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Abstract—The silicon—channel thickness (ts;) dependence of
n—type and p-type long—channel mobility and short—channel
nanosheet performance is investigated by Monte Carlo (MC)
simulation. MC is found to be able to reproduce the experimental
nanosheet mobility within 5.5 % down to tsi=2.5 nm for NMOS
and within 4.8 % down to ts;=3.5 nm for PMOS without
tsi—dependent MC parameters. The mobility degradation for
decreasing tg; is due to an increase of the surface-to—volume ratio
which leads to a stronger surface impact for the same roughness.
Below a gate length (L) of 14 nm the propagation delay time
(Tdelay) for nanosheets with ts;=3 nm becomes smaller than 74c1y
for tg;=5 nm. The drain-induced barrier lowering (DIBL) at tg;=3
nm is half the DIBL at tg;=5 nm below Lc=14 nm.

Index Terms—Silicon thickness tg;, contacted poly—pitch (CPP)
scaling, gate-all-around (GAA) nanosheet, Monte Carlo, surface
roughness.

I. INTRODUCTION

The nanosheet has replaced the FinFET in order to continue
scaling by exploiting its GAA nature to reduce the short—
channel effect , i.e. the increase of the off—current (IOFF)
for decreasing Lo or, equivalently, the decrease of the on—
current (ION) at constant IOFF. One possibility for further
scaling and keeping the short—channel effect under control
is to shrink tg; of the nanosheet. This approach, however,
involves a mobility degradation. In order to quantify this
penalty nanosheet devices with tg; down to 1.5 nm have
recently been fabricated and measured [1].

Short—channel performance is affected by more uncertain-
ties (e.g. on doping) and device simulation offers a way to
systematically quantify on—state performance upon scaling, but
only drift—diffusion simulation with tg;—dependent calibration
has been done [2]. Semiclassical approaches involve band
structures which deviate below tg;=5 nm from atomistic band
models as used in NEGF simulation [3]. At the same time there
is a need for device simulations which describe quasi—ballistic
transport on a physical basis, are relatively fast and can treat
realistic device structures [4]. We therefore investigate to what
extent MC simulation is able to reproduce the measured thin—
channel nanosheet mobilities and, based on this validation, as-
sess the short-channel performance of thin—channel nanosheet
devices.

II. MONTE CARLO APPROACH

The MC simulations in this work [5] use nonlocal empirical
pseudopotential band structures including spin—orbit interac-
tion. Acoustic and optical phonon scattering with constant
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Fig. 1. Long—channel (Lg=0.5 pm in MC simulation [4]) effective electron
mobility as a function of inversion sheet density. MC simulations of the
nanosheet are compared to measurements [1]. The ratio for diffusive surface
scattering rq; is calibrated at an inversion sheet density of N, =113 cm~2
to 12 % (corresponding to 88 % specular surface scattering).

deformation potentials, ionized impurity scattering according
to the Brooks—Herring model and a combination of specular
and diffusive surface scattering [4] is included. Size quan-
tization is considered in terms of modified oxide permittivity
and work functions extracted from density—gradient simulation
of the device cross—section which accurately reproduces the
quantum reference [6]. Source—to—drain tunneling is not taken
into account.

III. EFFECTIVE MOBILITY

Our approach consists of calibrating process—related param-
eters at one point (here: surface roughness in terms of the
diffusive ratio rgig upon surface scattering at tg;=6 nm and a
sheet density of Nj,,=1el3 cm~2) and then to simulate with-
out further MC parameter changes dependencies (here: on Nj,,
or on tg;) for the purpose of validation. The calibration leads
in Fig. 1 to rq;¢=0.12 and is close to rq;g=0.15 reproducing
measured mobilities in FiInFETs with a gate stack composed
of SiO5 and polysilicon [4] (these values for rgi¢ correspond
to root-mean—square (rms) heights of A,,;=0.28 nm and
A;ms=0.32 nm, respectively, as detailed in the Appendix). This
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Fig. 2. Effective electron and hole mobilities as function of silicon thickness
tg; according to measurements [1] and MC simulations with a diffusive ratio of
rqig=0.12. The relative mobilities reported in measurements [1] are multiplied
with the simulated absolute mobilities at tg;=6nm where the electron mobility
has been calibrated to the measured absolute mobility as shown in Fig. 1.

suggests that surface roughness is also for nanosheets with
a SiOy/HfO, gate stack the dominant mobility degradation
mechanism instead of e.g. remote Coulomb scattering from
charges at the SiO2/HfO» interface.

Fig. 2 shows good agreement between measurements [1]
and MC simulations for the mobility dependence on tg; (the
same surface roughness as for NMOS is assumed for the
PMOS MC mobilities) except for an overestimation by MC at
the smallest tg;. Note, however, that this may also be related
to a process—related roughness increase at very small tg;. This
might indeed be indicated by the irregular shape of the thinnest
nanosheets seen in the TEM images in Fig. 5 of [1].

The mobility degradation depends in our MC model apart
from corner rounding only on the sidewall orientation and the
surface—to—volume ratio given by

Ts/v = (QtSi + 2Wsheet)/(tSiWsheet)- (D

The electron mobility decreases despite the smaller unfa-
vorable (110) sidewall contribution [4]. This shows that the
increase of ry/, (e.g. 0.83 at tg;=3 nm versus 0.5 at ts;=6
nm) is responsible for the electron mobility degradation which
increases the surface impact for the same surface roughness.

