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Abstract—In this work, the parasitic series resistance in raised
source/drain (S/D) FinFETs with polygonal epitaxy is modeled
and analyzed. Specifically, a contact resistance model is
developed based on the transmission line theory and geometric
transformation to test variously shaped S/D epitaxy formations.
Results are verified by comparisons with two- and three-
dimensional device simulations. Designs to reduce series
resistance are also discussed.
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l. INTRODUCTION

To maintain CMOS scaling beyond the 22-nm node, fin-
based multiple-gate field-effect transistors (FinFETS) are
attractive options. Wrapping the multiple-gate around the fin
channel provides excellent electrostatics, which allow using a
shorter effective gate length and lower channel doping at the
same off-current [1]. Detractors are fabrication complexity and
burdens to parasitic components, i.e., parasitic capacitance and
series  resistance  (Reries). The parasitic  contributions
furthermore increase as the gate pitch is scaled [2].

The high Rgeries Of FINFETSs primarily originates from the
need for a narrow fin. One way to reduce Rries IS to make the
fin outside the gate region (i.e., the source/drain (S/D)
extension) thicker using silicon epitaxial growth [3], [4]. The
silicon epitaxy of the raised S/D is equivalent to a highly doped
S/D region in conventional planar FETS; it also widens the
silicide-to-silicon interfacial contact area, generating less
contact resistance (Reon)-

Several researchers have analyzed the Rggies in raised S/D
FinFETSs using analytic models [5], [6], but in most works a
rectangular epitaxy is assumed (Fig. 1 (a) or (b)). The most
practical shape is not rectangular but trapezoidal or polygonal
(Fig. 1 (c)), since the silicon deposition rate is a function of the
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Figure 1. Three dimensional view of three FinFETs including (a) a
rectangular shaped epitaxy with top silicide, (b) a rectangular shaped epitaxy
with surrounding silicide, (c) a polygonal epitaxy with top silicide. In (a), the
epitaxy and silicide from one S/D side are omitted for clarity.

crystal orientation of the fin and the fin doping status [3]. It has
also been reported that diamond-shaped epitaxy produces
better Reeries than flat-top epitaxy due to its wider silicide-to-
silicon contact area and shorter carrier path [7]. This work,
therefore, analyzes Reyies in raised S/D FINFETS using a simple
model for polygonal epitaxy.

Il.  SERIES RESISTANCE MODEL

A. Modeling Methodology

The Reeries in raised S/D FinFETSs is divided into three major
components according to current flows: spread resistance
between the channel layer and the fin beneath the sidewall
spacer (Rg), sheet resistance of the fin beneath the sidewall
spacer (Rsn), and contact resistance between the epitaxy and the
silicide (Reon) as shown in Fig. 2 (a). As the fin is typically
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Figure 2. Current density distribution of three FinFETs including (a) a

rectangular epitaxy with top silicide, (b) a rectangular epitaxy with
surrounding silicide, (c) a polygonal epitaxy with top silicide. Left cross-
sections are top-views cut by the half point of the fin height. Middle and right
cross-sections are cut by a few nanometers from the end of the sidewall
spacer (near side) and the end of the epitaxy region (far side), respectively.

rectangular, the Ry, and Ry, can be simply evaluated as in [5]
and will not be treated here. Because the R, Which depends
on the epitaxy shape, is a dominant component in the Reeies, it
will be modeled in detail.

Despite various epitaxy shapes and silicide methods, we
have a common observation about current density distribution
from the device simulation (Fig. 2). When the epitaxy cross-
section is cut close to the end of the sidewall spacer (the near
side of the fin), the current density distribution depends on the
S/D extension and silicide-to-silicon contact geometry. When
the epitaxy cross-section is cut close to the end of the epitaxy
region (the far side of the fin), the current density distribution
depends on the epitaxy and contact geometry; in this case, the
extension geometry does not affect the distribution. Therefore,
the Ren model is developed considering these two different
effects.

