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An aqueous tetramethylammonium hydroxide (TMAH) solution is widely used for silicon wet anisotropic etching to perform bulk
micromachining for the fabrication of microstructures on a silicon wafer. To reduce the etching time to increase the productivity, etchant
must provide high etch rate. In the present work, the etching characteristics of Si{110} in low concentration TMAH (5 wt%) with the
addition of various concentrations (5-20%) of reducing agent hydroxylamine (NH,OH) have been studied to increase the etch rate of Si
{110} to reduce the etch time for the fabrication of microstructures. Moreover, it is aimed to enhance the undercutting at convex corner
for the fast release of the structure. The etch rate of Si{110} and the undercutting at convex corners with the addition of NH,OH
increases by more than three times that in pure TMAH. In addition to the etch rate and undercutting, the effect of NH,OH on etched
surface morphology is investigated systematically. The present study is focused to enhance the application of wet etching in silicon
micromachining for the fabrication of various kinds of microstructures for applications in microelectromechanical systems.

1. Introduction: Micromachining is an extensively used technique
for the formation of microstructures for microelectromechanical
system (MEMS) applications [1-9]. In silicon micromachining,
wet anisotropic etching gained wide popularity owing to its low
cost and batch production. Although many kinds of etchants are
available for silicon wet chemical etching, KOH and
tetramethylammonium hydroxide (TMAH) are most widely used
[10-21]. In these two etchants, TMAH is very popular because of
its compatibility with complementary metal oxide semiconductor
process and high etch selectivity with silicon dioxide [13, 21-23].
The etching characteristics of TMAH have been studied with
different concentrations ranging from 2 to 40 wt% at different
temperatures. Although the etch rate in low concentrations
TMAH is more than that in high concentrations, the etched
surface is full of hillocks [24]. A smooth silicon surface after
etching and a constant etch rate lead to precise and reproducible
production. The smooth surface can be obtained by doping the
etchant with surfactants such as NC-200, NCW, and
Triton-X-100 [20, 21, 24]. The etch rate is an important
parameter to be considered while selecting an etchant. The low
etch rate directly affects the production rate. Several methods
have been proposed to increase the etch rate such as ultrasonic
agitation and microwave irradiation during etching [25, 26],
adding some additives [27, 28], etching at the boiling point of the
etchant [29, 30]. Each method has its own pros and cons such as
the ultrasonic method may rupture the fragile structures, and
microwave irradiation causes damage.

The wafer manufacturers mainly produce the silicon wafer with
three main crystallographic orientations namely {100}, {110},
and {111}. In wet anisotropic etching, sidewalls of the stable
etched profile are formed by {111} planes as they exhibit slowest
etch rate in all kinds of alkaline solutions. The exposure of the
number of {111} planes and their angle with wafer surface
during etching depends on the orientation of wafer surface. In the
case of Si{100} wafer, four {111} planes emerge during etching
along (110) directions and make an angle of 54.7° with wafer
surface, while on Si{110} wafer {111} planes expose along six
directions in which two slanted (35.3°) at (110) directions and
four perpendiculars at (112) directions [1-3, 31-33]. Hence, the
etching of any arbitrarily shaped mask opening on Si{100} and
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Si{110} wafers results in rectangular and hexagon shape cavities,
respectively. The presence of vertical {111} planes makes {110}
wafers very useful for some specific applications such as fabrication
of microstructures with vertical and smooth sidewalls (e.g. gratings,
channels, electrostatic moving-fibre switch etc.) [1-3, 34-40].
In other words, Si{110} is inevitable when a structure with a verti-
cal sidewall needs to be fabricated using wet bulk micromachining.

In the present work, we have investigated the etching character-
istics of Si{110} in low concentration TMAH without and with the
addition of different concentrations of NH,OH. The main objective
of this work is to improve the etch rate and undercutting at convex
corners which are indispensable for high productivity.

