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Abstract 
 

Undercutting is a common problem in wet anisotropic etching. This problem in turn, 

influences the performance and sensitivity of MEMS devices. This paper investigates the use 

of corner compensation to prevent convex corner undercutting in a MEMS piezoresistive 

accelerometer. The Intellisuite CAD simulation software was used for designing the mask with 

corner compensation and for analysing wet anisotropic etching profiles in potassium 

hydroxide (KOH) and tetra-methyl-ammonium-hydroxide (TMAH) solutions at different 

concentrations and temperatures. Perfect 90 degrees corners on the proof mass  was 

successfully etched using a corner compensation design at etching temperature of 63 °C for 

KOH and 67.7 °C for TMAH with 25 wt% and 10.3 wt% concentration levels, respectively. 

Etching in TMAH required lower concentration level, thus making the etching process safer. 

However, TMAH required longer time to etch perfect convex corners compared to KOH. 

Nevertheless, both KOH and TMAH etchants have been successfully used to etch perfect 

convex corners by using the designed corner compensation mask.   

 

Keywords: Convex corner undercutting, MEMS piezoresistive accelerometer, Intellisuite CAD, 

KOH, TMAH 

 

Abstrak 
 

Keadaan potong bawah merupakan satu masalah yang biasa dalam punaran anisotropik 

basah. Masalah ini selanjutnya mempengaruhi prestasi dan sensitiviti peranti MEMS. Kertas 

kerja ini mengkaji penggunaan pampasan penjuru untuk mengelak keadaan potong 

bawah penjuru cembung pada meter pecut piezorintang  MEMS. Perisian simulasi Intellisuite 

CAD digunakan untuk mereka bentuk topeng dengan pampasan penjuru dan juga 

digunakan bagi menganalisis profil punaran anisotropik basah dalam larutan kalium 

hidroksida (KOH) dan tetra-metil-amonium-hidroksida (TMAH) pada kepekatan dan suhu 

yang berbeza. Penjuru sudut 90 darjah yang sempurna berjaya dipunar pada proof mass 

dengan menggunakan reka bentuk pampasan penjuru pada suhu punaran 63 °C bagi KOH 

dan 67.7 °C bagi TMAH dengan tahap kepekatan KOH pada 25 wt% dan TMAH pada 10.3 

wt%. Punaran dalam TMAH memerlukan kadar kepekatan yang lebih rendah, sekaligus 

menjadi proses punaran lebih selamat. Namun begitu, TMAH mengambil masa yang lebih 

lama untuk menghasilkan punaran penjuru cembung yang sempurna berbanding KOH. 

Walau bagaimanapun, kedua-dua larutan KOH dan TMAH berjaya digunakan untuk 

menghasilkan punaran penjuru cembung sempurna dengan menggunakan topeng 

pampasan penjuru yang direka. 

 

Kata kunci: Keadaan potong bawah penjuru cembung, sensor MEMS Piezoresistor, Intellisuite 

CAD, KOH, TMAH 

© 2016 Penerbit UTM Press. All rights reserved 
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1.0  INTRODUCTION 
 

The Micro-electro-mechanical systems (MEMS) 

accelerometer is an important device used in various 

fields, such as the automobile industry, biomedical 

instruments, robotic systems, navigation, electronic 

devices and aerospace application. Piezoresistive, 

capacitive and piezoelectric acceleration sensing 

principles are commonly used to convert mechanical 

motion into an electrical signal; with each sensing 

principle having its advantages and limitations. This 

paper studies a MEMS piezoresistive accelerometer for 

its simple structure, simple fabrication process and 

read out circuit compared to other accelerometers. 

Additionally, they are less susceptible to parasitic 

capacitance and electromagnetic interference as 

well as have low loading effects [1]. Moreover, 

accelerometers developed by using other techniques 

(capacitive, piezoelectric and tunneling) require 

further attention due to complex fabrication 

technologies and other related issues, such as 

optimization of on-chip interface circuitry, packaging 

and noise reduction techniques [2]. High precision bulk 

micromachining by wet chemical etching has been 

used to shape intricate three-dimensional structures, 

such as proof masses, cantilevers, diaphragms, 

trenches and nozzles on silicon substrates [3]. Although 

dry etching techniques (RIE and DRIE) are employed 

for high aspect ratio in silicon micromachining, wet 

chemical etching still dominates over dry etching due 

to its low process cost, simple etch setup, higher etch 

rate, better surface smoothness, high degree of 

anisotropy and lower environmental pollution [4]. 

