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Abstract. Microstructures for microelectromechanical system (MEMS) appli-
cations are widely fabricated using silicon wet bulk micromachining technique.
In this method, potassium hydroxide (KOH) is one of the most used anisotropic
etchants. It provides high etch rate when it is modified by the addition of hydroxy-
lamine (NH2OH).Moreover, it shows high undercuttingwhich is a desirable prop-
erty for the fabrication of overhanging microstructures. In this paper, the effect
of isopropyl alcohol (IPA) in NH2OH-added KOH on the etching characteristics
of Si{100} and Si{110}) is systematically studied. The results are compared with
the etching characteristics of IPA-added pure KOH. The undercutting rate reduces
drastically when IPA is added to NH2OH + KOH which protects the convex cor-
ners of the structures during etching process. At the same time, the etch rate of
{110} plane is suppressed considerable which is exploited to expose {110} plane
at the mask edges aligned along <100> direction on {100} surface that makes
45° angle with {100} surface and act as a micromirror.

Keywords: Wet bulk micromachining ·MEMS · High speed anisotropic
etching · 45° micromirrors · KOH · NH2OH · IPA

1 Introduction

Wet anisotropic etching is a simple and cheap fabrication process, which is exten-
sively used in silicon micromachining for the fabrication of microstructures for micro-
electromechanical systems (MEMS) [1–8]. Potassium hydroxide (KOH) and tetram-
ethylammonium hydroxide (TMAH) are most used alkaline solutions in silicon wet
anisotropic etching [1]. KOH exhibits higher etch rate and improved etch selectivity
between Si{100}/Si{110} and Si{111} in comparison to TMAH. Etch rate is a very
important etching parameter that affects the industrial production. To improve the etch
rate, various methods such as microwave irradiation, ultrasonic agitation, etching tem-
perature at the boiling point of etchants, etc. are investigated [9]. To obtain smooth
etched surface morphology, effects of alcohols and surfactants are investigated [10–15].
Recently, we reported the etching characteristics of silicon in various concentrations
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of NH2OH-added 20 wt% KOH [4, 16–19]. The addition of NH2OH in 20 wt% KOH
considerably increases the etch rate and the undercutting at convex corners. Moreover,
it improves etch selectivity between Si and SiO2.

The addition of IPA in KOH suppresses the etch rate of Si{110} planes. Therefore
{110} planes expose at<100>mask edge on Si{100} surface that makes an angle of 45°
with wafer surface. As 15% NH2OH-added 20 wt% KOH provides very high etch rate
and undercutting, the study of the effect of IPA in this etchant composition is required.
In this paper, the effect of IPA on the etching characteristics of Si{100} and Si{110} in
20 wt% KOH and 15% NH2OH + 20 wt% KOH is studied.

2 Experimental Details

4-inch Cz-grown {100} and {110} oriented p-type silicon wafers with resistivity of 5–
10 � cm are used. A thermally grown silicon dioxide of 1 µm thickness is employed
as etch mask for the selective etching of silicon. The first step of the experimental
process is to pattern the oxide layer by photolithography. Silicon dioxide is etched
out in buffered hydrofluoric acid (BHF) followed by cleaning in running DI water.
Thereafter, the wafer is diced into small chips (2 × 2 cm2). Diced chips are cleaned in
a piranha bath (H2O2:H2SO4::1:1), then thoroughly rinsed in running DI water. Prior
to dipping these chips in an etchant, oxide layer grown in piranha bath is removed
in 1% hydrofluoric acid (HF) followed by cleaning in DI water. To prepare 20 wt%
KOH solution, KOH pellets (99.99%, Alfa Aesar) are dissolved in DI water. Aqueous
NH2OH solution is used to prepare 15% NH2OH + 20 wt% KOH. To study the effect
of IPA on the etching characteristics of Si{100} and Si{110}, different concentration
IPA is added to KOH and NH2OH + KOH solutions. All experiments are performed
at a fixed temperature of 75 ± 1 °C. A reflux condenser is used to avoid any change in
etchant concentration during the etching process. Etch depth, etched surface roughness,
and undercutting at convex corners are measured using a 3D laser scanning microscope
(Olympus, OLS4000). Scanning electron microscope (SEM) is used to inspect various
kinds of microstructures.

3 Results and Discussion

Etching characteristics of Si{100} and Si{110} (i.e., etch rates, etched surface mor-
phologies, undercutting at convex corners) are investigated in KOH and NH2OH +
KOH without and with addition of different concentration IPA. The results obtained in
different etchant compositions are compared. Etching characteristics are methodically
presented in the following subsections.

3.1 Etch Rate

The study of etch rate is very important in the fabrication of MEMS structures such
as grooves and cavities. Figure 1 shows the etch rates of {100} and {110} planes in
20 wt% KOH and 15% NH2OH-added 20 wt% KOH without and with the addition of
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different concentration IPA. It can easily be noticed that the etch rates of both Si{100}
and Si{110} drastically decreases as the concentration of IPA increases and attain almost
minimum value if the concentration of added IPA increases more than 6%. In the case of
Si{110}, the decrease in etch rate significantly higher than that of Si{100}. This property
of etching is very useful to fabricate 45° mirror on Si{100} surface by exposing {110}
planes at <100> mask edges [11].

