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A CAPACITANCE MODEL OF A SHORT CHANNEL DOUBLE-GATE
FINFET INCLUDING A MOBILITY DEGRADATION EFFECT

A capacitance compact and explicit model is introduced for a short channel Double
gate (DG) undoped FinFET including the mobility degradation effect. The capacitance
model is developed on the basis of the channel charge partition, and is the generalization of
previously developed capacitance model accounted only for constant mobility. The
presented analytical compact model is validated with 3D Atlas simulations performed with
the CVT mobility model.
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channel effects, compact modeling

Introduction. Multigate FinFETs are recognized as the best candidates for
down-scaling CMOS technologies. The key factors that limit how far a multi-gate
MOSFET/FInFET can be scaled come from short-channel effects such as threshold
voltage roll-off, drain-induced barrier lowering, velocity saturation followed by
mobility degradation. Among the great variety of FInNFETs the DG FinFET is
recognized as the most stable to device variability. During the last decade a great
number of scientific works have been published on modeling and characterization
of DG FinFEts [1-5]. Compact models are critically important for circuit
simulations. Based on the EKV formalism, the charge-based compact model was
developed for along channel, undoped DG MOSFET [4]. Further, this model was
extended for a ultra-scalled DG FinFETs still being fully explicit and physics-based
[5]. The static model accurately accounts for all short channel effects, and the model
was validated down to 25 nm channel length. Based on the Ward channel charge
partition [6], the trans-capacitance model was developed for a long channel DG
FinFET [2], and further it was extended for short channel DG FinFETs [5], but at
that stage of development, the mobility degradation effect was not considered in
the capacitance model. However, the velocity saturation followed by mobility
degradation is the dominating effect while shrinking the channel length. The scope
of this work is to include the mobility degradation effect in the previously
developed quasi-static model preserving the accuracy of the model. The paper is
organized as follows: inSectionl,the trans-capacitance model for the
DG FinFET is presented, in Section 2, the mobility dependence on the longitudinal
electric field is introduced in trans-capacitance equations, Section 3 presents the
validation and discussion of the developed model.
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Methodology: Capacitance model

1. A capacitance model considering the constant mobility. For the
subsequent clear introduction of the mobility degradation effect in the capacitance
model, here we briefly introduce the main equationsof the core capacitance
model. In the following derivation we use normalized quantities, and for applied
voltages, drain current, and charges, the following normalization factors are used:
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The normalized gate charge (gs) computed from two gates can be obtained
by integrating the normalized mobile charge density (qm) over the area of the gate
region:

L

de = —H [ g,dx, (2)
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where H and L are the device height and length respectively.
Following the channel charge partition proposed by Ward, the normalized
drain charge (gp) is defined as:

L
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Theintegration variables x and dx can be expressed by means of drain
current and terminal voltages according to [7] :

X=—i—L-an-dv, )

dx:—i—L-qm-dv, (3.1)

where i(v) and gm(V) dependences are defined in the long channel charge based
model [4].

For the sake of completeness, here we remind the main relationships of that
model:
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Differentiating (5) yields:
L N E— (6)
dv, dv o_ 1 ;
qm 7_qm
a
By substituting (6) into equations (3) and (3.1):
m
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Further, by substituting (7) and (8) into (1) and (2), and by taking into
account (5) and (6) the expressions for gate and drain charges are calculated and
presented in the normalized form in the Appendix with equations (A1) and (A2)
respectively. Once we have the expressions for ge and o , the source charge is
easy to compute as. gs+qst o =0.

