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Abstract
ELECTRICAL PROPERTIES OF FINFET STRUCTURES

T. E. Rudenko, V. I. Kilchytska, N. Collaert, M. Jurczak,
A. N. Nazarov, V. S. Lysenko, and D. Flandre

Electrical properties of FinFET (fin field-effect-transistor) structures are investigated. These struc-
tures are considered to be the most promising candidates for the creation of nano-scale metal-oxide-
semiconductor (MOS) devices and integrated circuits due to strong suppression of the short-channel
effects. The impact of the structure dimensions on the characteristics of the transistors is studied. Par-
ticular attention is given to the carrier mobility in the inversion channel of FinFET structures.

Key words: Metal-oxide-semiconductor (MOS) transistor; semiconductor on insulator (SOI);
nano-scale devices; FinFET (fin field-effect-transistor).

AHoTanig
EJEKTPUYHI BJJACTUBOCTI FINFET CTPYKTYP

T. O. Pyoenko, B. I. Kiavuuuvxa, H. Koaraepm, M. IOpuak,
0. M. Haszapos, B. C. Jlucenxo, J]. Daandp

HocimKeHo eJIeKTpUYHI BIaCTUBOCTI TpaH3ucTOpHUX cTpyKTyp TuIry FinFET (fin field-effect-
transistor). Ili CTpyKTypu BBaXXalOThCsl HAMOLIbII NEPCHEKTUBHUMM J1JIS1 CTBOPEHHST HAHO-PO3Mi-
PHUX MeTall-OKcuA-HamniBrpoBifHUK (MOH) TpaH3UCTOPIB i iHTErpalbHUX CXEM 3aBASIKM 3HA4-
HOMY ITOCJIabJIEHHIO KOPOTKO-KaHAIbHUX e(eKTiB. HociakeHO BIIMB reOMETPUYHUX PO3MipiB
CTPYKTYPU Ha XapaKTepUCTUKU TpaH3UCTOPiB. OCOOJUBY yBary MpUaiieHO PyXJIUBOCTI HOCiiB B
inBepciiinHomy KaHaji FInFET ctpykryp.

Kmouosi ciosa: Meranm-okcun-HaniBrpoBignuk (MOH) TtpaH3ucrop; KpeMHilt Ha i301sTOpi
(KHI); nano-po3mipnai npunangm; FinFET (fin field-effect-transistor).
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AHHOTAIMA

DJIEKTPUYECKUE CBOVICTBA FINFET CTPYKTYP

T. E. Pyoenxo, B. H. Kuavuuurasa, H. Koasaepm, M. IOpuakx,
A. H. Hasapoes, B. C. Jlvicenko, /l. Daandp

HccnenoBaHbl 37eKTpUYECKHE CBOMCTBA TpaH3UCTOPHBIX cTpykTyp Tnma FinFET (fin field-
effect-transistor). DT CTPYKTYpHI CUYUTAIOTCS HanOoJIee TTePCIIEKTUBHBIMU JJISI CO3IaHUs HAHO-
pa3sMepHBIX MeTauI—oKucea-noayrnpoBogHuk (MOII) TpaH3MCTOPOB M WHTETPATLHBIX CXEM
Oyaromapsi CUJIbHOMY IOIAaBJICHUIO KOPOTKO-KaHAIbHBIX 3dekToB. MccaenoBaHO BIMSIHUAE T€0-
METPUYECKHX Pa3MEPOB CTPYKTYPHI Ha XapaKTepUCTUKH TPaH3UCTOPOB. Oco00oe BHUMAaHUE yaelie-
HO MOABUXXHOCTU HocuTeleid B uHBepcuoHHOM KaHalie FinFET cTpykTyp.

KnoueBnie cioBa: Metasui-okucen-noaynpoBoaHuk (MOIT) TpaH3uCTOp; KpeMHMIT Ha U305~
Tope; HaHo-pa3MmepHbie Tpubdopkl; FInFET (fin field-effect-transistor).

