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Abstract 

In the microelectromechanical system (MEMS) fabrication, silicon dioxide (SiO2) thin films are 

most widely used for different applications such as etch mask, structural and sacrificial layers. One 

of the widespread applications is etch mask in alkaline etchants. In the synthesis of silicon dioxide 

thin films anodic oxidation method offers several advantages over the conventional deposition 

techniques such as room temperature deposition, low cost, simple experiment setup, etc. The 

present work aims to explore anodic SiO2 thin films as etch mask material in surfactant added 

tetramethylammonium hydroxide (TMAH) solution for the fabrication of MEMS structures with 

sharp convex corners. Anodic oxidation of silicon is employed to grow oxide thin films at wafer-

scale at room temperature. Thickness uniformity and refractive index are measured using 

ellipsometry. Etch rate of the oxide is investigated in 0.1% v/v of surfactant (Triton X-100) added 

25 wt% TMAH at three different temperatures. Furthermore, the etch rate, etched surface 

morphology and undercutting at convex corner of {100} silicon wafer are investigated. Optical 

microscope is employed to inspect the etched surface morphology of {100} silicon and also to 

check the quality of the etched oxide surface. Undercutting and etch depth are measured using a 

3D measuring laser microscope. 
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1. Introduction  

Silicon dioxide (SiO2) thin films are most extensively used insulating films in the manufacturing 

of silicon-based semiconductor devices, integrated circuit (ICs) for different applications such as 

gate component in metal oxide semiconductor (MOS) transistors, masking layer against diffusion 

and implantation of dopants in the silicon [1, 2], isolation of devices [3], etc. In the 

microelectromechanical systems (MEMS) fabrication silicon dioxide (SiO2) thin films are most 

widely used for different applications such as etch mask, structural and sacrificial layers. One of 

the widespread applications is etch mask in alkaline etchants. Silicon dioxide thin film is preferred 

over other dielectric films due to its ease of synthesis, excellent insulating properties and high 

quality Si-SiO2 interface. Thermal oxidation technique is known to provide high quality SiO2 film 

and hence widely employed [4]. However, high processing temperature (~900-1100˚C) of this 

technique causes redistribution of dopants in silicon substrate during oxide growth and develop 

stress in silicon substrate that leads to wafer warpage [5-7]. Several new synthesis routes have 

been developed to reduce the process temperature. Atmospheric pressure chemical vapour 

deposition (APCVD) [8], plasma enhanced chemical vapour deposition (PECVD) [9], sputtering 

[10], wet anodic oxidation [11-14], liquid phase deposition (LPD) [15], sol-gel [16], etc. are few 

of the low temperature thin film deposition techniques. Each and every process has its own 

advantages and disadvantages. Among these low temperature techniques, anodic oxidation is one 

which can be operated even below room temperature [17]. Numerous research groups have 

investigated anodically grown oxide thin films for gate dielectric component in MOS devices [11, 

14, 18]. Anodic oxidation process has several advantages over other techniques such as low cost, 

simple experimental set-up, room temperature process which minimizes the dopants redistribution, 

does not involve any toxic and expensive gases, etc.  

                                      In the present work, uniform SiO2 thin film is grown at wafer-scale 

using anodic oxidation of silicon technique at room temperature. In order to explore anodic SiO2 

thin films as etch mask in surfactant added tetramethylammonium hydroxide (TMAH) solution for 

the fabrication of MEMS structures with sharp convex corners, the etch rate of the as-grown oxide 

is investigated in 0.1% v/v surfactant added 25 wt% TMAH at three different temperatures.  
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2. Experimental Details  

Czochralski (Cz) grown three inch diameter P-type boron doped (resistivity 1-10 Ω cm) {100} 

oriented single side polished silicon wafers are used for the deposition of silicon dioxide using 

anodic oxidation at room temperature. Aluminum is deposited on the rough surface side using DC 

sputtering technique for ohmic contact purpose. In the present work, two-electrode electrochemical 

setup is utilized for the oxide deposition, the experimental setup utilized is as shown in the Fig. 1. 

A customarily designed wafer holder which provides gold contact on the back-side of the wafer is 

fixed as anode and the platinum gauge mesh (90% Pt, 10% Ir) as cathode. The distance between 

the two electrodes is kept 1.5 cm in the experiment. The design of the wafer holder is such that the 

2.4 inch (6.09 cm) diameter area of three inch wafer surface is exposed to the electrolyte solution. 

Ethylene glycol solution containing 0.04M KNO3 is used as an electrolyte. A small quantity, 2.7 

vol% water is added into the electrolyte. The pH of the solution is maintained at 4.  

