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ABSTRACT

This pioneer study presents the phenomena of
anisotropic chemical etching in the range of the
linewidth 15nm~100nm. In this study, a phase-field
model is established and a resist mask is appointed on
the surface to simulate a chemical etching process with
a gate geometry. In the numerical simulations, the
isotropic and anisotropic etching conditions are both
evaluated to explore the fine chemical etching
circumstances. In addition, the influences of etching
parameters, such as the etching rate and the strength of
the anisotropy, on the characteristics of gate profile are
also demonstrated. From the simulation results, it
shows that a larger loss of linewidth or a higher etch
bias is involved with the increase of the etching rate.
While an anisotropic etching is considered, a faceted-
etching profile would be generated and simultaneously
the etch bias could be suppressed during the etching
process. As the anisotropy is strengthened, the
characteristic profile becomes more distinct with a less
loss of the linewidth. These numerical simulations
could provide a methodical guidance to concisely
control the fine etching profile, and broaden the
applications of chemical etching in the advanced
robust manufacturing technologies.

INTRODUCTION

In consideration of etch directionality, the dry
etching traditionally should be implemented as the
linewidth is smaller than 3 um but expensive cost. For
the reason of unit price of MEMS product decreasing,
wet etching is still worth and important in its improved
research. Wet etching combined with optical
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technology will result in the advanced fabricated
process. Kwon et al. (2020) reported that the laser-
induced backside wet etching is an important
manufacturing technology for fabricating high aspect
ratio microfeatures of glass. Zhou et al. (2020) also
noted that the UV irradiation-prompting wet etching is
a promising technology of nano rod to nanotube. The
nano-scale anisotropic wet etching mechanism begins
to be noticed gradually as stated by Grinys et al. (2020).
Sebastian et al. (2020) expressed the main target for
the improvement of fabrication technology in the high-
tech semiconductor industry are increase in
performance, increase in reliability, reduction in cost,
etc. In the manufacturing processes, a complicated
sequence of chemical and physical operations is
included in order to construct numerous structures and
devices. Among various fabrication technologies, the
etching technique play significant role to precisely
generate the correct structures or patterns on the
substrate surface, shown by Joubert et al. (2003) and
Zrir et al. (2020). Without the accurate performance of
etch, the device or chip will not function. Including the
advantages of low cost, fast, precise, and reproducible
process with simple equipment, Gosalvez et al. (2010)
had demonstrated that wet chemical etching has good
selectivity to the underlying film, and no risk of
plasma damage to devices.

Regarding to the intrinsic properties of chemical
etching, two basic etch profiles are involved, such as
isotropic and anisotropic. When all crystallographic
orientations of substrate materials are etched with the
same rate, an isotropic etch profile would be gained.
Owing to the undercutting of the etch-resistant mask
during an isotropic etching, an undesirable loss of
linewidth in the design patterns would be implicated.
On the other hand, while the removal of atoms from
the substrate is remarkably slow along certain lattice
orientations, an anisotropic etching occurs. Sebastian
et al. (2020) explored that in some circumstances, e.g.,
the patterning of nanodevices with small linewidths
and features, the anisotropic etch is desired and crucial.
Depending on the etching conditions, different type of
etching profiles can be implemented and it provides
important clues to tune the morphology of the etched
surfaces with particular geometries. In addition to etch
profile, affecting the etching performance etch rate is
another key parameter in a chemical etching process.



In general, controlled by the reactant concentration,
temperature, etc., etch rate can be dramatically
increased under a high temperature or high
concentration circumstance. A rougher etched surface
and a more isotropic etch profile usually tends to be
formed with a fast etch rate. Hence, the formation of
the etch profile or morphology is correlated to a
complex process and manipulated by multiple factors,
especially for the characteristic patterns with vertical
structures or walls via a resist-mask etching.