0
The capacitances are defined as: G, = i% , Where k , | refer to the gate,

|
drain and source terminals. The corresponding equations derived for Cyg, Cad @nd Cqg
are presented in Appendix A with (A3), (A4), (A5). All the other capacitance
expressions can be calculated by the same mechanism, aso by using the
relationshi ps between the capacitances.
1. A capacitance model including the mobility degradation effect. The
mobility dependence on the longitudinal electric field can be accurately modeled

=t , Where EC:& is the electric field at velocity saturation

sy, =——=L
H " T1VE, IE, 1,

(Vsat is the carrier velocity saturation), E”:Z—V is the longitudinal electric field,
X
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M, - the transverse effective and is modeled by Mathias's rule. The degradation

of transverse mobility is due to the scattering on the acoustic and optical phonons
and on the surface roughness and becomes significant for thin body FinFets. The
expressions for 1/, were presented in [5]. In the development of a static model, the
mobility degradation due tothe longitudinal electric field is modelled by the
concept of the channel length modulation. However, in the development of the DC
model, the mobility dependence on the longitudina electric field should
be accurately cinsidered in equations (1)-(2).
Thus equations (7) and (8) should be replaced by:

X = _%(sz - qu - gln(l - %‘Jm))E:s - ﬁ UT (qu + ln(_qm) - ln(% - _Qm))|::S ’ (9)

dx=(—%qm—ﬁUT) (2—i+i;>dqm. (10)
Then, for the gate charge we got:
2 dmd
q6_mob = qc t HﬁUT (qmz — 2qm — ;ln(l - %qm))|qms ) (11)
where q; isgiven by (A1) in Appenix A.
Similarly, for the drain charge from (2), (9) and (10) we calculate :
Apmob = 9p t qpm. (12)
where q, is defined with (A2) and qp,, arises due to the velocity saturation effect

and is calculated as:;

Qpm = E”—lUT(Intl — Term1 = Int2 + Int33 — Term?2 * Int22) +

i Vsat

+£(”L UT)Z Int3 —%(“ UT)2 Term?2 * Int2,

L \Vsat Vsat

where Terml, Term2, Intl,Int2, Int22, Int3, Int33 are the functions from the
normalized mobile charge at the source and drain edges and are presented in
Appendix B in the form of integrals. These integrals are easy to calculate, however
for calculations of capacitancesit is not required.

The source charge is calculated as g mob — 9pmob = smob-

Further capacitances are calculated as derivatives of terminal charges.
Taking into account (11), (12), (6) and (4), the following expression for capacitances
are calculated:

Cgg.mob = Cgg T Hﬂ_lUT(de — Qms) » (13)

Vsat
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(@) =2 (£ Uy) (TermS = (qua) - Term2), (15)

sa

where ¢y 4, cq4 and cyq are the capacitances calculated considering the constant
mobility and are given by (A3), (A4) and (A5), Term3,Term4 and Term5 are defined
in Appendix B. Consequently al the other capacitances can be defined in the same
way.

2. Discussion and model validation. The capacitance model is important
for the variation-aware design of FinFet. The trans-capacitances are very sensitive
to random fluctuations caused by imperfect fabrication in IC fabrication process.
The developed model is smooth, continuous and accurate throughout all operating
regimes.

The capacitance in subthreshold regime is determined by inter-electrode
coupling which is significant for short channel devices. According to Gauss' law,
the inter-electrode coupling charge density is given by the perpendicular electric
field terminating on the chosen electrode. Then corresponding capacitances are
calculated as charge derivatives to corresponding terminal voltages and introduced
in the developed model as it was described in [5]. Accordingly geometrical length
of channel is replaced with effective channel length: (L-L), where Lyis responsible
for inter-electrode charge coupling in subthreshold and saturation regimes and is
given in [5]. The velocity saturation effect is introduced through equations (9) and
(10) and so isincluded in (13) - (15).

The quantum mechanical effects (QME) are also included in the model as it
was presented in [5].

