J Comput Electron (2014) 13:250-256
DOI 10.1007/s10825-013-0507-2

Bias and geometry optimization of FinFET for RF stability

performance

K. Sivasankaran - P.S. Mallick

Published online: 26 September 2013
© Springer Science+Business Media New York 2013

Abstract This paper presents RF stability of FinFET at
particular bias and geometry conditions. The article pro-
vides guideline for optimizing the FinFET at RF range. The
FinFET geometrical parameters such as gate spacer length,
height of silicon fin, and thickness of silicon fin along with
gate material work function and bias conditions are adjusted
to optimize the device for better stability performance at RF
range. The critical frequency (fi) is obtained for different
bias and geometry conditions using numerical simulation.
The result shows that the optimized FinFET exhibits good
RF stability performance.
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1 Introduction

Scaling of conventional planar MOSFETs down to 50 nm
leads to severe Short Channel Effects (SCEs) and loses its
gate controllability over the channel. In order to suppress the
SCEs and to have better controllability of the channel, SOI
devices and multi gate devices were introduced [1, 2]. These
devices show better performances in terms of lower SCEs,
higher switching speed and lower leakage current. In recent
years, FinFETSs received much attention because of better
Ion/ Iofr ratio and reduced fabrication complexity as com-
pared to other multi-gate structures [3]. Many works were
reported in fabrication and dc characteristics of FinFETs
[4, 5]. The capabilities of FinFETs for analog applications

K. Sivasankaran - P.S. Mallick ()

School of Electrical Engineering, VIT University, Vellore,
Tamilnadu, India

e-mail: psmallick@ieee.org

@ Springer

are also reported in [6, 7]. Effect of geometrical parameter
such as fin height (Hgp), fin width (Wyy), fin thickness (7gy)
and fin spacing (Sgn) on RF performance of SOI-FinFET
was reported earlier [8]. Similarly, parasitic and geometry
optimization of FinFET for RF applications were studied
[9]. The impact of extrinsic capacitances on RF performance
of FinFET were analyzed using numerical simulation [10].
It was shown that the extrinsic capacitances are larger than
intrinsic capacitance which leads to RF performance degra-
dation. However, the studies on the stability performance of
FinFET have not received attention which is one of the im-
portant parameters for Radio Frequency Integrated Circuit
(RFIC) design. In our previous works, we have studied the
RF stability of Silicon Nanowire Transistor and symmetric
DG-MOSEFET [11, 12] and this paper presents the stability
model and RF performance of optimized FinFET. The paper
organized as follows: In Sect. 2, we have explained device
structure and simulation setup followed by explanation of
stability factor. The stability model for FinFET is explained
in Sect. 3. In Sect. 4, we discuss about the bias and geom-
etry optimization procedure of FinFET and obtained results
were presented. Finally, the Sect. 5 concludes the work.

2 Device structure and simulation setup

Figure 1(a) shows the simulated 3D structure of FinFET
which has physical channel length (L,) of 22 nm [13],
gate oxide thickness (fox) of 1 nm, Tg, of 8 nm and Hjy
of 24 nm. The device has a n* source and drain region
and p-type channel region with doping of 1 x 10?0 cm™3
and 1 x 10'6 cm™3 respectively. We have used HfO, as
gate dielectric and SizN4 as gate spacer. The use of poly-
Si electrodes can cause dopant diffusion through high-k
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(a)