 

 

 

 

 

 

 

 

 

  

 

The deposition of oxide is executed in potentiodynamic mode in which the oxidation is carried out 

at constant current density of 8 mA/cm2. In this mode, anodic oxidation is continued till the final 

voltage reaches to the predetermined voltage of 300 V. Thereafter, the process is continued in 

constant voltage (i.e. potentiostatic) mode at 300 V for 15 minutes. The variation in cell voltage 

during oxide growth is recorded at one minute intervals. Prior to anodic oxidation process, silicon 

wafers are ultrasonically cleaned sequentially in acetone and deionized water (DI) for 5 minutes 

Figure 1: Schematic of anodic oxidation of silicon experiment set-up. 



10 
 

followed by removal of native oxide in 2% hydrofluoric acid (HF) and a thorough rinse in DI 

water. After the oxidation process, the oxidized samples are thoroughly cleaned in DI water to get 

rid of the adsorbed glycol solvent from the oxide surface. The oxide films deposited in 2.7 vol% 

water added electrolyte is patterned using UV photolithography (Midas Mask Aligner, model: 

MDA 400 M) for the fabrication of microstructures. The wafers are diced into small chips. 

Ellipsometry (J.A. Woolam, model: M-2000D) is employed to determine the thickness and the 

refractive index of the as-grown oxide. 0.1 vol% surfactant (Triton X-100) added 25 wt% TMAH 

(99.999%, Alfa Aesar) is used as etching solution. All etching experiments are performed in a 

Teflon container equipped with reflux condenser to prevent evaporation of solution (or to avoid 

concentration change) during etching process. The vessel is partially inserted in constant 

temperature water bath is as shown in Fig. 2. The samples are held vertically in a PFA made chip 

holder containing multiple slots in order to etch several samples at a time. Etching experiments are 

carried out at 60, 68 and 76 ˚C with the temperature accuracy of ±0.5 ˚C. The etch rates are 

calculated by measuring film thickness before and after etching using ellipsometry. Optical 

microscope (Olympus, model: STM6) is used to examine the quality of etched oxide surface and 

etched surface morphology of Si {100}. Etch depth, surface roughness and undercutting at convex 

corners are determined using 3D measuring laser microscope (Olympus, model: OLS4000).  

 

 

 

Figure 2: Constant temperature bath for 

anisotropic etching of silicon. 
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3. Results and Discussion  

3.1 Growth Characteristics  

The variation in cell voltage during oxidation process is recorded for every minute and a graph 

plotted between cell voltage and anodization time. Fig. 3 presents the variation of cell voltage with 

time during anodic oxidation process. The curve in this figure represent the growth behavior of the 

oxide film deposited in 2.7 vol% water-added electrolyte at 8 mA/cm2. It can be observed from the 

graph that the voltage increases continuously with time to draw the constant current until the 

forming voltage reaches the predetermined voltage i.e. 300 V. This behavior implies that the 

resistance of the film increases with oxidation time which is due to the increase of oxide thickness 

with time [19]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Ellipsometry Characterization  

Spectroscopic ellipsometry is one of the widely used thin film characterization tools for measuring 

thickness, refractive index (n) and extinction coefficient (k) since it is non-destructive and 

contactless technique which avoids the sample damage. In this work, variable angle spectroscopic 

ellipsometry is used to measure the film thickness and its refractive index. The thickness of as-

grown oxide films is measured at three different incidence angles of 65˚, 70˚ and 75˚. Thickness 

Figure 3: Cell voltage vs oxidation time for the 

oxide deposited in 2.7 vol% water added 

electrolyte at 8 mA/cm2. 
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of the film measured to be 155 nm. Furthermore, the analysis of the film thickness uniformity is 

performed by measuring oxide thickness at five different locations as shown in Fig. 4. It can be 

easily noticed that the film thickness is almost same at different locations, the variation in thickness 

is less than 8 Å which manifests high degree of thickness uniformity over the full 3-inch wafer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The refractive index of the oxide film is measured using ellipsometry at fixed wavelength of 632.8 

nm. For the as-grown anodic oxide, it is measured to be 1.47, which is slightly greater than that of 

the films deposited by thermal oxidation (1.462) [20]. A higher refractive index might be due to 

the high contents of silicon (or oxygen deficiency) in the as-grown oxide film [21]. 

 

3.3 Etch rate study  

The etch rates of as-grown anodic oxide and Si{100} are investigated in 0.1% v/v Triton X-100 

added 25 wt% TMAH at 60, 68 and 76 ˚C, they are presented in the following subsections. 

