for
nanowire thinner than 10nm considering the same amount
of trapped charge and the surface roughness. 0

In previous equations, we can note that several 0 5 10 15 20
parameters such as dimensions or permittivity of oxides Electron density (10 cm?)
can .S|gn|f|cantly affect the RCS-limited m0b|“.ty' In theFi .. 4. Electron mobility versus the electron density for different amount
previous result, all these parameters are taken in agreemgiit,,neq charges in the double gate oxide. D=20r=0.6nm:
with the literature: gate stack fixed on usual experimentg},=2nm:sg.=3.9;x=18.

observations and standard relative permittivity values for
the silicon and hafnium oxides. Figures 5 and 6 plot the total electron mobility depending

3
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on the electron density varying, respectively, the thicknegsund out between the quality of this oxide (to redugg N
of thelL (so the positions of trapped charges with respeanhd its permittivity.

to the silicon film) and the permittivity of the high-
material. As expected, reducing the thickness of the SiO

layer leads trapped charges to come closer to the silicon IV. CONCLUSION

film and so the electrostatic perturbation generated by ) L o
these charges penetrates more in the silicon where carriefs Study of electronic transport in silicon nanowire is
transport occurs. Consequently, the impact of the RCSR§rformed with the use of the Kubo-Greenwood formula
stronger and so the mobility decreases. Usually, we tend@gluding main  limiting mechanisms observed in
reduce this layer in order to improve the electrostatgxPeriments (phonons, surface roughness and remote
control of the device. But, with non-ideal dielectrics, th&oulomb scattering). This paper specially focused on this

electronic transport is damaged.
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Fig. 5. Electron mobility versus the electron density for different interfacial silicof;

oxide layers in the higkfmetal gate. D=20nm;u#,=2nm; &sie=3.9; k=18,

Niyx=10"cm?.
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Fig. 6. Electron mobility versus the electron density for different kigh-

layer permittivity. D=20nm; &o=0.6nm; tw=2nm; £5i6=3.9;

Nix=10"cm2.

Regarding the permittivity, for higher values,

last phenomenon due to trapped charge in the gate oxide
during the technology process. First, we have briefly
developed the Fermi golden rule for the RCS scattering
including screening effect based on a local charge at the
IL/high-k interface. So, we could observe the impact of
main parameters involved in the RCS limitation such as
the nanowire diameter, the trapped charge density, the
interfacial layer thickness and the high-k layer
permittivity. The diameter has a great impact on the
mobility for nanowire thinner than 10nm due essentially
to phonon limitation. However, the trapped charge
density, their position in the oxide and the oxide
permittivity strongly affect the RCS component of the
mobility. A compromise has to be found out between the
permittivity of oxides and their quality in order to keep
the electronic transport at an acceptable level.
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the

electrostatic envelop of trapped charges is less broaden in
the silicon film and so the mobility increases especially at
low-inversion charge. This can be a key observation in the

choice of the highe materials. A compromise has to be
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