gate dielectric which increases capacitance equivalent thick-
ness. We have used molybdenum as gate electrode instead
of poly-Si to avoid this problem. In nanoscale FinFET de-
vices, the quantum effects, non-equilibrium conditions, bal-
listic transport has impact on their performances. The NEGF
model allows full quantum mechanical simulation of ballis-
tic transport in nanoscale FinFET devices [14]. As the sil-
icon body cross-section is uniform for the device, we have
considered uncoupled mode space approach where NEGF
formalism in transport direction is coupled with Schrodinger
equation in transverse plane to find eigen energies and eigen
functions. The effective mass approximation will reduce the
computational complexity for the calculation of electron
densities. The electron concentration is computed by solving
two-dimensional (2-D) Schrodinger equation for each sub
bands propagating from source to drain by providing eigen
parameter with the effective mass approximation along Z-
direction, assuming that confinement is in the transversal
X-Y plane [15]. The threshold voltage (V;) and Ioq/ o ra-
tio for the FinFET are obtained from dc characteristics and
found 0.29 V and =~ 103 respectively. The device shows an
on current of 566.63 pA/um in linear scale and off current of
510 pA/um in log scale. The small signal ac analysis is per-
formed to obtain intrinsic and extrinsic parameters of Fin-
FET. The f.x, fr and stability factor are calculated using
extracted parameters. The device simulation is performed
using ATLAS TCAD device simulator from Silvaco.

(b)

Fig. 1 (a) 3-D Schematic view of FinFET (b) Cross-section view of FInFET showing Tfn, Hfn, fox, Silicon substrate and buried oxide (BOX)

3 Stability factor and modeling

The stability factor, k, gives an indication whether a device
conditionally/unconditionally stable. FinFETs are said to be
unconditionally stable at any operating frequency above a
critical frequency ( fx). Unconditionally stable means that
the transistor will not begin to oscillate independently from
the value of the signal source and load impedances from
any additional passive termination networks at the transis-
tor’s input (gate terminal) and output (drain terminal) [16].
At operating frequency below fi, however, the transistor is
conditionally stable and certain termination conditions can
cause oscillation. Hence, device must satisfy the condition
k > 1 to be unconditionally stable [17]. The stability fac-
tor is calculated using Y -parameters at different frequencies
of operation for the FinFET. The stability factor in terms of
Y -parameter can be expressed as [18],

_ 2R.(Y11)R.(Y22) — Re(Y12Y21)
[Y12.Y21]

k ey

The Y -parameters which include all of the small-signal pa-
rameters that dominates device behavior of SOI-FinFET can
be expressed as [19],

Y11 = 0*(RgaCay + RgsCs) + jor(Cea + Cgy) ()
_ 2 2 .
Ypo=—w Rgngd — jowCgq 3)
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Ya1 = gm — ° RgaCay — jo(Cyd + gmTm) )

Y2 = gas + @ ReaCiy+ jo(Cax + Coa — Lyagls) (5

These Y parameters can be used in Eq. (1) to simplify further
as
[0*A + o B]?

k=
[w*C — w?*D)? + [w?E — wF]?

(6)

where, A = Rgdcgdgds + Rygs ngsgds - Rgdcézydgm - Cf,d +
— 2 2 4 — p2 4 _
CgagmTm: B = ReaCoy + Ry Coy, C = R, Coyy D =
Rgdcﬁdgm +C§d +nggmfm’ E= Rgdcsd +8mTm Rgdcﬁd,
F = g, Cgq, Cgy is total gate-to-source, Cgy is total gate-to-
drain and Cg, is total gate capacitance (Cgg = Cgy + Cgq),
gm 1s transconductance, g4 drain to source conductance,
R, is gate-to-source resistance and Rgy is gate-to-drain re-
sistance.
Substituting k = 1 and solving Eq. (6) by consider-
ing the approximation ? R§ ng,%d < 1, szgx C§S < 1,
wzgthfd « 1 and a)zt,fl « 1, we obtain f; as

~ fi
k= -
N\/gm(Réz,s + Rgd)M +NM(gdngs + nggd +1)
(N
C s Cd m
whereM:C—;,Nzc—:g,andﬁz 2yfcgg'

The total (intrinsic + extrinsic) gate-to-source (Cgy)and
gate-to-drain (Cgq) capacitances without considering over-
lap capacitance can be calculated as [20],

Cgs = Cgsi + Ctext + Cint (8)

Cga = Cydi + Crext + Chine )

The internal and external fringing capacitances can be ex-
pressed as [21]

Wes; Isi . [T &ox
Chnt=| ——1 1 ——
fint [ 37 n( TS Sm(z ssi>>:|

x e~ (Ves=Vrp=205=Va5)/3/2)¢1)2

oW t
Croxt = [ fox ln( 1+ —g)]
3 fox

where &g and gox are dielectric constant of silicon and ox-
ide material; W, t, t; and fox are the width, thickness of
silicon body, gate contact and gate oxide respectively. Vrp
and ¢ are the flat band voltage and Fermi potential respec-
tively. Equation (7) describes the relation between f, intrin-
sic small signal parameters and f; which help to optimize
the device.