2. Experimental: CZ grown p-type boron doped one sided
polished 4-inch Si{110} wafers with a resistivity of 1-10 Q-cm
are used. Silicon dioxide layer, which is employed as masking
layer in the etching process, is deposited using thermal oxidation.
The oxide layer on a silicon wafer is patterned using the
photolithography process followed by oxide etching in buffer
hydrofluoric acid. Subsequently, the photoresist layer is removed
using acetone and the wafer is thoroughly cleaned in de-ionised
(DI) water. Now the wafer is diced into 2 x 2 cm® rhombus shape
pieces. The samples are then cleaned in H,SO4:H,0,::1:1 (i.e.
piranha bath) followed by a thorough rinse in the DI water. An
oxide layer grown in piranha bath is removed by dipping into 1%
HF for 1 min. A circular-shaped Teflon bowl is used for
anisotropic etchant. To perform etching at a constant temperature,
a constant temperature water bath is used. 5 wt% pure TMAH
with varying concentrations of NH,OH (5, 10, 15, and 20%) is
employed to study the etching characteristics (etch rate, surface
morphology, and undercutting at convex corners) of Si{110}.
Etching is performed at 70+ 1°C. A reflex condenser made up of
glass equipped with the narrow opening is used to avoid the
changes in etchant concentration during the experiment. Silicon
samples are dipped in 1% HF followed by a thorough rinse in DI
water prior to transferring them into etchant. This step is
performed to remove any native oxide layer, which may delay the
etching process. Etched samples are characterised using a 3D
laser scanning microscope (OLYMPUS OLS4000), an optical
microscope (OLYMPU MMG6C-PC), a scanning electron
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Fig. 1 Etch rate of Si{110} with varying concentrations of NHOH at
70 £1°C

microscope (SEM, Zeiss), and Spectroscopic Ellipsometry (J.A.
Woolman Co. Inc.).

3. Results and discussion: The etching characteristics of Si{110}
such as etch rate, etched surface morphology, and undercutting at
convex corners are measured in pure and different concentrations
of NH,OH added 5wt% TMAH solution. The results are
presented and discussed in the following subsections.
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3.1. Etch rate: Etch rate is a very important parameter when etching
is involved in the fabrication process. It is used to calculate the
etching time. In this work, the etch rates of Si{110} are measured
in pure and NH,OH-added TMAH solution. The results are
shown in Fig. 1. As the concentration of NH,OH increases,
the etch rate of Si{l110} increases and saturated when the
concentration reaches up to 15%. The etch rate varies from
0.72 pm/min in pure TMAH to 2.58 um/min in NH,OH-added
TMAH. It means the etch rate increases about 3.6 times when
NH,OH is added to TMAH solution. In addition, the fluctuation
in the etch rate increases with the increase of NH,OH
concentration. Various parameters influence the etch rate of an
etchant such as temperature, loss of reaction species (H,O, OH—,
etc.), solution stratification, diffusion transport, mask pattern
spacing, and structure geometry, amount of substrate already
dissolved in the etchant, etchant impurities, etching time, galvanic
interaction between the etched facets [41]. When the
concentration of NH,OH increases, the reactive species H,O,
OH-, and NH,O- increases. We have calculated the error bar by
taking four measurements at different places on the same sample.
The variation in the etch rate at different locations may be due to
slight variation in one or more parameters at different places. The
present research is focused to study the etching characteristics of
Si{110} in pure and NH,OH-added TMAH solution for
applications in the fabrication of MEMS components using wet
silicon bulk micromachining. The etching mechanism behind the
change is the etching characteristics is not the main focus of this
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(a)

b—f Surface morphology after etching in pure and different concentrations of NH,OH-added 5% TMAH at 70+1°C. (etch time 2 h)

1086
© The Institution of Engineering and Technology 2018

Micro & Nano Letters, 2018, Vol. 13, Iss. 8, pp. 1085-1089
doi: 10.1049/mnl.2017.0610



work. However, the reason for high etch rate in NH,OH added
solution could be due to more accessibility of OH™ ions and H,O
which are available in the etching solution. This can be explained
by the etching mechanism of silicon in alkaline solutions.