B. Contact Resistance — Part |

Our model for the Re, basically follows the transmission
line theory [8] as shown in Fig. 3 (a). We assume that the
current flows uniformly through the S/D extension and
partially spreads out from there to the contact area. As the
transmission line theory assumes only a one-dimensional

Figure 3. Schematic diagram of the epitaxy cross-section (a) along the
channel current direction and (b) perpendicular to the channel current
direction. In (a), an equivaluent circuit for the transmission line theory is
drawn. In (b), geometric notations used for the Reon, expression are indicated.

current flow, we need to make the geometry of the contact
surface equivalent to that of the extension surface. To do so, an
effective interface resistivity (pes) is introduced instead of using
the interface resistivity (pin) directly. The pes is expressed in
(2)-(5) as follows:

-1

Pt =(Pop  + Pue + Propee + Psisocsge )+ (D)
P =P + Dearrr * Prgi ) (Wa /Wiy ), @
Piide = (Pine + Doormer * et ) (Wo /Wog ), @)
Papetse = (Pt + Aoy * Papt ) (W /Wigg e ) “
Prisecige = (P + s P ) (W /Weig e )- ©)

Ppepi 1S the resistivity of the epitaxial region. The units of pes, pint,
and peyi are {Q-cm?}, {Q-cm?}, and {Q-cm}, respectively. The
eomer, Giop, aNd dsige are distances from the extension surface to
the contact surface, and the Wiop, Wide, Wiop,edge N0 Whige eqge are
width segments of the contact surface as shown in Fig. 3 (b).
The geometric notations can be rewritten as functions of
epitaxy thickness (Te), fin height (Hyn), fin width (Wsp), fin
spacing (Ssn), and the angle between the contact surface and
symmetry axis (0). Also, Wey is an extension surface width
defined as Hgn+0.5Ws,. When the prefactors in (2)-(5)
approximate the pin, equation (1) is simplified as

_ Pin Wee . ®)
W_ +W.. +W, +W.

top side top,edge side,edge

P eff

Once the pe is obtained, the R can be evaluated using
the transmission line theory from (7) and (8) expressed as

R .
Ry = |t coth( Ly J ™
W, Llransfer,l

Livanster,1 = \’peff IRy ®

The Rey is the sheet resistance of the extension, whose unit is
{Q}. The Ly is a contact length; Lyansters iS @ characteristic
length corresponding to the Reon .
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Figure 4. Schematic diagram of the epitaxy cross-section (a) along the
channel current direction and (b) perpendicular to the channel current
direction. In (a), an equivaluent circuit for the transmission line theory is
drawn. In (b), geometric notations used for the Ren,i €xpression are indicated.

C. Contact Resistance — Part |1

As shown in Fig. 2, the current density distribution
gradually changes from being dependent on the S/D extension
and contact geometry to the epitaxy and contact geometry. To
address the latter effect, the transmission line theory is once
again applied as shown in Fig. 4 (a). Contrary to Fig. 3 (a), we
assume that the current flows uniformly through the entire
epitaxial region and partially spreads out to the silicide contact.
Although pi is used directly, we still need to make the
geometry of the polygonal epitaxy equivalent to that of the
rectangular epitaxy with top silicide. To do so, an effective
epitaxy height (Her) is introduced. The He is semi-empirically
defined as Aci/Wiota Where Ag IS an cross-sectional area of
polygonal epitaxy and Wi is the width of the contact surface
(Fig. 4 (b)). Note that as & decreases, A decreases resulting in
a shorter Heg.

The equivalent rectangular epitaxy with the Her and an
epitaxy width (We,) enables us to model the Reny by the
transmission line theory as in

R -p
R - I epi " Pint Coth[ Ly ] ©)]

con, Il T 2
\I Wepi Ltransfer Al

L[ransfer,ll = ’\'pint / Repi " (10)

The Reyi is the sheet resistance of the epitaxy, whose unit is
{Q}. It is defined as pepi/Hetr. The Lianster.n iS @ characteristic
length corresponding to Reon i

Finally, epitaxy- and contact-geometry-dependent R, is
obtained by combining Reons and Reon i With a weight parameter
(a) as follows:

R = Rcon,l ta- Rcon.ll (11)
con l+a

I1l.  EXPERIMENTAL RESULTS AND DISCUSSION

Two- (2-D) and three-dimensional (3-D) TCAD
simulations were run to analyze the Rgries in raised S/D
FinFETs. The 2-D simulation is intended to obtain the pes,
which transforms the contact surface geometry into the
extension surface geometry (Fig. 5). The experimental pgs iS
extracted from the inverse slope of the I-V curves. The 3-D
simulation is intended to obtain the Rgeies Of FINFETS with

