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ABSTRACT

The substrate bias influence on the first andebersl order
effects and the relationship with the lateral gataspling are
studied in this paper for SOI FInFETs. Simulatiforsseveral
fin widths were performed to evaluate the threshalltage
susceptibility to the substrate bias and the @epitential
profile behavior on the fin. The potential disttibn along the
fin showed to be dependent on the lateral gatqgiogand as
a consequence, different behaviors were observedhen
threshold voltage in function of substrate bias.

1. INTRODUCTION

The requirements for the continuous evolution of 310
transistors with a good scalability performance begchieved
by multiple-gate SOl MOSFET devices, due to theitten
control of channel charges [1-2], reducing shaande! effects,
mainly on narrower fins. One of the most promisamd
attractive multiple-gate structures being develojgsethe SOI
FinFET, allowing the further downscaling of devieehieving
extremely reduced dimensions [3] and channel Israghshort
as 10nm [4], also presenting good electric chaisits in
analog and digital applications [5], a good freqyersponse in
unitary gain and intrinsic gain [6], following abfécation
process that does not differ significatively of SOMOS
traditional process [7]. The dual gate SOI FinF&3o known
as DELTA, was first developed in 1989 with a thickate
oxide at the top, followed by the triple gate FifiF&hich
passed through enhancements in the fabricationegsoc
especially on the gate oxidation step, allowingdnmation of a
thin and uniform gate oxide on the three gate plaesulting in
a superior control of the channel charges. Asitheifith gets
thinner, the proportion of the drain current théitflow through
the lateral walls will increase and can even serpias drain
current quota flowing over the top of the chandelsing to a
condition were it start to behave like a dual giatégce. FInFET
devices often present volume inversion, distrilguiiie minority
carriers over the entire fin, and achieving goodbitity levels
inside the silicon film.

In this work the substrate bias influence on thestiold
voltage and the electric potential distributionngldhe cross-
section of the fin are evaluated, confronting sioh results
with experimental ones.

2.SMULATED DEVICES

Simulations were conducted using Silvaco Atlas &hre
Dimensional Device Simulator for devices with Finidthf
(Wg) ranging from 20nm to 10n, fin height (H;,) of 60nm,
gate oxide thickness of 2nm, buried oxide thickméskisnm,
channel length fixed inin and channel doping level of
Na=1x10"cm.

3. EXPERIMENTAL DEVICES

The measured experimental devices are state-afthe-
FinFETs with n-channel type gN1x10°cm?), fabricated at
Interuniversity Microelectronics Center (IMEC), Belgium,
following the process described in reference [8% the
simulated devices, the fin height is equal to 6@nchthe buried
oxide thickness is 145nm. The gate oxide was fortnea
silicon oxide layer of 1nm followed by the depasitof 2nm of
hafnium oxide, resulting on an effective gate otidekness of
2nm. The fin effective width ranges from 20nm tarh0

4. RESULTSAND DISCUSSIONS
4.1. Threshold Voltage

The method used to extract the threshold voltame ks x
Vs With the drain biased in 25mV Q&=25mV) for each fin
width and substrate bias was the maximum transctanie
change (MTC). In this method the threshold voliagbe gate
voltage where thgdVs< reaches the maximum value [9].

The simulated front-channel threshold voltage wlage
presented in Figure 1 as a function of the subsualtage for
W, ranging from 20nm to 10n, and Figure 2 presents
experimental threshold voltage values also as aidunof the
substrate voltage. As the substrate voltage isedsed, an
increment on Y, is noticed. This increment is larger for wider
devices than for narrower ones once the channethis=cmore
exposed to the substrate bias due to the gradealigleng of
lateral gates. Actually, as the back interfaceoreginear the
lateral gates belong simultaneously to the frord &@ack
interfaces, they do not accumulate when the frate ig biased
at the threshold voltage. So, in FINFETS the actation at the
back interface is always partial. For narrow firthe
accumulation at the back interface is much lowamédor high
negative voltages applied to the substrate, bosininlations
and measurements. For fin width values as smaDam the
lateral gates coupling is so high that the threlsiholtage almost
does not suffer any variation with the substrases lshanges.
The measured results presenting this behaviohawenson the
top right corner of Figure 2. It is also notable thduction of
Vy, with the reduction of channel length, due to shbannel
effects. Recent studies demonstrated that forrestmegative
substrate biases, around -80V and -100V, theieléetd from
the substrate becomes high enough to become ddrayein,
overcoming the lateral gates coupling [10]. Conmgatboth
graphs it is possible to observe the agreemeheaéhdency on
the threshold voltage values for devices with widied also
narrower W,

For positive substrate bias there is an abrupatdevof the
threshold voltage on devices where the ratjg/iMs high (the
fin width is much larger than the channel lengttigndency that



agrees with the study [11] by Akarvaradral This agreement
between simulation and experimental data attesstgatidity of
the simulations for the first order effects ag bnd \,
necessary to obtain accurate parameters to chiactee
devices.
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Figure 2. Experimental threshold voltage valuesfasction of
substrate voltage for FINFETs;, Values for very thin fin widths

are presented at the top right corner.
4.2. Electric Potential Fin Profile

The effect of the top gate is well known and iftuénce is
dominant in devices with wide fins. For such devithe
threshold voltage may be described by the planaehj@?],
discussed in [11] indicating that the thresholdtags is
independent of the lateral gates coupling for fidthe larger
than 500nm when are evaluated only the first oedfercts
through \{, X Vgg.