Over the past decades, extensive researches had
been performed towards understanding the
mechanisms and variables involved in the chemical
etching processes through the experimental and
theoretical models, such as Grinys et al. (2020), Yu et
al. (2017), Wang et al. (2006), Gosalvez et al. (2011),
Rola et al. (2011), and Montoliu et al. (2013). Many
fundamental issues had been addressed intendedly,
such as linewidth control and morphological
modification. In order to compensate the excessive
materials below the resist-mask from undercutting, the
common strategy is to oversize the resist mask features
and carefully monitor the etch conditions to finish with
a correct feature size and shape. All of these processes
requires a detailed knowledge of the thermodynamics
and kinetics in chemical etching reactions. In this
study, a phase field model concerning atomic removal
and diffusion on crystallography facets has been
proposed to investigate the anisotropic chemical
etching with characteristic gate profile. Various
etching parameters are taken into consideration to
demonstrate their influence on the profile formation
and evolution during etching process. Furthermore,
the quantitative measurements in terms of linewidth
and etch bias are utilized to assess the etching
procedures. For each set of parameters, a simulation is
performed to obtain information about the predicted
behavior of a specific etching condition, and the
overall performance of etching process is then
extracted from the set of simulation results. This study
presents the numerical results on the primary
mechanisms led to the final structures of gates after a
chemical etching treatment. The etching behaviors,
including the isotropic and anisotropic reactions, can
be well explained and predicted. From this model and
simulations, it would provide useful information to
enhance the manufacturing technologies of anisotropic
chemical etching, minimize the limits of linewidth and
the pattern designs with complicated resist-mask
during device processing in modern semiconductor
industry.

EXPERIMENTAL

As well known, chemical etching is governed by
thermodynamics and reaction kinetics. To investigate
the issues related to the variations of the linewidth and
surface profile in a gate etching, in this study a
numerical method is applied to simulate a
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manufacturing process of a chemical etching. A
theoretical model with a gate geometry is built, and the
formation and evolution of the linewidth and the etch
profile could be revealed numerically. Based on the
phase field method with a field variable of the vacancy
concentration in the matrix (c,), Imada (1978), Asp
and Agren (2006), and Li and Miao (2018) had
separately proposed a comparable kinetic equation to
describe the etching behavior, such as:

dcy
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where t isthetime, &, ISthe vacancy production
rate depending on the reactions between the matrix and
the etchant in the chemical etching, M is a coefficient
of atomic mobility, N is the number of atomic sites
per unit volume, G is the free energy of the system.
In Eg. (1), the first term of |Vc,|? represents the
etching phenomena happens at the interface of the
material-vacancy system, while the second term in the
right-hand side describes the diffusion of substrate
atoms driven by the thermodynamic equilibrium. In a
composition field, the low-level vacancy concentra-
tion represents the phase of the substrate, while the
high-level vacancy concentration expresses the
pseudo-phase of void. Owing to the chemical actions,
the vacancies would be induced into the matrix to
increase the vacancy concentration. By capturing the
field variable of the vacancy concentration with time,
the formation and evolution of etched profile during
chemical etching process could be carved.

Tanaka et al. (2004), Gosalvez et al. (2006), and
Hynninen et al. (2008) had proved that in general the
chemical etching rate is crucially related to the
crystallographic orientation. In order to describe a
three-dimensional system, the spherical coordinate is
employed in this study. The polar angle is expressed

by ® = cos™! (%) while the azimuthal angle is

® = tan™? (Cv—y

Vx
partial differentiations of the field variable c, with
respect to the axes of x, y and z. Regarding to the
anisotropic source term of vacancy production rate in

Eq. (1), €chem 1S assumed as:

), where ¢, _, Co, and c, are the

Echem (@, (D) = ggh '[A (®: q))]z' (2)

where €2, is the average chemical etching rate, and
A(©,®d) presents the chemical etching along the
crystallographic orientation. For instance, A(Q, ®) =
1 represents an isotropic chemical etching condition.
If a preferred etching orientation is taken place in a
crystalline structure, according to Younsi and
Cartalade (2016), different mathematical formula
needs to be applied, such as:
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Ac1005(0,@) = (1 —37) [1 +

%7 (sin* ® -(sin*(®) + cos*(®)) +

cos* G))], 3)
where A.140>(0, @) represents the preferred etching

orientation along < 100 > directions. 7 is the
strength of anisotropy of the etching rate, which is

affected by the etchant, concentration, temperature, etc.