Figure5. A series of current density distributions in the epitaxy cross-
section perpendicular to the channel current direction. The angle between the
contact surface and symmetry axis in the polygonal epitaxy is varied.
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Figure 6. Effective interface resistivity (per) plotted against the angle

between the contact surface and symmetry axis in the polygonal epitaxy. The
fin spacing (Srin) is also varied. Insets show the epitaxy cross-sections at
which the perr becomes the minimum for each Sgin.

variously shaped epitaxy (Fig. 1). The experimental Rgeries IS
extracted from the Ips-Vgs characteristics by obtaining the total
resistances and applying a first-order exponential curve fitting

[5].

During the simulation, the drift-diffusion model and the
continuity and Poison’s equations were used for carrier
transport; the doping concentration for the extension and
epitaxial regions was set to 102 cm™. Table | summarizes the
geometric and material parameters used in this work.

Fig. 6 shows the simulated and modeled p as functions of
6 and S, For convenience, the pe is normalized by an
effective channel width (W) defined as 2Hg,+Ws,. Both (1)
and (6) models generally agree well with the simulation results,
but model (1) yields the results closer to the simulation. pe is
found to decrease when decreasing 6 from 90 degrees, which is
attributed to the increment in the contact surface width
providing more conduction paths as shown in Fig. 5. The
contact surface width is maximized when
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TABLE I. PARAMETERS USED IN THIS WORK

Geometric Parameters
Héin Wiin Sin Tepi Lsa
14 nm 28 nm
Material Parameters

14 nm 7nm 14 nm

Pint Pepi Rext
2:10% Q-cm? 1025 uQ-cm 3.66 kQ

fin

Tepi +H

@ =tan M (12)

fin

and thus the pe« is minimized at this point (inset of Fig. 6). As 0
decreases beyond this point, pey increases slightly due to the
narrower contact surface. Note that the carrier path distance
from the extension to the contact area has little impact on pe.
Even though it is included in (2)-(5), pep Multiplied by the
distance is much smaller than the pjy.

Fig. 7 shows the simulated and modeled Rqeries COMpONeNts
as a function of 0. The Reries iS also normalized by Wy, for
convenience. The modeled Rgeries @S @ sum of Rgp, Ry, and Reon
from (11) shows excellent agreement with the simulation
results. Note that the modeled R, as in (7) shows a similar
dependence of pe On 6; as € decreases from 90 degrees, the
Reon) decreases to the minimum point and then increases
slightly. In the simulation, however, the Rqgies increases sharply
after the minimum point, which cannot be predicted using the

model (7) alone. This feature can be supplemented by the Ren 1.

The epitaxy cross-sectional area decreases drastically after the
minimum point of R, sharply increasing the Reon i1-

Our analysis provides S/D design guides to reduce Reeries-
The effective area of the contact surface should be maximized
without critically reducing the epitaxy volume. Here, the
epitaxy with surrounding silicide (Fig. 1 (b)) is favorable for
obtaining the lowest Rgries @S shown in Fig. 8. However, it has
limitations in a high density multiple-fin structure. In case that
the epitaxy of one fin combines with the epitaxy of adjacent
fins, the surrounding silicide is difficult to implement.
Polygonal epitaxy with an optimized angle (Fig. 1 (c)), on the
other hand, provides lower Rggies than rectangular epitaxy with
top silicide (Fig. 1 (b)); it can also be used in high density
multiple-fin structures.

IV. CONCLUSION

We have modeled and analyzed series resistance in
FinFETs with a polygonal epitaxy. Despite variously shaped
epitaxy and silicide, it is shown that the current density
distribution gradually changes from depending on the S/D
extension and contact geometry to depending on the epitaxy
and contact geometry. Considering this effect, a contact
resistance model was developed based on the transmission line
theory and geometric transformations. Our model agrees well
with 2-D and 3-D TCAD simulation results. Analysis using the
model suggests that well-optimized polygonal epitaxy provides
low contact resistance even when only the top epitaxial surface
is silicided.
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Figure 7. Series resistance components plotted against the angle between

the contact surface and symmetry axis in the polygonal epitaxy. Series
resistances from the device simulation as shown in Fig. 1 are indicated by the
symbols. Modeled contact resistance considering either the contact surface
effect or the epitaxy volume effect is indicated by lines.
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