Etching of silicon in alkaline solutions is based on the oxidation
of the silicon atoms and back-bond breaking, followed by complex-
ation and silicate dissolution by hydronium ions. This reaction pro-
duces hydrous silica along with hydrogen gas and can be written as
follows [1-3, 10, 42-44]:

Si 4+ 20H" + 2H,0 — Si0,(OH)2™ + 2H,.

When NH,OH is added to TMAH (i.e. alkaline solution), it may act
as an oxidising agent of silicon [45]. This can be explained by the
decomposition of NH,OH in alkaline solution (e.g. TMAH)
[46-48]. In the presence of alkaline solution, NH,OH reacts with
OH™, which gives NH,O™ ions and H,O until it reaches equilibrium
condition [48-50]. Now the active species present in the etchant to
remove silicon atoms are NH,O™, OH™, and H,O. As we know that
the hydrogen-terminated silicon (Si-H) forms a bond with a hy-
droxyl ion (Si—~OH) in pure TMAH solution, which leads to the
ejection of Si atom from the surface [10]. Likewise, we speculate
that the H of Si—H is replaced by NH,O™ in NH,OH-added
TMAH solution. Since oxygen in NH,O™ has more electronegativ-
ity than in OH™, back bonds are broken at a faster rate during the
etching process. Moreover, other intermediate products produced
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Fig. 3 Undercutting at convex corners

a

I, = undercutting length at acute corner 6
[, = undercutting length at obtuse corner ;| ] [

in the reaction may be participating to increase the reaction rate.
This leads to the more ejection of silicon atoms that results in the
enhanced etch rate.

3.2. Etched surface morphology: The etched surface morphology is
the main concern for the applications related to optics and for the
formation of uniform depth cavities. As discussed previously that
the etched surface morphology degrades in low concentration
TMAH. The surface roughness and morphologies of Si{110}
samples etched in pure and NH,OH-added TMAH are presented
in Fig. 2. It can easily be noticed that the surface roughness is
almost same in pure and NH,OH-added TMAH, but the
fluctuation in the surface roughness is more in NH,OH-added
TMAH solution. In other words, it can be stated that the addition
of NH,OH does not influence surface morphology significantly.
In wet chemical etching, the surface morphology of Si{110} is a
result of various factors like etchant concentration and etching
time [51-53], micro-masking and etchant in-homogeneities [24,
41, 54] etc. It is characterised by the formation of zigzag patterns,
triangular shape hillocks on the surface. Among all the main
reasons causing surface roughness in wet chemical etching,
micromasking by the hydrogen bubbles and/or impurities on the
surface during the etching process is a dominating factor to
deteriorate the etched surface morphology [24, 41, 54-56].
Silicate particles, which are formed during etching, cling to the
surface and act as a semi-permeable mask, which inhibits the

<110>
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d = etch depth
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a Schematic view of a mask pattern comprising convex corners (i) before etching and (ii) after etching

b SEM image after etching

¢ Undercutting rate (um/h) at (i) acute (/,/¢) and (ii) obtuse (/,/¢) convex corners

d Undercutting ratio at (i) acute (/,/d) and (ii) obtuse (/,/d) convex corners etched in 5 wt% TMAH without and with varying concentrations of

NH,OH at 70+ 1°C

Micro & Nano Letters, 2018, Vol. 13, Iss. 8, pp. 1085-1089
doi: 10.1049/mnl.2017.0610

1087
© The Institution of Engineering and Technology 2018



o— - !