1. Introduction

Scaling of CMOS into nano-meter region led to
the development of new device structures. Suitable
candidates are silicon-on-insulator (SOI) devices
with multiple gates such as double-gate, triple-
gate, Omega-gate, gate-all-around FET structures,
which can be scaled more aggressively than conven-
tional planar bulk-Si devices. The key feature of all
these multi-gate SOl MOSFETs is strong gate con-
trol of the channel region due to the thin Si bodies,
effectively suppressing short-channel effects, even
without using high channel doping. Amongst dif-
ferent multi-gate structures, the FinFET is consid-
ered to be the most promising candidate for future
nano-scaled devices because of its excellent scal-
ability, along with relatively simple fabrication [1]-
[3]. Therefore electrical characteristics of FinFETs
are of great interest.

In this work, the electrical characteristics of the
advanced FinFET structures with high-K gate di-
electrics and mid-gap gate electrodes are studied,
focusing on the FinFET mobility. Due to a three-di-
mensional device nature and location of the top and
lateral channels in different crystallographic planes,
the mobility behaviour in FinFETs can be different
from that in single-gate and double-gate devices. In
a given work, for better understanding of the FinFET
mobility, we study the effective mobility in narrow-fin
devices versus quasi-planar (very wide-fin) devices,
and as a function of the fin width (down to 25 nm).

2. Device description

The devices studied were processed at IMEC.
The triple-gate FinFETs with Q-configuration and
metal gate electrodes were fabricated on SOI wa-
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fers featuring a 65 nm-thick Si film on 145-nm of
buried oxide. Details of fabrication processes are
described in [4]. The gate covered three sides of the
fin, as shown in Fig. 1, creating a channel on each
side: the top channel and the two lateral channels,
lying, respectively, in (100) and (110) crystallo-
graphic planes.

Buried oxide

Fig. 1. Schematic representation of the FinFET archi-
tecture.

In this study, the devices with different gate
stacks were used. In one of them, the gate stack
consisted of a plasma nitrided oxide (SiON) with
1.8 nm equivalent oxide thickness of and chemical
vapor deposited (CVD) TiN, as a gate electrode.
The devices studied were n- and p-channel 5-fin
FETs with a fin height Hﬁn=60 nm and fin width
Wﬁn varying from 3 um down to 25 nm. No channel
doping was used in these devices. The SEM photo-
graphs of the top and cross section of the FinFETs
with me=25 nm are shown in Fig. 2.

Another set of the devices had an atomic lay-
er deposited (ALD) TaN gate electrode and two
types of gate dielectrics, namely, a nitrided oxide
(SiON) with 1.8 nm equivalent oxide thickness and
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ALD HfO, deposited on a chemical oxide with to-
tal equivalent oxide thickness of 1.6 nm. The TaN
gate devices received a channel implant to provide
channel doping ~10"® cm™. The measured devices
were multiple-fin FETs consisting of 30 fins with
116%=50 nm and Wﬁn=45 nm. Comparative meas-
urements were performed on very wide single-fin
(me=10 um) structures.

190

Fig. 2. The SEM photographs of the top and cross sec-
tion of the FinFETs with Wﬂ”=25 nm.

In this study, devices with the gate length Lg from
20 um down to 40 nm were measured. However,
for mobility measurements only very long devices
(Lg=10-20 um) were used to avoid short-channel
and series resistance effects. All measurements were
performed at room temperature.

3. Impact of the fin width on the short-channel
effects

The short-channel effects in a MOSFET are
usually characterized by the threshold voltage (V)
roll-off and degradation of subthreshold slope with
shrinking the gate length. A key advantage of Fin-
FETs is the reduction of the short-channel effects
by decreasing the fin width without use of high
channel doping. This is illustrated by Fig. 3 (a),
showing the comparison of the subthreshold drain
current (/) versus gate voltage (Vg) characteris-
tics of the undoped very short n-channel devices
(Lg=80 nm) with different fin widths. The inset in
Fig.3 (a) shows the inverse subthreshold slope S as
a function of the fin width. A clear improvement of
the subthreshold characteristics of the short-chan-
nel device is observed when Wﬂn is reduced, name-
ly: the subthreshold slope becomes steeper (i.e.,

