
 

 

Abstract— In this paper, we present and analyze etching of 

parallelogram patterns in the masking layer on a (100) silicon in 

25 wt % TMAH water solution at the temperature of 80 0C. Sides 

of parallelogram islands in the masking layer are designed along 

<n10> and <100> crystallographic directions. A 3D simulation of 

the profile evolution from these patterns during etching of silicon 

using the level set method is also presented. We determined all 

crystallographic planes that appear during etching in the 

experiment and obtained simulated etching profiles of these 3D 

structures. A good agreement between dominant 

crystallographic planes through experiments and simulations is 

obtained.  

 

Index Terms—silicon; wet etching; TMAH; simulation; level 

set method.  

 

I. INTRODUCTION 

Because of its advantages to other etchants (high selectivity 

to thermal oxide, very smooth etching surface, integrated 

circuits process compatibility), wet etching of a (100) silicon 

substrate in tetramethylammonium hydroxide (TMAH) water 

solution was intensively studied [1-26]. Etched silicon shapes 

are limited by the mask pattern designs and the etching 

anisotropy of TMAH water solution. Because of the 
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differences in etch rates [2-8] during anisotropic wet etching 

some crystallographic planes will appear, while others will 

disappear. The most used etching patterns in the masking 

layer in the fabrication of various sensors and actuators were 

rectangular patterns with sides along <110> and <100> 

crystallographic directions. In the previous studies of silicon 

wet etching [1-26], processes were conducted using various 

etching solutions of TMAH at different temperatures and 

silicon wafers of various crystallographic orientations. 

Etching of square patterns with sides along <100> 

crystallographic directions was analyzed in [9,25]. Etching of 

octagonal patterns with sides along <210>, <310> and <410> 

crystallographic directions was discussed in [9] for TMAH 

water solutions. In our previous paper [25], we studied silicon 

etching of square and circle patterns in the masking layer 

when 25 wt % TMAH water solution is used at the 

temperature of 80 
0
C. The sides of square patterns in the 

masking layer were designed along predetermined <n10> 

crystallographic directions. Authors in [26] explored etching 

of a (110) silicon using parallelogram patterns with sides 

along <110> and <210> crystallographic directions. 

This paper presents our further work on a (100) silicon 

etching in 25 wt % TMAH  water solution at the temperature 

of 80 
0
C. For the first time etching of parallelogram patterns 

in the masking layer with sides that are designed along 

determined crystallographic directions <n10> (1<n<10) and 

<100> is analyzed. A 3D simulation of the profile evolution 

from these patterns islands during etching of silicon based on 

the level set method is presented. The level set method for 

evolving interfaces belongs to the geometric type of methods, 

and it is specially designed for profiles that can develop sharp 

corners, change of topology and undergo orders of magnitude 

changes in speed. All simulations are performed using a three-

dimensional (3D) anisotropic etching simulator based on the 

sparse field method for solving the level set equations, 

described in our previous publications [27-33]. Pictures of the 

simulated etching profiles are rendered by Paraview 

visualization package [34]. We presented the simulated 

etching profiles and SEM micrographs to demonstrate all 

exposed crystallographic planes. Our aim is to observe and 

analyze the appearance of crystallographic planes and verify 

agreement of simulation with experimental results. Knowing 

the evolution of crystallographic planes during etching 

enables easy fabrication of various 3D silicon structures that 

can be used in the design of sensors and actuators.  

II. EXPERIMENTAL WORK 

Phosphorus-doped {100} oriented 3” silicon wafers 

(Wacker, SWI) with mirror-like single or double side polished  
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Fig. 1. Simulated etching profiles and SEM micrographs of the etched parallelogram patterns with sides along <100> and: (a) <210> directions; (b) <310> 
directions. Enlarged details of etched acute angles in the masking layer in both cases. 

 

 

 

 
Fig. 2. Simulated etching profiles and SEM micrographs of the etched parallelogram patterns with sides along <100> and: (a) <410> directions; (b) <510> 

directions. Enlarged details of etched acute angles in the masking layer in both cases. 

 



 

surfaces and 1-5 cm resistivity have been used. Anisotropic 

etching has been done in pure TMAH 25 wt. % water solution  

 (Merck). The etching temperature was 80 
0
C. Wafers were 

standard cleaned and covered with SiO2 thermally grown at 

1100 
0
C in an oxygen ambient saturated with water vapour (at 

least 1 μm thick). SiO2 was etched in BHF in a 

photolithographic process in order to define parallelogram 

patterns along determined crystallographic directions. Again, 

wafers were subjected to standard cleaning procedure and 

were dipped before etching for 30 s in HF (10 %) to remove 

native SiO2 followed by rinsing in deionized water. Etching of 

whole 3” wafer was carried out in a thermostated glass vessel 

containing about 0.8 dm
3
 of the solution with electronic 

temperature controller stabilizing temperature within 0.5 
0
C. 