The developed capacitance model is validated with 3D Atlas simulations,
where CVT mobility model is considered. It is worth to note that there are only two
empirical parameters in the model, which are included in transverse mobility
expression [5]. Figs 1-3 present calculations for FinNFET with a channel length of
40 nm and Fin thickness of 10 nm, analytical calculations are presented with lines
and numerical simulations with symbols. The calculations are carried out both in
linear and saturation regimes (Vg= 0.1 V and V4= 1 V). The capacitance Cyq iS
presented in Fig.1, Cyyand Cygare presented respectively in Fig. 2 and Fig. 3. Fig. 4
presents calculations for FINFET with a channel length of 25 nm and a Fin
thickness of 3 nm. For thin Fins, QME become significant and in Fig.4 the

calculations including QME are presented as well. The calculations excluding
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QME are presented to make evident the accuracy of the mobility degradation effect
introduction in the model. The good agreement of the model with 3D simulations
makes it evident that the developed analytical model has good accuracy from a
weak to a strong inversion.

Fig. 1. Trans-capacitance Cyy Obtained from  Fig. 2. Trans-capacitance Cg obtained
the model and simulations from the model and simulations

Fig.4. Trans-capacitance Cgy, calculated
with and without quantum mechanical
effects, both from the model and
simulations

Fig. 3. Trans-capacitance Cyq Obtained from
the model and simulations

Conclusion. In this work the trans-capacitance model is presented for a short
channel DG MOSFET/FnFET accurately considered for the mobility degradation
effect, quantum mechanical effects, as well as inter-electrode coupling, The model
relies on the channel charge partition and is physics-based, thus the model is valid
for a large range of FINFET geometrical parameters. The analytical capacitance
model was validated with Silvaco 3D Atlas simulations for channel lengths varying
from 50 to 25 (nm).
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Appendix A
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Appendix B
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me22 = [ g2 <2 - i + %) dqm,

o dm
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U.E. GUUBUL

GruoUyULh, YUK NPNESUCNY, SPULDES SCULAPUSACE NhLUUNkE8UL
UNMLC curgnNkuiuNkhe3ul T6eUTUShUSh MUSUULLENRT

Lkpjuyugdws E jupd ninknwpny tplthwuuith $hudES nputiqhuinnph nttwlne-
prul Unplp, npunbn hwoyh E wntjwsd (hgpwljhpubph swpdniiwynipjut nhgpunughwi:
Muwynipjut dnpbp hhdiws E mntnwph hgph wkpdhtwgtiph dholi pudwidw qunu-
thwph Ypw b hwinhuwinud E hwunwnnit swpdnibwlnipjut hwdwp twpujhtnad dowly-
Jusd Unphkh pughwipugnudp: Utwhnhy hwpquplubph dognunipniip uinniqus k 2D Atlas
unwunupuugdus pdughtt gnpshpny, npunkn hwyquplutpp junwpdws tu CVT swpdni-
twlnipjui Unnbny:

Unwhgpuypl punkp. DGFINFET/MOSFET, nitbwnipjut Unnly, swupdnitbwlnipyub
nhqpunughu, Jupd ninnwph Ephln, Yndyuyn dnyply:

AD.ECAAH

MOJIEJIb EMKOCTH KOPOTKOKAHAJILHOI'O ®UH®PETA C JIBOMHBIM
3ATBOPOM, BKIIOYASA DODPEKT JETPAJALIMA TIOABUKHOCTHU

HccreroBal KOPOTKOKAHAIBHBIM, HelternpoBanusii FiNFET monesoii Tpansucrop ¢
IBOIHBIM 3aTBOpOM. Pa3paboTaHa KOMIIAaKTHAash MOJENb €MKOCTH CTPYKTYpBI, BKJIIOYAs
3¢ deKT aerpasanyn MOABMKHOCTH. JJOCTOBEPHOCTh aHAIUTHYECKHX PACUETOB IPOBEpEHa
CpaBHCHHEM C YHCICHHBIMH BbruucieHusMu ¢ 2D Atlas nnctpymentom ¢ yyerom CVT
MOJIETH TIOABHKHOCTH.

Kmouesvie cnosa: DGFINFET/MOSFET, mozens eMKOCTH, Jerpaiaiius MOIBHK-
HOCTH, KOPOTKOKaHaJIbHBIN 3()(EKT, KOMITAKTHAs MOJIEIb.
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