IV. SHORT-CHANNEL PERFORMANCE

Fig. 3 shows how the increase of the subthreshold swing
(SS) upon Lg reduction decreases ION for constant IOFF
(note that our defintion of Lg includes 1.3 nm sidewall
HfO5 on both spacer sides). This reverses the initial ION
increase upon reducing Lg seen in Fig. 4 in the long—channel
regime with negligible SS degradation, which results from a
higher driving field at smaller Lg and hence a larger channel
velocity. Note, however, that Fig. 4 refers for smaller Lg to the
maximum achievable ION, since source—to—drain tunneling is
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Fig. 3. MC NMOS transfer characteristics at Vpg=0.7 V of the device in the
inset for tg;=5 nm with gate lengths from Lg=20 nm down to Lg=5 nm. The
subthreshold swing (SS) increases upon Lg scaling and then degrades ION
at constant JOFF. Contact resistivity and doping profiles are as calibrated to
state—of—the—art FinFET measurements [7].
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Fig. 4. ION as a function of gate length Lg (top) and contacted poly pitch
CPP (bottom) for the device in the inset of Fig. 3 at tg;=5nm (W.g=68nm)
and tg;=3nm (W.g=60nm). The maximum ION is shifted from Lg=14nm at
tgi=5nm to Lg=10nm at tg;=3nm. The only difference in doping compared
to [7] is that here also the PMOS channel is undoped.

neglected which degrades SS and would therefore reduce ION
at constant IOFF.

As performance metric in device simulation we then study
the propagation delay time [8]
oV
=7
but in contrast to [8] not only the inversion capacitance,

but also the parasitic gate-drain overlap capacitance [9] is
considered in terms of

T

2)

C= C1inv +2 Cg‘d,over; 3)

268

-P-01 -



© JSAP

Gate length L - (nm)

5 10 15 20
2_ T [ T [ T =
18 — NMOS, tSi=5nm -~ "
— = = PMOS, t,=5nm PR 7
Lo\ - — - - NMOS, t;=3nm =
1.4r -~ e PMOS, tSi=3Dll—‘l. - ]
2 12F ~—— 7
< IR - B
> ok i
&) 08" = = =* ]
orssias
04F W =12nm ]
- 2-Nanosheet FET sheel, s
0.2 spacer —
L1 | L l L L]

0 35 40 45

Contacted poly pitch CPP (nm)

Fig. 5. Propagation delay time defined as gate capacitance C at Vgs=Vq4q
and Vpg=0 V times supply voltage V divided by the effective current I.g as
function of Lg (top) and CPP (bottom). The propagation delay for tg;=3 nm
becomes smaller below Lg=14 nm.

which are calculated from the gate capacitance C, according
10 Cinv=Cg(Vaa) - Cx(0) and Cgq over=Cg(0)/2. We also use
in (3) for V the supply voltage V44 and for the current I
instead of ION [8] the effective current I [10]. The resulting
propagation delay time in Fig. 5 reveals superior performance
for tg;=3 nm below Lg=14 nm.

Finally, Fig. 6 shows that the DIBL is reduced by more than
50 % for tg;=3 nm below Lg=14 nm.

V. CONCLUSIONS

In this work, quantum—corrected semiclassical MC device
simulations have been performed for nanosheets with tg; down
to 1.5 nm. Good agreement with measured electron and hole
mobilities for ts; down to around 3 nm was found without tg;—
dependent MC parameters. This shows that MC is still accurate
in this regime and can be used for performance estimations.
The study of propagation delay and DIBL suggests that
performance for tg;=3 nm becomes below Lg= 14 nm superior
to that at tg;=5 nm.

APPENDIX

Based on the original work of Fuchs for electrons in metals
[11] surface roughness scattering is modeled in this work
as a combination of specular scattering, where energy and
parallel wave-vector are conserved, and diffusive scattering
where only the energy is conserved and the direction of the
wave—vector after hitting the surface is chosen at random. The
surface roughness is here specified by the diffusive ratio rq;g
or equivalently by the specular ratio

Tspec = 1- Tdiff - (Al)
Another approach uses an explicit scattering rate in terms of
an autocorrelation function [12] where surface roughness is
governed by the root—-mean—square (rms) height A.
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Fig. 6. DIBL as function of Lg (top) and CPP (bottom) for tg;=5nm and
tgi=3nm. Shrinkig tg; from 5 nm to 3 nm roughly reduces the DIBL by a
factor of two at and below Lg=14 nm.

In order to facilitate the comparison between these two
approaches we specify below the general relation of Ziman
between rgpec and A,pns which is given by [13]

16m2A2Z
Tspec = €XP (—)\2““) .

Here, A is the wavelength of the particle under consideration.
In our case it is the De Broglie wavelength of electrons in
the conduction band of silicon with a standard value of 10
nm [14]. For example, rg;g=0.12 corresponds to A,;,s=0.28
nm and rg;g=0.15 to A,,s=0.32 nm. Note that (A.2) also
opens the possibility to use measured values of A,y [15]
in MC simulations which employ a combination of specular
and diffusive surface scattering.

(A.2)
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