While other preferred etching orientations is
considered, a proper form of A(©,®) can be used to
simulate a corresponding condition by this model.

In addition, for a crystalline matrix anisotropic
interfacial energy should also be included in the
system free energy (G). In the past decades, the system
free energy with anisotropic interfacial energy was
well investigated by Eggleston et al. (2001) and
Kobayashi (1993), and expressed as:

6 =1, [9Cc) + Z1Ve 2] av, )

where g(c,) is the local free energy of the system, y

is a gradient coefficient related to the interfacial energy.

The local free energy of g(c,) is taken a form of
double well energy landscape, such as the regular
solution formula  g(c,) = NkgT[c,Inc, + (1 —
c,)Inc,] + NQc,(1 —c,) adopted by Asp and
Agren (2006), where kg is the Boltzmann’s constant,
T is the absolute temperature, and Q represents the
interactions between vacancies and atoms. For an
isotropic or amorphous interface, y could be treated
as a constant. Otherwise, y should be taken as a
function of the local unit normal vector to present the
anisotropy in the interfacial region for the anisotropic
or crystalline interface. In a cubic system, a similar
expression of #(®, @) is given by Kim (2007) as:

1O, ®) = 3,(1-32) [1 +
m(sm O (sin*(®) + cos*(d)) +

cos @)], 5)

where y, is the average interfacial energy and A is
the strength of anisotropy of the interfacial energy.
With a proper treatment of the interfacial energy, a
crystalline substrate could be readily depicted during
chemical etching process. In addition, the anisotropic
mobility of M(®, ®) for a cubic structure can then be
written as:

M(©,®) = My(1 —31)72 [1 +
m(sm O (sin*(®) +cos* (D)) +

cos @)] , (6)

where M, is the average mobility of atoms.
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Combining Egs. (2), (3), (4), (5) and (6) into Eq.
(1), an anisotropic phase field model could be given as:
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To perform the numerical simulations, a length
scale (1,) and time scale (z) are used to normalize the
kinetic equation of Eq. (7) for a chemical etching
process. The length scale of [, and the time scale are
defined by [, =y, (NkgT)™¥%2 and 7= (y,/
kgT)?/M,, respectively. Therefore, a dimensionless
equation of Eq. (7) is further presented as:

dcy
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where t*

is the normalized time, € (®,®) =
%&Q(D)-T, x*=x/lg, vV =y/ly, 27 =2z/1,, V'=
LV . M(©0)=MO0)/M, , g()=
g(cy)/NkpT, and 7 (0, ®) = ©(O,D)/y,.

In the numerical simulations, the finite volume
method proposed by Vinokur (1989) is utilized to
solve the partial differential equation of Eq. (8). In
order to create a three-dimensional geometric model,
a mesh size of 60x60x30 with grid spacing of 0.5
is employed. Periodical boundary conditions are used
in the x and y axes, while zero flux are setat z =0
and z = L, where L, is the size of the mesh in the
z direction for the boundary conditions. A high
vacancy concentration in the interval of [0.9,1.0] is
set in the top face of the model to denote the free
surface of substrate. For the matrix, an initial value of
vacancy concentration in the interval of [0,0.1] is
assigned arbitrarily to imitate the intrinsic vacancies.
In addition, a mask pattern is established in the center