(10)

(11)

@ Springer

et \/d5=0.1

Stability Factor (K)

1 2 4 8 16 32 64 128 256 520
Frequency [Ghz]

Fig. 2 Extracted stability factor for different Vs at Vg =15V
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Fig. 3 Critical frequency as a function of drain voltage at Vg = 1.5V

It is evident from Eq. (7) that M and N values can be ad-
justed to decrease fj without f; degradation. The optimiza-
tion of the FinFET structure lies in study of factors related
to M and N, especially Cgs and Cgy. Equations (8)—(11)
shows the bias and geometry dependence on Cygy and Cgg of
FinFET. By adjusting the applied gate and drain bias and ge-
ometrical parameters such as aspect ratio (AR), gate spacer
length (Lpac), along with gate material work function (®,,),
the FinFET can be optimized for good stability performance.

4 Results and discussion

The stability factor is calculated from extracted Y -parame-
ters for various applied drain (V) bias with gate (Vi)
bias of 1.5 V which are shown in Fig. 2. It is evident from
Fig. 2, FinFET attains unconditionally stable condition at
lower Vy; since Cgy dominates Cgq at higher drain bias. Fig-
ure 3 shows the extracted f for various Vg at Vg =1.5 V.
As Vg increases the stability performance degrades since
Drain Induced Barrier Lowering (DIBL) affects the device
performance at higher V5 and degrades Cgg.

It is observed from Fig. 3 that at lower drain bias fj
reaches 6.5 GHz as compared to higher drain bias with f
greater than 250 GHz. Hence smaller drain bias is preferred
to operate the FinFET in RF range with good stability.
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Figure 4 shows the extracted stability factor for different
gate voltages (V) at Vg = 0.1 V. It is evident from Fig. 4
for higher V¢ FinFET reaches unconditionally stable at ear-
lier frequency as compared to smaller V. Further increase
in Vg, Cgy gets saturates and also affect the parasitic resis-
tance which degrades the RF performance.

It is observed from Fig. 5 that at higher gate bias f
reaches 32 GHz as compared to smaller gate bias with f
greater than 450 GHz. Hence higher gate bias is preferred to
operate the FinFET in RF range.

Figure 6 shows the extracted stability factor, Cgq and Cgg
(inset) for different gate spacer lengths (Lspac). The Lypyc is
given as length of the spacer region covered on either side
of silicon fin (source and drain region) adjacent to the gate.
The gate spacer improves device sub-threshold character-
istics and reduces Iofr. The reduction in Lgp,c leads to in-
crease in SCEs and has impact on RF stability performance
of FinFET. The fringing capacitance increases with smaller

9
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Fig. 4 Extracted stability factor for different Vg at Vg =0.1 V

Fig. 6 Extracted stability 8
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Lpac but cause oscillation at higher frequency. The FinFET
reaches stability at f; =48 GHz for Lgp,c of 10 nm as Cgy
and Cgy increases with Lgpac. The increase in Lp,c shifts
the source/drain doping away from the gate edge result in
reduced fringing capacitance. Further increase in Lgpac will
not have effect on stability because Cgy and Cgy saturates
for larger Lgpac, which is due to outer fringing capacitance
decrease exponentially with increase in Lgp,c and also has
limitations with source and drain region lengths.