Fig. 1. Etch rate of (a) Si{100}, (b) Si{110} in 20 wt% KOH and 15% NH2OH-added 20 wt%
KOH solutions without and with different concentration IPA at 75 ± 1 °C.

In IPA-addedKOH solution, IPAmolecules form a layer on the silicon surface, which
protects the silicon surface from the reactants [12, 13, 20]. Therefore, the etch rate of
silicon reduces on the addition of IPA. Recently, we reported the etching mechanism
of silicon in NH2OH-added KOH [16–19]. In NH2OH-added KOH, H2O is the main
reactive molecule, while NH2O− and OH− work as catalysts. When IPA is added to
NH2OH+ KOH, the etch rate of silicon is suppressed as shown in Fig. 1. It may be due
to the adsorption of IPA molecules on the silicon surface that reduces the diffusion of
reactants and catalysts to silicon surface. This is schematically presented in Fig. 2.

Fig. 2. Schematic diagrams of Si{100} surface (a) without and (b) with isopropyl alcohol (IPA)
layer in IPA + NH2OH + KOH solution during etching process.
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Fig. 3. Surface roughness and corresponding 3D laser scanning microscope images of Si{100}
etched in 20 wt% KOH and 15% NH2OH-added 20 wt% KOH solutions without and with the
addition of different concentration IPA at 75 ± 1 °C (etching time: 2 h).

3.2 Etched Surface Roughness and Morphology

Surface roughness is one of the important concerns, especially when it is used for optical
and solar cell applications [21, 22]. Figures 3 and 4 show the surface roughness of
Si{100} and Si{110}, respectively, planes in 20 wt% KOH and 15% NH2OH-added
20 wt% KOH without and with the addition of different concentration IPA. In both
cases, surface roughness is improved when 6% (or more) IPA is added in the etchant.
The main cause of the formation of hillocks on the surface is the generation of hydrogen
bubbles on the surface being etched and/or the stiction of impurities and byproducts on
the surface [1]. The addition of IPA might reduce the surface tension of the etchant, or
the IPA layer does not allow the formation of bubbles on the surface [1, 20].
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Fig. 4. Surface roughness and corresponding 3D laser scanning microscope images of Si{110}
etched in 20 wt% KOH and 15% NH2OH-added 20 wt% KOH solutions without and various
concentration IPA at 75 ± 1 °C (etching time: 2 h).

3.3 Undercutting

Undercut rate is an important etching characteristic that is advantageously used to release
the suspended structures [23–25]. On the other hand, it is an unwanted effect when mesa
structures are fabricated with protected convex corners. Figure 5 shows the undercut
rate and corresponding 3D laser scanning microscope images of the convex corners on
Si{100} etched in pure and NH2OH-added KOH solution without and with addition
of different concentration IPA. It can easily be noticed in Fig. 5 that the undercut rate
suppressed significantly when IPA is added in pure and NH2OH-added KOH. It is well
known that the undercut rate reduces due to the reduction of etch rate of high index
planes that are exposed at the convex corner during the wet anisotropic etching process
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Fig. 5. Undercutting rate and corresponding 3D laser scanning microscope images of convex
corner on Si{100} after etching in 20 wt% KOH and 15% NH2OH-added 20 wt% KOH solutions
without and with addition of IPA at 75 ± 1 °C.

[1, 20]. In this case, IPA layer forms on the high index planes appearing at convex corners
during etching process that protect the convex corner from the main reactive elements.

Mesa and cavity structures are successfully fabricated on Si{100} in IPA-added
20 wt% KOH and 15% NH2OH + 20 wt% KOH solutions as presented in Fig. 6. It can
easily be observed that the fabrication of mesa/cavity with same height/depth requires
less etching time in IPA+NH2OH+KOH in comparison to that in IPA+KOHsolution.
Thus, the fabrication of mesa and cavity structures with a higher etch rate, is very useful
for the fabrication microstructures with 45° sidewalls that act as micromirror [11].
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Fig. 6. SEM images of mesa and cavity structures with <100> edges on Si{100} formed in
20 wt% KOH and 15% NH2OH-added 20 wt% KOH solutions with the addition of various
concentrations IPA at 75 ± 1 °C.



288 A. V. Narasimha Rao and P. Pal

4 Conclusions

The effect of IPA on the etching characteristics of silicon (i.e., etch rate, surface rough-
ness, and undercutting) in 20% KOH and 15% NH2OH + 20 wt% KOH solutions is
methodologically investigated. The addition of IPA suppresses the etch rate and improves
the etched surface morphology. The etch rate of Si{110} is more drastically reduced in
comparison to that of Si{100}. This property is exploited to form 45° mirror on Si{100}
surface. Moreover, the undercutting rate in both KOH and NH2OH+KOH is influenced
dramatically on the addition of IPA, which is desirable property to form well shaped
mesa structures on Si{100}. Surface morphology in IPA + NH2OH + KOH follows
the same trend as IPA + KOH. Finally, it can be concluded that the addition of IPA
affects the etching characteristics of both KOH and NH2OH + KOH significantly and
the selection of the etchant depend upon the requirement of undercutting, etch rate and
surface morphology.
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