The vessel was on the top of a hot plate and closed with a 

teflon lid that included a water-cooled condenser to minimize 

evaporation during etching. The wafer was oriented vertically 

in a teflon basket inside the glass vessel. Throughout the 

process, the solution was electromagnetically stirred with a 

velocity of 300 rpm. After reaching the desired depth, the 

wafer was rinsed in deionized water and dried with nitrogen. 

 

III. RESULTS AND DISCUSSION 

 Parallelogram patterns in the masking layer are designed 

with sides that are along determined crystallographic 

directions <n10> (1<n<10)  and <100>. The acute corners of 

islands in the masking layer formed by <n10> and <100> 

crystallographic directions are larger than 45
0
 and smaller 

than 90
0
. The values of acute corners are given in Table 1. 

Different 3D shapes are obtained during etching of silicon in 

25 wt %. In the cases of n<7 during etching initial acute 

angles are split into two angles in the masking layer. In the 

case of n=2, they are acute and obtuse angles. In the case of 

n=3, they are right and obtuse angles. In other cases, we have 

two obtuse angles. The sidewalls of the first convex corners 

angle are defined only by {n11} and {311}-{301} (or {401}-

{203}) families at the beginning of etching [25], as shown in 

Fig. 1-3. This is similar to the etching of square patterns in the 

masking layer with sides along <n10> crystallographic 

directions [25]. The sides of obtuse convex corners angles are 

defined by {100} and {311} families at the beginning of 

etching. In the cases of 6<n<10 during etching initial acute 

angles are split in three obtuse angles in the masking layer 

The sidewalls of the central convex corners angles are defined 

by two planes of {311} families at the beginning of etching 

[25], as shown in Fig. 3-4. This is similar to the etching of 

square pattern in the masking layer with sides along <100> 

crystallographic directions [25]. The sidewalls of two other 

obtuse convex corners angles are defined by {100} and {311} 

families or {n11} and {311}-{301} (or {401}-{203}) 

families. The etch depth in Fig. 1-4 is 55 m. Appearance of 

{301} families is hard to observe in the simulated etching 

profiles. These planes have smaller surface areas than the 

dominant ones. The planes obtained in the simulation are 

more round and the edges of the convex corners tend to soften 

[12-13,25]. 

 

 

 

 
Fig. 3. Simulated etching profiles and SEM micrographs of the etched parallelogram patterns with sides along <100> and: (a) <610> directions; (b) <710> 

directions.  Enlarged details of etched acute angles in the masking layer in both cases. 



 

 

 

 

 

 

TABLE I 
THE VALUES OF ACUTE ANGLES OF THE PARALLELOGRAMS 

 

Crystallographic direction 

<n10> 

Acute angle 

[ 
o
] 

<210> 63.4 

<310> 71.6 

<410> 76 

<510> 78.7 

<610> 80.5 

<710> 81.9 

<810> 82.9 

<910> 83.7 

 

 The etching of island obtuse corners in the masking layer 

is the same for all cases except n=2, as shown in figures 1-4. 

During etching initial obtuse angles are split into three obtuse 

angles in the masking layer. The sidewalls of the first obtuse 

angle are defined by {311} and {n11} planes. The sidewalls 

of the second obtuse angle are defined by two planes of {311} 

family. This is similar to etching of square pattern in the 

masking layer with the sides along <100> crystallographic 

directions [25]. The sidewalls of the third obtuse angle are 

defined by {311} and {100} planes. For the case of n=2, the 

obtuse convex corner split only into two obtuse angles. The 

sidewalls of the first obtuse angle are defined by {311} and 

{211} planes. The second obtuse angle is defined by planes of 

{311} and {100} families. 

 

 

 
Fig. 4. Simulated etching profiles and SEM micrographs of the etched parallelogram patterns with sides along <100> and: (a) <810> directions; (b) <910> 

directions. Enlarged details of etched acute angles in the masking layer in both cases. 

 

 

 

As etching continues sides planes of {311} family from the 

nearby convex corners become dominant and planes of {n11} 

(n>2) and {100} families disappear. The obtained shape is a 

truncated pyramid with the sidewalls defined by {311} and 

{301} families. The base of the pyramid in the masking layer 

is parallelogram with the sides along <310> crystallographic 

directions. In the case of n=2, the sidewalls are defined by 

{211}, {311} and {301} families. The base of the pyramid in 

the masking layer is parallelogram with sides along <310> 

and <210> crystallographic directions. 

 

IV. CONCLUSION 

 

In this paper, we studied silicon etching of parallelogram 

patterns in the masking layer in 25 wt % TMAH water 

solution at the temperature of 80 
0
C. The sides of 

parallelogram islands were designed along <n10> and <100> 

crystallographic directions. We analyze the etching of islands 

in the masking layer using both the experiments and the 

simulations. All the crystallographic planes that appear during 

etching of silicon structures are determined. A good 



 

agreement between dominant crystallographic planes through 

experiments and simulations is obtained. A comprehensive 

insight into the evolution of parallelogram patterns for 

different crystallographic directions can provide new ideas for 

the successful mask design of silicon microdevices. 
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