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Abstract—We propose a novel dissipation scheme for level-set
based wet etching simulations. The scheme enables modeling of
the temporal evolution of the etch profile during anisotropic wet
etching processes and is based on the local geometry and the
crystallographic direction-dependent etch rate. We implemented
the scheme into Silvaco’s Victory Process simulator which is
utilized in this work to simulate the fabrication of source/drain
cavities for sub-28 nm strained metal-oxide-semiconductor field-
effect transistors. Our results show excellent agreement with
experimental data. In particular, the main cavity-related design
variables are accurately predicted.

I. INTRODUCTION

Anisotropic etching of silicon (Si) with wet etchants (e.g.,
potassium hydroxide (KOH) and tetramethylammonium hy-
droxide (TMAH)) is an important processing technique which
utilizes the crystalline nature of the material. While KOH
etching is mainly known for its application in the production of
micro-electro-mechanical-systems (MEMS) [1], TMAH etch-
ing plays an important role for embedded silicon germa-
nium (e-SiGe) in source/drain (S/D) engineered sub-28 nm
node metal-oxide-semiconductor field-effect transistors (MOS-
FETs) [2], [3]. By employing a combination of dry and wet
etching a S/D cavity formed by the characteristic {111 }-planes
can be produced. The exact geometry of the resulting sigma-
shaped cavity determines the uniaxial strain in the MOSFET
channel after epitaxial growth of SiGe [4]. Thus, it is very
important to control the critical design variables, i.e., tip depth,
channel-cavity distance, and cavity depth [2].

In this work we present a dissipation scheme for level-set
based simulations of anisotropic wet etching, which allows
to predict the temporal evolution during the etching step and
the final profile with high accuracy. The proposed scheme
was implemented into Silvaco’s Victory Process simulator [5],
which we utilize to simulate the process steps required for
sigma-shaped cavities for S/D engineering.
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II. ETCH RATE MODELING WITHIN THE LEVEL-SET
FRAMEWORK

We employ the level-set method [6], [7] [8], where the wafer
surface is described by the zero level-set of the function ¢ and
the time evolution is determined by the level-set equation
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The level-set equation assumes the form of a
Hamiltonian-Jacobi  equation with the corresponding

Hamiltonian H = V(V¢)|V¢|. The speed function V is
constructed to reflect the highly anisotropic etch rates. We
assume constant process temperature and neglect the influence
of reactant transport on the etching kinetics. Under these
conditions, the etch rate depends on the crystallographic
planes which are exposed to the surface resulting in the

self-limited etch profiles observed in experiments [1].
Consequently, we model V' to assume the form
V =V(n*,n¥,n%) =V(Vg), 2

which is a function of the components n!, | € {x,y, z} of the
level-set normal vector n = V¢/|V¢|. The etch rates along
the main crystal directions are well known from experiments.
In order to define a continuous speed function, we use linear
interpolation between a set of crystal directions, e.g., (100),
(110), and (111) with their associated etch rates Rjo0, R110,
and Rj11, respectively, while taking the cubic symmetry of
silicon into account [9], [10]. Fig. 1 illustrates that the resulting
speed function is spatially strongly varying. As a consequence,
the resulting Hamiltonian is non-convex, which detrimentally
impacts the stability of the numerical solution of the level-set
equation [8].
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Fig. 1: The etch rate distribution function which originates
from a linear interpolation between silicon’s main crystal-
lographic directions (100), (110), and (111) is visualized
in a (a) three dimensional and (b) stereographic plot. The
highly anisotropic etch rate distribution is typical for wet
etchants [11] and is presented here for a TMAH solution
(40°C, 2.38 wt%) as given by Qin et al. [3].
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A non-convex Hamiltonian is problematic for wet etching
simulations, because the front is typically characterized by
sharp corners, resulting in regions of high curvature. In par-
ticular, a non-convex speed function V'(n) (illustrated in the
inset) assigns the level-set grid points along a high curvature
front strongly varying speed values, as depicted in Fig. 2. The
limited resolution invoked by the spatial discretization gives
rise to the problem that the speed of the front between two grid
points can only be estimated by some kind of combination of
the values at exactly these two grid points, causing instable
front propagation [12].

III. DISSIPATION SCHEME

In order to enable a stable and physically relevant numerical
solution, the dissipative Lax-Friedrichs scheme [13], [15] is
employed. The time integration is performed with the (first-
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Fig. 2: The highly anisotropic etch rates in Fig. 1 give rise to
spatially strongly varying velocities assigned to the level-set
normals and a non-convex Hamiltonian. The level-set normals
are shown for active grid points, which reside within the
narrow band |¢| < 2.0. The inset illustrates the speed function
V(n) in the depicted plane, which is characterized by a global
minimum along (111) directions and two maxima.

order) Euler method. Associated witll the Lax-Friedrichs-
Scheme is the numerical Hamiltonian H

N o + ¢ (6 =
H-H(lT)—;Ol (T)’ 3

where ¢;,¢;", | € {z,y,2} denote backward and forward
differences of ¢ with respect to [. The Lax-Friedrichs scheme
critically depends on the dissipation coefficients o' which de-
fine the numerical dissipation (viscosity) >, ! (¢;" — ¢;) /2.
The numerical dissipation has to be chosen appropriately to
enable a stable and consistent surface evolution and to avoid
artificially rounded corners. Consequently, for the particular
case of wet etching it is essential to find a trade-off between
accurate undercut rates and sharp corners formed by the slowly
moving crystal planes.

