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Spacer-First Damascene-Gate FINFET Architecture
Featuring Stringer-Free Integration

F. Cornu-Fruleux, J. Penaud, E. Dubois, P. Coronel, G. Larrieu, and T. Skotnicki

Abstract—This letter presents a new Damascene-gate FinFET
process that inherently suppresses stringers, resulting from gate
and spacers patterning. The so-called spacer-first integration
scheme relies on the engineering of a hydrogen silsesquioxane
layer by electron beam lithography followed by two selective
compartmentalized development steps to successively release the
Damascene-gate cavity and the source/drain (S/D) contact regions.
In contrast to the existing gate-first and gate-last integration ap-
proaches, the resulting FinFET process does not impose any re-
striction or interdependency on the sizing of the fins, gate, spacers,
and S/D regions. A complete morphological and electrical valida-
tion is proposed in the particular case of wrap-around self-aligned
metallic Schottky S/D contacts.

Index Terms—FinFET, hydrogen (HSQ),

multiple gate, Schottky barrier.

silsesquioxane

I. INTRODUCTION

MPROVED electrostatics, superior current drive, and gates

self-alignment constitute intrinsic advantages of the FinFET
architecture over planar bulk [1]-[6]. However, technology has
to face new challenges, resulting from the highly 3-D nature
of the gate wrapping around fins. First, hard constraints are
placed on reactive ion etching (RIE): Whatever the considered
gate architecture (gate-last [1], gate-first [2], or Damascene [3]),
effective stringer removal techniques still remain an unsolved
challenge to eliminate dielectric or metallic residues [4], [5].
Second, the formation of spacers along the gate sides is even
more critical because fins also inherit the same spacer structure
in the source/drain (S/D) regions. In a general context for which
FinFETs suffer from high series resistance due to a narrow
fin section [6], this issue is exacerbated by the considerable
reduction of the fin surface, offering bare silicon to subsequent
epitaxial regrowth or silicidation [5]. In contrast, this letter
presents a Damascene-gate FinFET process that inherently
suppresses stringers, resulting from gate and spacers etching.
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It holds the following distinctive advantages over existing ap-
proaches: 1) the active fin channel is not exposed to RIE and
associated damage; 2) wrap-around silicided fins S/D can abut
on the gate spacer in a self-aligned manner; and 3) sophisticated
stringer removal techniques by selective etching are not needed.
This last advantage totally relaxes constraints associated to the
FinFET design because restrictions and interdependencies on
fins, gate, spacers, and S/D dimensions are de facto eliminated.
From a practical standpoint, the proposed integration scheme
relies on the engineering of a hydrogen silsesquioxane (HSQ)
layer by electron beam lithography followed by two selective
compartmentalized development steps to successively release
the Damascene-gate cavity and the S/D contact regions. It
constitutes the first demonstration of a spacer-first integration
scheme. For the sake of electrical demonstration, this FinFET
architecture also features wrap-around metallic Schottky S/D
contacts.