Oy ( 7 (0, D) tan




of the top face with a size of 60x30 to mimic a gate
profile etching process. A series of the numerical
simulations with time step of 0.5 are implemented to
investigate the formation and evolution of surface
morphologies during a chemical etching. Based on the
relevant literatures of Li and Miao (2018), Yu and Lu
(2005), and Suo and Lu (2000), the physical
parameters for the numerical calculation are employed
as N~1x10¥m™2, y,2~8 x 10719], A~0.06, and
Q/kyT~3.75. According to these parameters, the
length scale is calculated as ~4.25nm in this study.
Other experiment-related parameters, e.g., the
chemical etching rate and the atomic mobility, are
estimated by the preliminary calculations to acquire
the rational values. Furthermore, these experiment-
related parameters are methodically changed to
evaluate their effects on the morphological evolution
during a gate profile formation by anisotropic
chemical etching. Based on the simulation results, the
linewidth of the gate and the etch bias during the
etching process are also measured to quantitatively
analyze the simulations. Etch bias is a measure of the
change in the linewidth or space of a critical dimension
after performing an etch process. It is usually caused
by undercutting, but can also be the result of an etch
profile. Etch bias for the linewidth change is measured
by comparing pre-etch linewidth in resist-mask with
post-etch linewidth of the same feature. The detailed
definition of etch bias can be referred to Quirk and
Serda (2011). In accordance with these numerical
simulations, the influence of etching parameters on the
formation of surface morphology and gate profile
could be demonstrated distinctly.

RESULTS & DISCUSSION

In Fig. 1, an isotropic chemical etching is firstly
considered and the evolution of etching profile is
numerically reconstructed by solving the partial
differential equation of Eq. (8). In this case, the etching
rate of €),.,, IS taken as 0.01 and the strength of
anisotropy is assumed as 0 to represent an isotropic
etching. From Fig. 1, it could be seen that in the initial
stage of etching process the etching reaction starts at
the surface area without resist-mask. The linewidth of
the gate could be easily identified, as shown in Fig. 1la
at t* = 50. While the chemical etching is proceeded,
the exposed substrate is gently etched out and the
variations of surface depths between etched and
protected areas are revealed, as demonstrated in Fig.
1b, c. At this time, some fluctuations on the etched
surface could also be observed. This temporary profile
is mainly caused by the kinetic etching reaction and
the atomic diffusion in a crystalline substrate. It should
also be noticed that a deeper etching spot could be
found in the edges between the resist mask and
exposed substrate. It is speculated that due to an
isotropic etching the etching reaction happens not only
at the exposed surface, but also the sidewall
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underneath the mask. Therefore, a high vacancy
concentration is accumulated at the edge of the pattern
boundary. After a certain etching time, the bumpy
surface would be vanished and a smoothened surface
profile could be gradually evolved, as shown in Fig.
1d, e. Consequently, a decreased linewidth of the gate
is disclosed in these figures. In addition, a small trench
near the edges of the gate could still be seen. While a
stable condition is established, a characteristic profile
with similar contour would be retained. Until the last
stage of etching process, a smooth surface profile
around the edges of the resist mask is distinctly
demonstrated, as displayed in Fig. 1f. These featured
surfaces and the profile evolution are fitted well with
the experimental observations of the undercutting
phenomena and the etch bias in a chemical etching
process conducted by Quirk and Serda (2011),
Sebastian et al. (2020), and Zrir et al. (2020). This
numerical model has provided an efficient method to
investigate the related issues of the gate profile
formation by chemical etching.

(a) r*=50 (b) r*=250 (c) =500

(d) =700 (e) r*=800 (f) r#=1000

50 nm

Fig. 1 The numerical simulation for the formation and
evolution of gate profile during isotropic chemical
etching

In order to demonstrate the influence of etching
rate on the profile evolution, a higher etching rate with
&rnem = 0.02 is taken into consideration while other
numerical parameters are kept the same as those used
in Fig. 1. Fig. 2 presents a simulation result of surface
profile formation and evolution for an isotropic
chemical etching with a high etching rate. As shown in
Fig. 2a, a nearly identical profile evolution is observed
in the early stage of etching reaction for a high etching
rate condition, and the gate profile is perceptibly
revealed on the substrate surface. While the reaction
time is increased, the unprotected surface moves
downward with ripple-like morphology, as shown in
Fig. 2b, c. Since a high etching rate is considered, the
downward migration rate of the etched surface is
accelerated. In addition, owing to the effect of the
undercutting at the mask edges the linewidth of the
gate is reduced significantly with a broadened etched-
area, as shown in Fig. 2d, e, f. In the late stage of
etching process, a smooth surface morphology with a
deep and wide profile could be seen. From the
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numerical simulation, there is only about 1/5
linewidth of the gate remained while the etching rate
of &nem 1S doubled, as presented in Fig. 2f.