100um -~ - |100pm

30pm

= N =
EHT =5kV; signal A =SE1 EHT =5kV;  signal A =SEl
WD=12.0mm; Mag=152KX WD=11.5mm; Mag=150KX

b

Fig. 4 SiO; cantilever beams released in NH,OH-added TMAH
a Optical image of oxide mask pattern after lithography
b SEM micrographs of released cantilevers

etching and initiates the zigzag pattern on the etched surface. These
particles end up on the zigzag noses [55]. Figs. 2b—f show
qualitative changes in the morphologies of Si{110} etched in
pure 5wt% TMAH (Fig. 2b) and different concentrations of
NH,OH-added TMAH (Figs. 2¢—f). It can be seen that the
etched surface comprises of broad zigzags (Figs. 256 and f'), long
thin zigzags (Figs. 2c¢ and d), and patterns with crumbled noses
(Fig. 2e).

3.3. Undercutting at convex corners: Undercutting is the lateral
etching which takes place under the masking layer. It is a
desirable feature at the convex corner for the fabrication of
overhanging structures. For example, the realisation of suspended/
freestanding microstructures made of materials such as P*—Si,
SiO,, and Si3Ny, silicon beneath a structural component needs to
be removed via bulk micromachining for the application in
MEMS devices. Hence, a high undercut rate is desirable for the
fast release of the structure. A schematic view and the SEM
image of a rhombus formed by (112) directions on Si{110}
surface contain vertical {111} planes at the mask edges and
comprises acute and obtuse corners are presented in Fig. 3. The
undercutting at two different types of corners (acute and obtuse)
on the Si{l110} surface has been measured along the (112)
direction using a 3D laser scanning microscope fitted with a
linewidth measurement system. The undercutting rate
(undercutting length (/)/etch time (¢)) and the undercutting ratio
(undercutting length (/)/etch depth (d)) in pure and
NH,OH-added 5 wt% TMAH at acute and obtuse corners are
presented in Figs. 3¢ and d, respectively. It can easily be noticed
in graphs that the undercutting rate (/) at both types of corners
increases significantly when NH,OH is added to the solution.
The undercutting at the convex corner is widely investigated
[2, 21, 31, 33, 57-61]. All studies suggest that the undercutting at
convex corner takes place due to the appearance of high etch rate
planes. High etch rate planes at convex corners are usually high
index planes. The increase in undercutting indicates that the etch
rate of high index planes also dramatically improves when
NH,O0H is added into TMAH. The increment in undercutting is
more than three times to that in pure TMAH. As mentioned
earlier, high undercutting is advantageous for the fabrication of
suspended structures. Hence, the NH,OH-added TMAH is useful
for the fabrication of freestanding structures. Undercutting ratio
(undercutting length (/)/etch depth (d)) is an important parameter
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to be calculated for the design of the compensation pattern for the
protection of convex corners [61]. It can easily be determined
using the etch rate data and undercutting rate presented in Figs. 1
and 3, respectively.

To demonstrate the application of NH,OH-added TMAH for the
formation of suspended structures, SiO, cantilever beams are fabri-
cated. Fig. 4a presents the optical images of cantilever beam shape
structures patterned on the oxidised Si{110} wafer using photolith-
ography and oxide etching, while Fig. 4b shows SEM images of
suspended SiO, cantilevers on the Si{110} surface. The fabricated
structures indicate that the NH,OH-added TMAH, which provide
high undercutting, is suitable for the fabrication of microstructures
for MEMS applications.

4. Conclusions: Low concentration TMAH doped with varying
concentration of reducing agent NH,OH has been characterised
by silicon bulk micromachining to fabricate microstructures on
Si{110} wafers for MEMS applications. The etchant is
characterised by evaluating the etch rate, etched surface
morphology, and undercutting at convex corners. 10-15%
NH,0OH-added TMAH 1is an optimal choice to achieve a high
etching rate and undercutting. The significant increment in the
etch rate and undercutting is a very useful characteristic for
the fabrication of microstructures in less time that leads to the
improvement in productivity. The research presented in this study
has great potential to promote the application of wet etching
in MEMS.
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