In contrast to former approaches [14], [15] [16] we employ
a novel local approach based on a stencil .S (Fig. 3), which
considers the processed and neighboring grid points P. In
particular, the stencil integrates information about the local
geometry and the nature of V(n*,n¥, n?).

Ckl = max 8_V¢Z27 + ¢3_8_V ¢P¢l _8_V ¢q¢l
onl |Vo|2  OnP Vo2 ond|Ve|2

Lpge{z,y, 2z}, L #p#q
“4)

I' > 0 denotes an etchant-specific prefactor which is treated
as a calibration parameter. 9V/0n' is numerically evaluated
using central differences

oV V(n® + AN,n¥,n*) —V(n® — AN,n¥,n?)
on* 2AN

+Vn!
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Fig. 3: The proposed dissipation scheme (4) is based on
normals and the associated speed functions which are calcu-
lated for a stencil consisting of the central grid point and its
immediate neighbors.

and analogous expressions for the remaining spatial coordi-
nates with AN = 1075, The expression for the dissipation
coefficients (4) originates from monotonicity considerations,
which are based on the Lax-Friedrichs scheme being a mono-
tone scheme [13]. Employing (4), the stencil Lax-Friedrichs
scheme (3) introduces the appropriate amount of numerical
dissipation at the mask-silicon interface and enables the pre-
diction of the correct mask undercut rate.

IV. SIMULATION RESULTS AND DISCUSSION

The proposed dissipation scheme is applied to simulate
the sigma-cavity process presented by Qin et al. [3], which
is based on a two-step reactive ion etching (RIE) step and
a sequential wet etching step. The RIE step is split into an
anisotropic and isotropic sub-step in order to optimize the
initial condition ("Dry Etch Profile’ in Fig. 4) for a 30s wet
etch using a TMAH solution (40 °C, 2.38 wt%).

The fabrication of the sigma-cavities has been simulated
with Silvaco’s Victory Process simulator, including gate stack
and spacer formation. In order to demonstrate the viability of
the proposed dissipation scheme, we emulate a two-step RIE
process (anisotropic and ideal isotropic step) to provide the ini-
tial profile depicted in Fig. 5. The proposed dissipation scheme
has been utilized for the subsequent wet etching step with the
speed function V' (three-rate linear interpolation) defined by
the rates along the high-symmetry planes R1go = 30 nm/min,
Ri10 = 24nm/min, and Ry1; = 0.5nm/min (Fig. 1).

The level-set equation is considered on a regular grid with
a spatial resolution Az = Ay = 0.5nm. The dissipation
coefficients (4) are calculated for all points residing in the
narrow band, which is defined as the set of grid points with
an associated level-set value satisfying |¢| < 2.0. Within
the narrow band all grid points hold a valid velocity value,
which is strongly related to the surface velocity by extending
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Fig. 4: Temporal evolution of the etch profile. During the self-

limiting wet etching the slow-moving {111} planes form the
sigma-shaped cavity.

the surface values to the respective grid points (velocity
extension) [7]. Furthermore, we use I' = 3.0 for the TMAH
solution as a calibration parameter.

Fig. 4 visualizes the temporal evolution to the final profile,
where the dry etch profile and the etch profile are shown
after 10s, 20s, and 30s. Due to the characteristically small
etch rate of {111} planes, the final profile consists of two
{111} planes which define a sharp corner at a certain position
relative to the channel (sigma-cavity tip). The associated
design parameters tip depth D and channel-cavity distance
are depicted in Fig. 5, where the experimentally obtained
etch profiles presented by Qin ef al. [3] are compared to the
simulation results. The wet etching simulations accurately
reproduce D, 6, and the cavity depth. The dissipation scheme
does not introduce non-physical rounding at the point of
contact of the resulting two {111} planes.

Furthermore, we assess our dissipation scheme by perform-
ing the same process simulation steps with the elementary
dissipation coefficients, which are computed purely based on
the local speed function and level-set normal [7].

l _ l
of = max |[Vn'|, 1€ {z,yz} (6)

The elementary dissipation coefficients give rise to insufficient
dissipation beneath the spacer and gate stack, which leads
to an artificially high undercut rate and consequently to an
incorrect sigma tip position. In particular, with respect to the
experimental observations, the elementary scheme results in
a displaced sigma tip position by 1.6 nm in x-direction and
4.2nm in y-direction, which is significantly higher than the
spatial resolution Az = 0.5nm and thus not acceptable. In
contrast, the proposed scheme (4) reproduces the physical
undercut and is able to predict the geometry of the sigma-
shaped cavity with high accuracy.
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Fig. 5: The etch profiles presented by Qin et al. [3] are accu-
rately reproduced using the proposed scheme (4). In contrast,
the elementary scheme (6) starting from the same dry etch
profile results in artificially high undercut.

V. SUMMARY

We have proposed a novel dissipation scheme for level-set
based simulations of anisotropic wet etching processes. The
scheme is based on the Lax-Friedrichs approach and is opti-
mized for purely surface normal-dependent speed functions,
which excellently model the etching kinetics of common
etchants (e.g., TMAH and KOH). We have employed the
dissipation scheme to accurately predict the sigma S/D cavity
profiles for sub-28 nm node strained MOSFETs. In particular,
the predicted cavity-related design parameters — tip depth,
channel-cavity distance, and cavity depth — are shown to match
with the experimental observations, while artificial smoothing
of sharp corners is avoided.
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