In order to quantify the lateral gates influencer@nsecond
order effects on the analyzed FInFETS, severaldaimos were
performed for dual gate devices to determing, ¥bm which
the devices can be considered as a planar onepdiéetial
profile perpendicular to the gate planes at hailf Height
(h=30nm) was extracted for four different fin wisttti20nm,

500nm, im and 3m and it is presented in Figure 3. The
potential at OV is the reference and correspondsetmeutral
region. As the sidewall gates get distant, thenpiatedistributed
along the fin decreases until it reaches 0V, wtieralepletion
ends.

From the results obtained through simulations doable-
gate device it is possible to observe the depletiones
extending from the Si-SiQinterfaces near the gates to the
maximum depletion width. The maximum depletion tidt
(Xg.may IS classically defined by equation (1), whictures the
value of %,m,=833nm for the analyzed technology. Thereby, for
devices in our configuration with My inferior to 1.67m
(W, <2([x,,.,) the interaction between the depletion zones

caused by both gates can no longer be neglectedtodine
strong coupling between them [7].

In Figure 3, for devices with W bellow 1,67 (i.e. devices
with W equal to 120nm, 500nm andri) there is no plateau
between the two gates indicating a fully depletedag, plateau
that is present on the device with Win8at the potential near
0V, indicating a partially depleted fin.

— 4|1$i I]DF
Xd.max - (1)
qN,

_ KT . (N,
where: &, =——On| —-+
q n,
R T T T T ]
030 . ]
028 1: ]
] g e ]
024 ] 8 g
] E <=; 1
020 3 8 1
1 @« %) 1
= ] ]
— 016 4
i 1 ]
5 oo ]
5 0127 ]
o ] ]
008 ]
004 —m— W=120nm]
] —@— W=500nm1
000 —A-W=tum ]
1 Channel length=1um —¥— W=3um 4
T L T

20 15 40 05 00 05 10 15 20
Fin coordinate [um]
Figure 3 - Potential profile for fins with paralf@tiewalls.

The impact of the lateral gates influence on tggle
FiNFETs structures with Ltn and \bs=25mV for W=3um
and W=1@m was evaluated through the experimental
measurements as presented in Figures 4 (a) arkedh).these
curves both the first and the second order effeats be
identified.

When the focus is the,@roup of curves with ¥t varying
from OV to -40V for \&r smaller than 0.875V, it is possible to
notice that the gshift occurs due to the reaction aof Y6 the
Vg bias following the Lim & Fossum model. When theus
on the curves is given aftegy0.875V it is possible to observe
the GIFBE [13] which is a second order effect ddpah of
substrate bias. This effect is characterized byipearance of



the anomalous elevation on the transconductanses;ualso
referenced as the transconductance second peek,igvhighly
sensitive to the back interface condition.
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Figure 4 - Measured transconductance curygséa function
of the bias applied to the gatesfy/for different substrate

voltages (\sg)
(a) Fin width equal toi8n (b) Fin width equal to 10n

The transconductance second peak shot occurdféaexi
Ve voltages when W=3Bn but happens for the same
Ve=0.95V value when W=10n due to the strong dependence
with the back accumulation. As showed before, garei3, for
dual-gate devices with Wah, the accumulation takes place in
a small part of the silicon fin at the neutral oegit the center of
the fin where the lateral gates have no influencethe fin
charges, but for W=10n the accumulation volume is
proportionally much bigger than the depletion zoaed the
back interface is easily accumulated, meaningethah when
the depletion coming from the lateral gates doesineract
among themselves, if the depletion volumes werngqgptionally
high, their influence on the second order effeets oot be
neglected.

For transistors with W=38n, despite the fact that the drain
current flows predominantly by the top of the firce it is much
wider than high, the depletion region generatedhbylateral
gates invades more than the half of the fin widthus, the
second order effects, as the variation of the patest the
second interface, are much more dependent of dietibn,
causing the GIFBE shot for differentsy/voltages. For the

transistor with W=10m, the depletion control of almost the
entire fin is due to the top gate and the substitaga for this
W, the FINFET can be considered as a planar dewes, e
when the second order effects are taken into atcoun

5.CONCLUSIONS

The data concerning the influence of substrate dnathe
threshold voltage and on transconductance secoakl fpe
various Wi, on SOl FInFETs were analyzed through
experimental and simulation results with the &rsl the second
order effects being considerated. For devices métiow fins
the variation of the potential by the substratduémnice is
diminished due to the reduction of the accumuldtigar near
the back interface. Differently from what is foutd the
literature, stating that if the majority of the idreurrent flows by
the top of the fin and that the dependenceypfith Vg in this
case is described by the Lim & Fossum model, it wesiied
that when the second order effects are taken gdouat it is
necessary to analyze who is responsible for theataf the
depletions and how proportionally significant tlaeg on the fin.

On devices much larger than twice the maximum teple
width (W, >>2(x, ) the influence caused by the depletion
coming from the lateral gates can be neglectedowh on
devices larger than twice the maximum depletionthyitut
with a proportionally high penetration of the déples from the
lateral gates into the fin should not be ignorestalise of the
second order effects, as was seen in the case W&em for
the studied technology.
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