Previous literature has reported that etching 

parameters, such as temperature and concentration 

of the etchants are important factors that can affect 

the corner undercutting of MEMS structures [5]. 

Potassium hydroxide (KOH) and tetra-methyl-

ammonium-hydroxide (TMAH) are the most widely 

used etchants in anisotropy wet etching. Both have 

their own advantages and disadvantages. KOH 

provides a very high R {100}/R {111} ratio, where R is 

the etch rate of the corresponding planes, but it shows 

very poor selectivity between Si and SiO2. Moreover, it 

is not compatible with the complementary metal–

oxide semiconductor (CMOS) process. In contrast, 

TMAH is CMOS compatible and provides very good 

selectivity between Si and SiO2, but with etch rate ratio 

of R {100}/R {111} that is lower than KOH [6]. However, 

one of the critical problems that occur during wet 

anisotropic etching of MEMS structures is the 

deformation of the edges due to undercutting [7], [8]. 

The undercutting at convex corners occurs due to the 

emergence of high indices crystallographic planes. 

These planes have high etch rates compared to {100} 

planes [6]. Various techniques have been proposed 

for etching perfect convex corners, such as corner 

compensation structures, local oxidation of silicon 

(LOCOS) processes [9], lithography on anisotropic 

etched patterns [6], combination of masked and 

maskless anisotropic etching [10], shifting of the proof 

mass’ vertical edges towards its center [2], and adding 

surfactants to the etching solution [11]. Among these 

techniques, the corner compensation method is the 

most widely used technique for the fabrication of 

sharp convex corners [6]. This paper investigates the 

undercutting phenomenon at convex corners of thin 

flexures of piezoresistive accelerometer in KOH and 

TMAH solutions, which involves the design of corner 

compensation masks. 

 

1.1 MEMS Piezoresistive Accelerometer 

 

Piezoresistive accelerometer measures the electrical 

resistance of a material when mechanical stress is 

applied. According to the topological configurations 

of the sensing elements, the reported piezoresistive 

accelerometers can be classified into single clamped 

beams, double clamped beams, axially loaded 

beams and some special sensing structures with 

several combinations of the configurations [12].  

In this work, the accelerometer was designed based 

on double clamped beams. The designed 

accelerometer consisted of a proof mass suspended 

by four thin flexures that were fixed to an outer 

supporting frame, as shown in Figure 1a [1]. The frame 

was fixed to the system, whose acceleration was to be 

measured. As the system accelerated, the frame 

moved with it. The proof mass, due to its inertia, will try 

to remain in its earlier position. In the process, it will get 

deflected up and/or down, depending on the 

direction of the motion of the system. As a result, stress 

will develope at the frame and at the end of each 

flexure.  

 

Figure 1a Structure of a piezoresistive accelerometer [1] 

 

 

To measure the stress, two piezoresistors were 

implanted at the maximum stress points on each 

flexure; one in the frame end and another in the proof 

mass’ end. Overall, eight piezoresistors were 

connected in a Wheatstone Bridge configuration for 

acceleration measurement. In a piezoresistive sensing 

mechanism, the change in the resistance value of the 

diffused resistors is proportional to the developed 

stress, which is proportional to the displacement of the 

proof mass. In this study, the fixed–fixed quad beam 

bridge-type structure was considered. The deflection 
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(ΔZ) of the proof mass, for Z-axis acceleration is given 

by Equation 1 [13]:  

 

                                                (1) 

 
where, M is the mass of the proof mass, az is the 

acceleration along z-axis, and E is the Young’s 

modulus for silicon. Meanwhile, lb, w and h are the 

length, width and thickness of the flexures, 

respectively, and Kz is the spring constant of the 

structure along z-axis. 