(a) =50 (b) r*=250 (¢) 1*=500

(e) #=800 (f) r*=1000

£ b 24

50 nm

(d) =700

Fig. 2 The numerical simulation for the formation and
evolution of gate profile during isotropic chemical
etching with high etching rate

To demonstrate the characteristics of surface
profile in Fig. 1 and 2 more clearly, the quantitative
linewidth of the gate and the etch bias during the
etching process are illustrated in Fig. 3a, b,
respectively. From Fig. 3a, it can be seen that the
linewidth of the gate is reduced with the increased
etching time. In addition, the etching rate has a great
influence on the linewidth of the gate. For the case of
a low etching rate, the linewidth of the gate is
decreased from ~70 nm to ~46 nm, while the
linewidth is only about 12nm in the late stage of a
high etching rate.
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Fig. 3 The quantitative analyses of the numerical
simulations during isotropic chemical etching with
different etching rate, (a) the linewidth of the gate, and
(b) the etch bias.

The effect of undercutting had been amplified under a
high etching rate condition. Based on Fig. 3b, the etch
bias is generally increased with the etching process.
Furthermore, a high etch bias is involved while the
etching rate is raised. From the numerical results, the
etch bias is increased about 2.3 times with a doubled
etching rate ( €., from 0.01 to 0.02). The
guantitative analyses in Fig. 3a, b distinctly
demonstrate the influence of etching rate on the
etching profile and the undercutting during the
chemical etching process.

In the next case, an anisotropic chemical etching
with < 100 > preferred-orientation is considered to
imitate an etching process in a crystalline substrate.
The simulation result of the formation and evolution
for the etched profile is presented in Fig. 4.

(a) r*=50 (b} =250 () r*=500

(d) £*=700 (&) r*=800 (f) F=1000

50 nm

Fig. 4 The numerical simulation for the formation and
evolution of gate profile during anisotropic chemical
etching.

In this case, the strength of anisotropy (7) in Eq. (3) is
taken as 0.18, while the etching rate of ¢, = 0.01
with the same other numerical parameters used in Fig.
1 are employed. From Fig. 4a, b, c, it could be found
that in the early state of etching process there is no
significant difference on the profile evolution between
isotropic and anisotropic etching, by comparing to Fig.
1a, b, ¢. The main surface feature is small ripples
formed in the etched surface with a deeper trench
along the edges of the resist mask. After a certain
amount of etching time, a characteristic profile is
gradually emerged in the anisotropic etching along <
100 > preferred-orientation. A faceted surface
profile could be seen at the edges of the resist mask in
Fig. 4d, e, which is different to the smooth surface
morphologies in the isotropic etching in Fig. 1d, e, f.
In Fig. 4f, the faceted surface at the edges of the resist
mask belong to {110} planes. Additionally, from the
difference of the gate linewidth between Fig. 4a, f, the
effect of undercutting on the surface profile is
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demonstrated plainly for the anisotropic chemical
etching. To quantitatively illustrate the characteristics
of surface structures for different conditions, Fig. 5
displays the linewidths and etch biases of the gate
profiles during etching processes, including isotropic
and anisotropic chemical etching. From Fig. 5a, it
could be found that in the early stage the variations of
the linewidths for different conditions are identical.
Only a small difference appears at the late stage. In the
anisotropic etching, a larger linewidth is obtained, and
that could be attributed to the behavior of preferred-
orientation etching. Major etching reaction happens at
the certain crystallographic directions. Consequen-
tially, a smaller etch bias is acquired for anisotropic
etching, as shown in Fig. 5b.

a
(a) 75 00 g g
i @]
E“ 60 g B - .
= 45 + E
O E:‘hem =0.01
© O E5pem<100>=0.01,7=0.18

Linewidt
w
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0 1 1 1
0 250 500 750 1000
Simulation time, r*
(b) 25 )
Oely,..<100>=0.01,7=0.18
= 20 r;hem n 8 |::|
= O Echem =0.01 9
;? 15 Q
A O
= 10 8
o a
= S - D Q
o L ' '
0 250 500 750 1000

Simulation time , #*

Fig. 5 The quantitative analyses of the numerical
simulations during isotropic and anisotropic chemical
etching, (a) the linewidth of the gate, and (b) the etch
bias.