S decreases), the off-state current reduces, and
V,, increases, approaching its long-channel value.
Fig. 3(b) shows degradation of the subthreshold
characteristics in the narrow-fin devices (Wﬁn=25
nm) with decreasing the gate length from 1 pm
to 40 nm. The inset in Fig. 3(b) shows the corre-
sponding degradation of the subthreshold slope.
From Fig. 3(b) it is seen that the behavior of the
1( Vg)—characteristics of very narrow-fin devices
(with me=25 nm) remains the same as in long-
channel devices, showing invariable V, and excel-
lent $=61-64 mV/decade, when the gate length
reduces down to Lg=60 nm. These measurements
fully support theoretical predictions, which show
that adequate suppression of the short-channel ef-
fectsin a FinFET can be reached if the fin width is
<2/3 of the gate length [2], [3].
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Fig. 3. Subthreshold characteristics of undoped n-chan-
nel FinFETs with: (a) L, =80 nm and different fin widths;
(b) Wﬁ”=25 nm and different gate lengths. The inset in
Fig. 3(a) shows the inverse subthreshold slope as a func-
tion of the fin width, and in Fig. 3(b) as a function of
the gate length. Measurements are performed on 5-fin
devices with the TiN/SiON gate stack.
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4. Effective channel mobility
4.1. Factors affecting the Fin FET mobility

Amongst the factors which can affect the Fin-
FET mobility, the different crystallographic orien-
tation of the top and lateral channels is most impor-
tant. The sidewall channels in FinFETs fabricated
on a standard (100) wafer lie typically in a (110)
plane. In a narrow-fin FET, in which the fin width
is less than the fin height ( Wﬁn<Hﬁn), the conduction
is mainly determined by side channels. Thus, due to
anisotropy of the effective masses, hole mobility in
FinFETs is expected to be enhanced, while electron
mobility to be degraded compared to conventional
planar devices with the (100) surface orientation.
Besides, the effective mobility in FinFETs can be
affected by volume inversion at low charge densi-
ties, fin roughness, and, in the case of doped chan-
nel, different doping levels of the fin top and sides.

4.2. Mobility extraction procedure

The effective mobility, p ,, ina MOSFET is tra-
ditionally defined from the drain current /, meas-
ured at low drain voltage V, as follows:

Id

(W/L)Vd 'q'Ninv ’ (1)
where Wand L are, respectively, channel width and
length, N, is the inversion carrier density per unit
gate area, ¢q is the electron charge. In this work,
N, was experimentally determined using a split C-
V technique, which is usually used for MOSFETs
with ultra-thin gate dielectrics [5]. In a split C-V
technique, N, is determined from the measured
gate-to-channel capacitance Cgc and its normaliz-
ing to the gate area:

ueff

V,

: C
ZE'IMdVg’
q, W-L

acc

inv (2)
where Cgc is the gate-to-channel capacitance per
whole gate area, Vg is the gate voltage, and V, _is the
gate voltage in accumulation, where N, =0. From
Egs.(1) and (2), n o Can be obtained as:

21, 3)

l’leff (\/g) = \/g
Vi [ ChoVy)av,

V,

acc

From Eq. (3) it follows that with the split C-V
measurements, p (V) can be determined with-
out knowledge of both the dielectric thickness and
channel width, which is particularly important in
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the case of FinFETs, in which both are not reliably
known. However, when plotting Hyas a function
of N, , it is neccessary to know the device channel
width. In this work, the channel width in a FinFET
was defined as: W=number of fins x (2H, + W ).