II. SPACER-FIRST STRINGER-FREE
DAMASCENE GATE INTEGRATION

Fig. 1 gives a schematic illustration of the main steps of the
FinFET fabrication sequence. Starting from a 50-nm-thick SOI
substrate, fins are classically patterned by e-beam lithography
and RIE. A gate dielectric is subsequently grown by dry oxida-
tion at 725 °C, leading to a uniform 2.6-nm-thick SiO2 oxide
along the (110)-oriented sidewalls of the fins. The originality
of the process relies on the appropriate use of two remarkable
properties of HSQ. First, HSQ is an excellent flowable low-x
dielectric that provides a planarized isolation matrix in which
fins are inserted [Fig. 1(a)]. Second, HSQ is a high-resolution
electron [7], [8] or a photosensitive [9] inorganic negative-tone
resist that evolves from a cage-like monomer to a network-like
polymer under irradiation. When exposed to e-beam or UV,
HSQ approaches the structure of SiO,. This second property
is used to define a peripheral SiO, spacer that demarcates the
Damascene gate cavity [Fig. 1(b)]. It is worth noting that HSQ
inside and outside the spacer pattern retains the original cage-
like structure that can be removed selectively in a development
solution. In Fig. 1(c), a hard mask of Ge is deposited onto the
whole structure and opened in the extrinsic gate area using
noncritical lithography and etching. The inner material of the
Damascene cavity is subsequently developed using a highly
selective tetramethylammonium hydroxide (TMAH) 25% so-
lution [10]. Note that the outer part of the HSQ isolation matrix
is not exposed to the developer because it remains isolated from
the inner part by 1) the SiO, spacer and 2) the leak-proof top
hard mask. Therefore, after selective hard mask stripping, the
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Fig. 1. Schematic illustration of the spacer-first stringer-free Damascene-gate
FinFET. (a) Spin coating of a low-x dielectric (HSQ) to form a planarized
isolation matrix in which silicon fins are inserted. (b) E-beam exposition
of a narrow peripheral spacer that demarcates the Damascene gate cavity.
(c) Deposition of a Ge hard mask followed by noncritical lithography and
etching steps to open a window in the extrinsic gate region. The unexposed
HSQ is removed from the Damascene cavity using the first compartmentalized
development step in a highly selective TMAH solution. Note that the outer
part of the HSQ isolation matrix is not exposed to the developer because it
remains isolated from the inner part by the exposed HSQ spacer and the leak
proof top hard mask. (d) Hard mask stripping. (¢) Metal gate deposition (Cr)
and planarization. (f) Second selective wet etching of the unexposed HSQ,
leaving the S/D region free of dielectric stringers. (g) Schematic representation
of a FinFET with two gate fingers, showing that the minimum gate pitch
(Pg) is twice the spacer pitch (Ps ), whereas the shortest gate length is given
by Ps — Wg, where W is the minimum spacer width conditioned by the
lithography resolution.

first compartmentalized development step leaves a Damascene
cavity free of its original cage-structured HSQ [Fig. 1(d)]. The
next steps consist of metal gate deposition and planarization by
chemical mechanical polishing (CMP) [Fig. 1(e)]. At this stage
of the process, the outer HSQ isolation matrix is submitted to a
second compartmentalized development step in TMAH, which
releases the S/D zonmes, leaving SiO, (network-type HSQ)
gate spacers unaltered and fins completely exempt of stringers
on their sidewalls [Fig. 1(f)]. For the sake of morphological
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Fig. 2. Morphological validation of the proposed process. (a) SEM top
view of the Damascene cavity after the first compartmentalized development
step. The unexposed cage-structured HSQ inside the Damascene perimeter is
dissolved in TMAH with a contrast factor as high as 7. This step releases
vertical and sharply defined spacers on the inner cavity side. It corresponds to
process steps schematized in Fig. 1(d). (b) SEM aerial view of the Damascene
gate FinFET after the second compartmentalized development step. Unexposed
HSQ standing outside the Damascene spacer perimeter is dissolved. This step
releases the S/D regions without producing stringers along the fin sidewalls. It
corresponds to process steps schematized in Fig. 1(f). The inset shows a TEM
cross section of a fin in the S/D region after complete PtSi silicidation.

validation of the process, Fig. 2(a) shows a scanning electron
microscopy (SEM) top view of the Damascene cavity after
the first compartmentalized development step and hard mask
removal, as schematized in Fig. 1(d). This demonstrates the
feasibility of the dissolution of cage-structured HSQs in a low-
volume cavity capped by a hard mask. Because the unexposed
HSQ is developed in TMAH 25% with a contrast factor ~ as
high as 7 [10], this step leaves vertical and sharply defined
cavity sidewalls corresponding to the gate spacers. Fig. 2(b)
provides a tilted aerial view of the Damascene gate FinFET
after the second compartmentalized development step that re-
leases the S/D regions without producing any material residues
along the fin sidewalls. In the case under study, chromium has
been integrated as a gate material. Wrap-around low Schottky
barrier metallic junctions have been considered as an attempt
to address the issue of S/D resistance. PtSi, which offers a
low Schottky barrier to holes (< 0.2 eV), was selected for
p-type MOSFET integration. PtSi formation is basically a
two-step reaction (Pt » PtySi » PtSi). It requires the depo-
sition of a well-controlled Pt overlayer that must be totally
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Fig. 3. Electrical validation of the spacer-first Damascene gate process with
PtSi wrap-around Schottky contacts: p-type FinFET featuring Ly = 2 um,
Wgn =50 nm, and Hg, = 50 nm. (a) [4—Vy characteristic. (b) I4—Vjy
characteristic.