From the simulation results in Fig. 4 and 5, it
proves that the anisotropic etching condition has a
great influence on the gate profile. The behaviors of
the anisotropic etching are affected by many factors,
such as the preferred-orientation of the etching, and
the strength of the anisotropy. To investigate the
influence of these experimental factors on the gate
profile, in this study various anisotropic etching
conditions are further examined. At first different
strengths of anisotropy in Eq. (3) are taken into
consideration, such as n = 0.3 and 0.8, while other
parameters are kept the same as used in Fig. 4. The
formation and evolution of the gate profile during
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anisotropic etching for these conditions are
demonstrated in Fig. 6 and 7, respectively.

(a) 1#=50 (b) r*=250 (¢) r*=500

(d) £=700 (e) r*=800 () #*=1000

| | —

50 nm
Fig. 6 The numerical simulation for the formation and
evolution of gate profile during anisotropic chemical
etching with anisotropic strength of 7 =0.3.

(a) r#=50 (b) =250 (¢) r*=500

(d) r*=700 (&) r*=800 (f) r=1000

50 nm
Fig. 7 The numerical simulation for the formation and
evolution of gate profile during anisotropic chemical
etching with anisotropic strength of 7 =0.8.

Under a high etching anisotropy, it is observed that
without the protection of resist mask, an etched surface
with small ripples would be formed, as shown in Fig.
6a, b, and Fig. 7a, b. While the etching time is
increased, as demonstrated in Fig. 7c, the faceted
{110} planes become more clear at the edges of the
resist mask under a high strength of the anisotropy,
comparing to Fig. 5¢ or Fig. 6¢. In addition, with the
increase of the anisotropic strength, the formation of
the characteristic planes of {110} would be
accelerated during the etching process, which could be
found by a comparison of Fig. 6d, e, fand Fig. 7d, e, f.
Not only the surface profile, but also the linewidth and
etch bias of the gate could be altered due to the
variation of the anisotropic strength. From the
quantitative analyses of the linewidth and etch bias in
Fig. 8a, b, the curves depicting the variations of the
linewidth and etch bias in relative low strengths of
anisotropy, such as 7= 0.18 and 0.3, are almost
overlapped. However, while the strength of anisotropy
is increased to 0.8, a distinct difference of the
linewidth and etch bias could be observed in the late
stage of the etching process. A wider linewidth and a
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less etch bias could be obtained with the increase of
the anisotropic strength. At the simulation time of ¢t =
1000, the etch bias for 7 = 0.8 is reduced up to
50% than that in 7 = 0.18. It also affirms that the
strength of the anisotropy makes the preferred-planes
of {110} more distinct, and reduces the undercutting
effect to decrease the etch bias.

(@75

oo
60 f QD@@S’%O

£45 | O Eem<1005=0.01,7 = 0.18
0 & pem<100>=0.01,7= 0.3
& Eopem<1005=0.01,7 = 0.8

Linewidth,
[#%]
[—]

15
0 ' . .
0 250 500 750 1000
Simulation time, r*
(b) 25
O Erhem$100>=0.01,7=0.18
520 e, <1005=0.01,7=0.3 O i
415 | <>s;hsm<100>=0.01,q:0.88 ]
-
8 0
210 9
2 <> <> <>
a5 | O
o e, <>
0 © @u !
0 250 500 750 1000

Simulation time, #*

Fig. 8 The quantitative analyses of the numerical
simulations during anisotropic chemical etching with
different strengths of anisotropy, (a) the linewidth of
the gate, and (b) the etch bias.