4.3. Mobility in TaN gate FinFETs with doped-
channel

Fig. 4 (a), (b) shows the effective hole (H,,) and
electron (u,) mobilities as a function of the inver-
sion carrier density obtained in TaN gate narrow-fin
devices (me=45 nm) and quasi-planar very wide-
fin devices (Wﬁn=10 um) with highly-doped chan-
nel and two types of the gate dielectrics. It is evident
from Fig. 4(a) that for both SiON and HfO, gate die-
lectrics, p, in narrow-fin devices determined mainly
by (110)-oriented fin sidewalls is significantly higher
(~2.5 times) than that in counterpart quasi-planar
(very wide-fin) devices, determined by the (100) top
channel mobility, as expected due to anisotropy of
the effective masses. For the same reason, one might
expect that electron mobility in narrow FinFETs to
be degraded compared to that in quasi-planar de-
vices. However, as is seen from Fig. 4 (b), contrary to
expectations, at moderate and low N, , the effective
u, in narrow FinFETs with highly doped channel is
also much higher than in their counterpart quasi-
planar devices. This enhancement of p_in narrow
FinFETs, which reaches factor of 3 at low N, and
vanishes at high N, , is attributed to lower doping of
the fin sidewalls compared to the fin top, resulting
in the lower Coulomb scattering and lower transverse
electric field £ o 8S well as to fully-depleted double-
gate-like operation of narrow FinFETs, also reduc-
ing Eeﬁ‘ These two factors improve also hole mobility
at low N, . Such behavior observed for both metal
gate devices [6] and poly-Si gate devices [7].

4.4. Mobility in undoped-channel FinFETs with
TiN gate and various fin widths

Fig. 5 presents p and p, as a function of N, in
undoped-channel FETs with various Wﬁ". For un-
doped channel, the enhancement of M, and degra-
dation of p , in narrow FinFETs are observed, as
compared to quasi-planar wide-fin devices, which
can be attributed to surface orientation effect of the
top and lateral channels. The behavior of the Fin-
FET mobility in respect to the fin width is different
in different regions of N, . In the high N,  region,
where N, >6x10'"> cm™, the fin width dependence of
both p and p, with W, can be attributed to variation



T. E. Rudenko, V. I. Kilchytska, N. Collaert, M. Jurczak, A. N . Nazarov, V. S. Lysenko, and D. Flandre

of the relative contributions of top and lateral con-
duction channels, having different mobilities due to
different surface orientation. In this high N, region,
the FinFET mobility is presumably controlled by the
surface roughness scattering. However, at lower N, ,
the p_behavior in a FinFET is more complicated,
that is, the conduction of the device cannot be pre-
sented simply as a sum of the top and lateral conduc-
tion channels. It is assumed that in the N, range of
the maximum p_in FinFETs (where p_slightly in-
creases with decreasing Wﬁn from 75 nm to 25 nm),
u, is governed mainly by phonon scattering, while at
lower N, , where p_ strongly decreases with decreas-
ing N, and me, the dominant scattering mechanism
is Coulomb scattering. A stronger degradation of p_
with decreasing me at low N, , as compared to the
predicted and measured degradation in ultra-thin
body and double-gate SOI devices for the same body
thickness range [8], might be attributed to the fact
that in tri-gate FinFETs, carriers can be simultane-
ously affected by four Si-SiO, interfaces.
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doped channel plotted as a functlon of the inversion car-
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Fig. 5. The effective hole (a) and electron (b) mobili-
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5. Conclusions

The behavior of the effective mobility in nar-
row FinFET structures was studied as compared
to quasi-planar very wide-fin structures, and as a
function of the fin width. It is found that doped-
channel narrow FinFET structures reveal a strong
enhancement of hole mobility (more than twice) in
narrow FinFET devices compared to their counter-
part quasi-planar very wide-fin devices, as expected
due to a (110) orientation of fin sidewalls, and also
surprising enhancement of electron mobility, attrib-
uted to lower doping of fin sides and fully-depleted
double-gate-like operation of narrow FinFETs, re-
sulting in lower Coulomb scattering and lower ef-
fective electric field.

Undoped-channel narrow FinFETs exhibit
higher hole mobility and lower electron mobility, as
compared to those in quasi-planar (very wide-fin)
SOI devices, which has been attributed to different
surface orientation of the fin top and sides. At high
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inversion carrier densities, impact of the fin width
on the effective mobility in a triple-gate FinFET
has been explained by the variations of the relative
contributions of top and lateral conduction chan-
nels. A strong decrease in the electron mobility
with reducing the fin width observed at low carrier
densities has been explained by Coulomb scatter-
ing, enhanced due to interaction with four Si-SiO,
interfaces.
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