consumed by the silicidation reaction to effectively form PtSi,
and not the Pt-rich phase. For that purpose, two 10-nm-thick
evaporation steps with a +30° tilt angle were used to provide a
tight control of Pt thickness and excellent step coverage on the
fins. The silicidation reaction was activated by rapid thermal
annealing at 300 °C for 2 min under a forming gas (Ns: Ho,
95 :5). Unreacted Pt covering the gate and sidewall spacers was
finally etched away using hot diluted aqua regia. The inset in
Fig. 2(b) shows the rounded shape of the fin after full consump-
tion of silicon induced by silicidation. The nonconventional
nature of the proposed process calls for specific comments.
First, it is worth noting that the footprint of the gate/spacers
module depends critically on 1) the minimum spacer period Pg
conditioned by the smallest lithography pitch and 2) the mini-
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Fig. 4. 14—V, characteristic of a Damascene gate p-type FinFET with PtSi
wrap-around Schottky contacts. Ly = 200 nm, W5, = 50 nm, and Hg, =
50 nm. Ioy reaches 197 pA/pm at Vg = —2 Vand V; = —1.3 V under the
definition of a channel width of 2* Hy + Wy or 591 pA/pm when only the
footprint Wy is considered.

mum spacer width Wg that characterizes the ultimate resolution
in HSQ [Fig. 1(g)]. Because the gate length is defined by the
inner space between the two spacers, one direct consequence
is that the minimum gate pitch Pg is twice the spacer pitch
Ps, whereas the shortest gate length is limited to Pg — Wg.
The previous requirements can be considered as extremely
stringent constraints placed on lithography. However, progress
in HSQ engineering is expected to alleviate this situation,
demonstrating, for instance, 27-nm-period gratings at variable
line width [8] and sub-8-nm resolution [7]. Second, although
HSQ is a well-established material for interlayer dielectric
isolation in the back-end of the line [11], [12], its impact on
device performance and reliability still need to be consolidated
when it is used as the spacer material.

III. ELECTRICAL CHARACTERIZATION

Fig. 3 demonstrates the electrical functionality of a 2-um-
long-channel p-type FinFET fabricated according to the present
process. The fins’ width W; and height (Hy) are both
50 nm. Fig. 4 presents the I;—V; characteristic of a 200-nm-
long device. In this case, the Ipn saturation current reaches
197 pA/pm at Vy = =2V, Vz; = —1.3 V under the definition
of a channel width of 2*H; + W, or 591 pA/um when the
footprint W is solely accounted for. Current observed in the
positive V; branch is typical of ambipolar operation in SB-
MOSFETs. Although this effect slightly degrades the OFF-state
current at large Vy, the Ion/IoFr ratio remains in excess of
10%. As far as PtSi Schottky S/D contacts characterized by
weak lateral encroachment are considered, /oy could be further
improved by reducing the spacer width, which is currently set
to 80 nm. Nevertheless, it is worth noting that the above Ipon
figure compares well with previously published data [13], [14].



IV. CONCLUSION

A new spacer-first stringer-free Damascene gate process that
inherently suppresses the issue of stringers formation has been
demonstrated both from the morphological and electrical stand-
points. The integration of wrap-around Schottky S/D junctions
confirms effective stringer suppression along fin sidewalls and
shows the feasibility of fully metallic S/D access. It is worth
noting that the proposed process also offers an easy path for
a 3-D massive and compact integration of nanowires. Starting
from fins composed of alternated Si/SiGe layers, the formation
Si or SiGe nanowires can be realized at the cost of a single
additional selective etch between Si and SiGe.
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