The change in the resistance value of each 

piezoresistor has to be determined to measure the 

applied acceleration in the desired direction. The 

change in current through each piezoresistor will be 

obtained and thus, the new resistance value of each 

piezoresistor will be determined for a particular 

acceleration. Subsequently, changes in resistance 

(ΔR) and the ratio, ΔR/R can be calculated. Prime-axis 

sensitivity (S) of the device is defined as the change of 

output voltage (ΔV) per relative change of applied 

acceleration (ΔA), given by Equation 2 [13]: 
 

                              (2) 

 

where Vs is the Wheatstone bridge supply voltage. 

The change in the output voltage of the Wheatstone 

bridge is calculated using Equation 3 [13]: 

 

 

                 
                                                                (3) 

 

The problems of undercutting at the convex corners 

will reduce the sensitivity of the MEMS accelerometer 

since sensitivity is dependent on the area of the proof 

mass. The undercutting problem occurs because of 

the deformation of the square corner edges. It will 

reduce the area of the proof mass, hence reducing 

the sensitivity of the sensor. Thus, the undercutting 

problem is one of the crucial problems that must be 

solved in order to achieve a better performance. 

 

1.2 Corner Compensation Techniques 

 

Undercutting at convex corners occurs due to the 

emergence of high indices crystallographic planes [6]. 

With the corner compensation method, extra masks 

called the compensation structures are added at the 

convex corners. In order to obtain an accurate, short 

etching time and space efficient designs, various 

shapes of corner compensation structures have been 

proposed. Among them, the square compensation is a 

space efficient compensation, but it cannot give 

perfect convex corners [14]. However, the most widely 

used shape is the <100> oriented compensating beam 

as it can give perfect convex corners and has a simple 

design [8]. In this design, the width (Wc) of the 

additional mask is influenced by the etching depth (d) 

of the groove: Wc = 2 d, as shown in Figure 1b [15]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1b The <100> oriented compensating beam [15] 

 

 

2.0  METHODOLOGY 
 
The structure of the accelerometer was based on the 

research work by A.Ravi Sankar et al. [1]. The 

accelerometer was designed for aircraft motion 

sensing applications and the performance 

specification of this device is as proposed by A.Ravi 

Sankar et al. [1]. The masks of the accelerometer were 

modeled and visualized using AniSE, the Intellisuite 

Simulation software. The structural parameters of the 

accelerometer are given in Table 1. The masks used for 

the etching of the accelerometer are shown in Figure 

2. The shape of the corner compensation masks used 

in this study is detailed in our previous paper [16]. The 

dotted lines in Figure 3 show the masks of the corner 

compensation design. Points A and B indicate the 

meeting point where undercut areas often occur. The 

theory states that the width depends on the etching 

depth: Wc = 2 d, where Wc and d are the width and 

the etch depth, respectively [15]. The width of this 

compensation mask was fixed at 246 µm since the 

etch depth was 123 µm. Meanwhile, the value of x was 

determined by adjusting point C via trial and error 

during simulations. The value of x in this design was 

determined to be 368 µm. The mask of the 

accelerometer with the corner compensation model 

was simulated using KOH and TMAH etchant solutions. 

A comparison of significant etching parameters was 

done for both etchants. 
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Table 1 Dimensions of accelerometer [1] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 2 (a) Top mask; (b) Bottom mask; (c) cross section view of accelerometer’s mask (all dimensions are in micrometers) 
 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

                                                Figure 3 Corner Compensation Design 

Element 

Dimensions 

Length Width Thickness 

(µm) (µm) (µm) 

Proof mass 

3360 

(Front side) 

3080 

(Back side) 

3500 

(Front side) 

3500 

(Back side) 

270 

Flexures 1200 250 30 

Piezoresistors 200 20 2 

Overall 

Dimensions 
8000 8000 1270 

(c) 
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3.0  SIMULATION RESULTS AND DISCUSSIONS 
 