In the last case, the situation of the high etching
rate with different strengths of the anisotropy is
investigated to reflect these two factors
simultaneously during surface profile formation in an
anisotropic etching. Fig. 9, Fig. 10 and Fig. 11
demonstrate the numerical simulations of the
evolution of gate profile with a high etching rate of
Eonem = 0.02 , while »=0.18, 03 and 0.8,
respectively. Corresponding to the results in the
isotropic etching of Fig. 2, the rate of surface evolution
in Fig. 9 with a high etching rate becomes faster than
that in Fig. 4 for the anisotropic etching. Comparing
Fig. 2a, b, c, d, e, f with Fig. 9a, b, ¢, d, e, f, it is
observed that the round profile along the edge of the
resist mask is replaced by the faceted—{110} planes
in the anisotropic etching with high etching rate. While
the strength of the anisotropy is increased, the
faceted—{110} planes would be formed earlier and
the faceted features become more distinct, as shown in
Fig. 9b, ¢, Fig. 10b, c, and Fig. 11b, c. In addition, it is
found that the reductions of the linewidth of the gates

are decreased with the increase of the anisotropic
strength in a comparison of Fig. 9f, Fig. 10f, and Fig.
11f.

(a) £+=50 (b) +=250 (c) r*=500
(d) £=700 (e) r*=800 (D) r==1000

7878 74

ﬂIJ nm
Fig. 9 The numerical simulation for the formation and
evolution of gate profile during anisotropic chemical
etching with high etching rate of &,,,,=0.02 and the
anisotropic strength of 7 =0.18.

(a) r=50 (b) #=250 () r*=500

(d) £#=700 (e) =800 (f) r#=1000

79/ 7%

5" nm

Fig. 10 The numerical simulation for the formation
and evolution of gate profile during anisotropic
chemical etching with high etching rate of
&rnem=0.02 and the anisotropic strength of 7 =0.3.

(a) r*=50 (b) r*=250 (e) r*=500

(d) =700 (e) =800 (H £*=1000

il] nm

Fig. 11 The numerical simulation for the formation and
evolution of gate profile during anisotropic chemical
etching with high etching rate of &,,,,=0.02 and the
anisotropic strength of 7 =0.8.

The identical results from the quantitative measure-
ment based on the surface profile are displayed in Fig.
12. From Fig. 12a, b, it could be noticed that while the
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strength of the anisotropy is changed from 0.18 to
0.8, the reduction ratio of the linewidth is varied from
70% to 30%, as the etch bias is altered from 50nm
to 15nm that is reduced by ~1/3 times. According
to these qualitative and quantitative analyses, the
influence of the anisotropic strength on the surface
profile becomes distinct under the high etching rate.
The increased strength of the anisotropy enhances the
formation of the faceted —{110} planes, and
simultaneously reduces the effect of the undercutting
and the etch bias.
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Fig. 12 The quantitative analyses of the numerical
simulations during anisotropic chemical etching with
high etching rate and different strengths of anisotropy,
(a) the linewidth of the gate, and (b) the etch bias.
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CONCLUSION

In summary, a numerical model based on the
phase-field method is developed to simulate the
evolution of gate profile during chemical etching
process. In this study, the effect of undercutting on the
profile formation is investigated theoretically under
isotropic and anisotropic etching conditions. For an
isotropic etching with a high etching rate, the effect of
undercutting at the edge of the resist mask exert a
significant influence on the surface characteristics to
create the lowest linewidth and largest etch bias after
the etching process. The reactions and behaviors could
be emphasized with the increase of the etching rate; no

matter an isotropic or anisotropic etching is considered.

Oppositely, while the factor of the anisotropic etching
is strengthened, the effect of undercutting could be

J. CSME Vol.41, No.5 (2020)

obviously suppressed to induce the reduction of the
etch bias and the retention of the linewidth of the gate
profile. Furthermore, the features of faceted surface
morphologies along crystallographic planes appear
under anisotropic etching. These numerical
simulations are consistent with the experimental
observations. This theoretical model has well
improved the understanding of the underlying
mechanisms of chemical etching for gate profile with
resist-mask. In addition, the influence of the etching
parameters on the etching behaviors have been
demonstrated systematically to enhance the modern
manufacturing technology by the anisotropic chemical
etching for the development of advanced materials.
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