Figure 7 shows the extracted stability factor and Cgq (in-
set) for different &,,,. In FinFET devices the threshold volt-
age can be tuned by adjusting work function of gate mate-
rial. The gate material work function can be varied based
on gate material with nitrogen implantation dose and energy
[22]. Cgq increases at lower @, due to capacitive coupling
between drain and gate electrodes. At &, = 4.5, FinFET
reaches stability at f; = 50 GHz as compared to @,, =4.9
the value of f is greater than 100 GHz. Cgy decreases with
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Fig. 7 Extracted stability factor 9
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Fig. 8 Extracted stability factor 6
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w

increase in @, which leads to increase in f;. Hence smaller
®,, is preferred to operate FInFET under RF range

Figure 8 shows the extracted stability factor and Cgq
(inset) for AR of 3 with three different Hg, and T, val-
ues. The aspect ratio (AR), which is given as ratio of Hjgy
to Tqn of 3 exhibits better RF Performance [9]. We have
assumed three different Hg, and Tq, values with AR =3
and result shows better stability performance at T, = 8 nm
and Hjp, = 24 nm. FinFET has advantage of varying silicon
thickness in vertical plane i.e. freedom of varying Hp, than
Thn to improve device performance. It is observed that as
Hyy increases, Cgq increases which lead to better stability
performances. But, further increase in Hgy, leads to increase
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in AR which changes device architecture from quasi triple
gate to double gate. The FinFET reaches stability at f; =
14 GHz for T§, = 8 nm and Hg, = 24 nm.

The FinFET exhibits better stability performance at
Hgp = 24 nm, Ty, = 8 nm, @, = 4.5 and Lgpyc = 10 nm.
Figure 9 shows the extracted stability factor for the opti-
mized FinFET structure. It is evident that k reaches to 1 at
10 GHz which shows that the device can be operated un-
conditionally stable from 10 GHz onwards. It indicates that
FinFET does not require additional circuit when operated
from 10 GHz onwards for RF applications.

It is necessary to observe f; and fy,4x to understand the
capability of FinFET under RF range. The cut-off frequency
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Fig.9 Extracted stability factor for optimized FinFET at Vg =1.5V
and Vg =0.1V

800 700

700 - 600

)]

(=]

o
.

- 500

wu

(=]

o
L

- 400

- 300

w

(=]

o
.

200 . r 200

Cutt-off frequency(f,) [GHz]

r 100

Maximum Oscillation Frequency
(fnax) [GH2Z]
=3
[=]
o

100 -

0 0

3.E-09 1.E-07 6.E-06 1.E-04 4.E-04 7.E-04 1.E-03
Drain Current(l,)[A/um]

Fig. 10 f; and fmax as function of drain current for optimized FinFET
at Vgg=15Vand V43 =0.1V

fi is evaluated as the frequency for which magnitude of
short circuit gain drops to unity which can be expressed
as f; = gm/2nCgq. The fiq is related to the capability
of the device to provide power gain at large frequencies,
and is defined as the frequency at which the magnitude of
the maximum available power gain drops to unity and can
be given by fuax = ft/\/4(Rs + Rg + Ri)(gas + 27 f1 Cga)
where g4 is drain to source conductance and R,, Ry and
R; are gate, source and channel resistances respectively. The
gate resistance is obtained from the extrinsic parasitic model
which can be expressed as Re(Z12) =Re(Z21) = Rg.

Figure 10 shows the calculated f; and f;,4x using the ex-
tracted intrinsic and extrinsic parameters as function of drain
current for the optimized FinFET. The bias and geometry
optimized structure has maximum f; of 675 GHz due to the
improved g, and fi,,x of 780 GHz, which shows that the
proposed FinFET structure is suitable for high frequency
application and can be operated with better stability from
10 GHz onwards.

5 Conclusion

The RF stability performance of FinFET is studied at op-
timized bias and geometry conditions. The bias conditions
such as gate and drain bias and geometrical parameters, such
as gate spacer length, and silicon body aspect ratio along
with gate material work function are analyzed using nu-
merical simulation. We observed that C4 is responsible for
degradation in f. The proposed device geometry and op-
timized bias conditions show excellent RF stability perfor-
mance. Hence there is no additional circuit required for the
proposed FinFET as device is unconditionally stable from
10 GHz onwards when operating in RF range.
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