3.1  Convex Corner Analysis in KOH Solution 

 
Figure 4 shows the variation of (1 0 0) silicon etch 

rates for five different KOH concentrations; 15, 20, 25, 

30, 35 wt%, and at different etching temperatures, 

ranging from 40 – 85 °C. The graph indicates that the 

silicon etching rate had continuously increased when 

the temperature was increased, irrespective of KOH 

solution concentration. More importantly, the graph 

also displays the almost identical results for KOH 

concentrations of 15 to 25 wt% for temperature of 

lower than 70°C. As indicated in Figure 5, the etching 

time to realize the perfect convex corners using KOH 

etchant was 3.8 hours. Then, this etching time was 

used for further analysis in order to identify the 

optimum temperature and concentration for the 

perfect convex corner, as shown in Figure 6. The 

lower temperature should be carried out to control 

the flexures’ thickness [1]. In order to validate this 

requirement, the analysis was extended to include 

temperature of lower than 70 °C, as shown in Figure 

6. This figure shows that the small changes in 

temperature had affected the undercutting structure 

dramatically. Nonetheless, it shows only a small effect 

on the structure when the concentration was 

increased. From Figure 6, it was observed that for 

temperature of lower than 63 °C, there was still a 

surplus on the compensation structure, while for 

temperature of higher than 63 °C, the undercutting 

problem had occurred. The simulation results have 

shown that under the protection of the added corner 

compensation mask, the perfect convex corners 

were entirely formed in a 25 wt% of KOH 

concentration at 63 °C. 

 

 

 

 

 

 

3.2  Convex Corner Analysis in TMAH Solution 

  
For TMAH etchant, the simulation of etching 

conditions with five different concentrations; 10, 15, 

20, 25 and 30 wt% were done. The selected etching 

temperatures were 60, 65, 70, 75, 80 and 85 °C, 

respectively. Figure 7 shows the variation of etching 

rates of TMAH solution at different temperatures. 

From this figure, it can be seen that the silicon etch 

rates had displayed similar patterns to KOH, where 

the rates had increased continuously as the 

temperature was increased, irrespective of TMAH 

solution concentration. In comparison to KOH, TMAH 

had shown significant effects on the etching rates 

when the temperature and the concentration were 

altered. These results are in agreement with a 

research conducted by M . Shikida et al. [17]. Figure 

8 shows that the etching time for producing perfect 

convex corners using TMAH in this simulation was 5.15 

hours. Even though the etching process by TMAH had 

required extra etching time, one of the advantages 

of this additional time is that it can be used to 

overcome the problem of thickness non-

homogeneity of the wafer [18]. Figure 9 shows the 

etched morphology of the convex corner structures 

at 5.15 hours with different temperature and TMAH 

concentrations. It was discovered that the perfect 

90° convex corners were realized at 67.7 °C with 10.3 

wt% of TMAH concentration. On the other hand, the 

undercutting problem began to develop when the 

temperature was increased with this concentration. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4 Variation of etching rate with KOH concentration 
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Figure 5 Percentage of etching and required etching time 

in KOH solution 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

Figure 6 Etched morphology of convex corner structure at 3.8 

hours, with different temperatures and KOH concentrations 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7 Variation of etching rate with TMAH concentration 
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Figure 8 Percentage of etching and required etching time 

in TMAH solution 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 9 Etched morphology of convex structure at 5.15 

hours at different temperatures and TMAH concentrations

 
 
4.0  CONCLUSION 
 

A corner compensation mask was designed for a 

piezoresistive accelerometer to avoid the convex 

corner undercutting problem in anisotropic etching 

using KOH and TMAH solutions. The etching process 

using KOH had shown that the compensation masks 

had successfully protected the accelerometer’s 

structure at etching temperature of 63 °C in 25 wt% 

concentration. Additionally, the 90° convex corner 

can be realized at 67.7 °C and in 10.3 wt% of TMAH 

concentration. Since KOH had exhibited higher etch 

rates compared to the TMAH solution, it has the 

advantage of shorter etching time compared to 

TMAH. On the other hand, TMAH required a lower 

concentration level, making the etching process 

safer. Nevertheless, both KOH and TMAH etchants 

have been successfully used to realize the perfect 

convex corners by using the designed corner 

compensation masks. 
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