 

3.3.1 Anodic oxide etch rate    

The etch rate of the anodically grown oxide film is determined in 0.1% v/v surfactant added 25 

wt% TMAH at three different temperatures. In order to determine the etch rate four samples are 

loaded at a time in the etchant and at every 30 minutes one sample is collected. Etch rate is 

Figure 4:  A comparison of film thicknesses measured at 

five different spots for the oxide deposited in 2.7 vol% 

water-added electrolyte at 8 mA/cm2, 300 V.   
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evaluated by measuring oxide thickness before and after etching using ellipsometry. Fig. 5 shows 

the etch rates of as-grown oxide film determined in 0.1 vol% surfactant added 25 wt% TMAH at 

60, 68 and 76 ˚C. It can see from the figure that etch rate of the oxide increases with increase in 

the temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The increase in etch rate with temperature is due to improve in the wetting capacity of the etchant 

with temperature, as a result the etchant can easily diffuse to the sample surface consequently the 

etch rate increases with temperature [22]. 

 

3.3.2 Etch rate of Si{100}  

The etch rate of Si{100} is determined in 0.1 %v/v surfactant added 25 wt% TMAH solution at 

three different temperatures. Etch rate is evaluated by measuring the etch depth after two hours of 

etching using 3D laser scanning microscope. Fig. 6 shows the etch rate of Si{100} in 0.1% v/v 

surfactant added 25 wt% TMAH at 60, 68 and 76 ˚C. From figure it can see that the etch rate 

increases as etching temperature increase. The reason for increase in etch rate with temperature is 

same as explained in the section 3.3.1. In the present work highest etch rate is observed at 76 ˚C. 

 

Figure 5: Etch rate of anodic silicon dioxide in 0.1 vol% 

surfactant added 25 wt% TMAH at different temperatures.  
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3.4 Investigation of etched surface morphology  

The etched surface morphology is a major concern especially in optical MEMS and for the high 

efficiency solar cell. Surface roughness of the micromachined surfaces also influences the 

functionality of the fabricated microsystem devices. The etched surface morphology of anodic 

silicon dioxide as well as Si{100} surface after etching in the 0.1% v/v Triton added TMAH at 

different temperatures are inspected using Optical microscope and they are discussed in the 

following subsections.  

 

3.4.1 Anodic Silicon Dioxide  

It is important to inspect the etched oxide surface after etching in order evaluate the quality of the 

oxide. Fig. 7 illustrates the surface morphologies of the oxide etched at 60, 68 and 76 ˚C for 2 

hours etching time. From the figure it can observe that at 60 ˚C the surface is smooth and pits free, 

as temperature increases pits starts forming, this is due to the small pinholes formed in the oxide 

during oxide growth and increase in the dissolution rate of the oxide with temperature.  

 

Figure 6: Etch rate of Si {100} in 0.1 vol% 

surfactant added 25 wt% TMAH at different 

temperatures. 
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3.4.2 {100} Silicon Surface  

The surface roughness of the etched Si{100) surface in 0.1% v/v surfactant added 25 wt% TMAH 

at 60, 68 and 76 ˚C is measured quantitatively using 3D laser scanning microscope. Fig. 8 shows 

the variation of the roughness with etching temperature after two hours of etching time. Fig. 9 

shows the optical micrographs of the Si{100} after two hours of etching in 0.1% v/v surfactant 

added 25 wt% TMAH solution. From figure it can be easily identify that at 60 ˚C temperature 

surface is almost smooth, at 68 ˚C temperature hillocks starts forming and these are increasing as 

temperature increases to 76 ˚C. The hillocks forms due to sticking of hydrogen bubbles or etchant 

impurities on the sample surface, thus the etched surface roughness increases with the hillocks 

formation.  

(b) 

(c) 

(a) 

Figure 7:  Optical micrographs of anodic oxide surface after two 

hours etching at different temperatures (a) 60 ˚C (b) 68 ˚C (c) 76 ˚C. 
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Figure 8: Surface roughness of Si {100} in 0.1% v/v surfactant 

added 25 wt% TMAH at different temperatures. 

 

Figure 9: Optical micrographs of silicon {100} surface after two 

hours etching at different temperatures (a) 60 ˚C (b) 68 ˚C (c) 78 ˚C 



17 
 

3.5 Undercutting at convex corner  

In bulk micromachined structures, two kinds of corners, namely, concave and convex, are 

frequently encountered. Their etching characteristics are completely opposite to each other. The 

convex corners in the mask patterns encounter significant lateral undercutting, while no 

undercutting is observed at the concave corners. A significant amount of research has been done 

in this area. The undercutting at the convex corners plays a major role in the fabrication of 

freestanding structures for example cantilever beam. This process helps to remove the underneath 

material. The undercutting rate defines the release time and therefore should be sufficiently high 

to minimize the etching time for the complete release of the structure. Whereas for the fabrication 

of proof masses for accelerometers, mesa structures and chip isolation grooves, the undercutting 

is highly undesirable where severe convex corner undercutting distorts the desired shape of the 

structure. The shape of the convex corner is preserved by providing additional (i.e. corner 

compensation) structures at the convex corner of regular mask pattern which is complex and time 

taking process. On the other hand, undercutting at convex corner can be considerably reduced by 

adding different types of additives into the anisotropic etchant (e.g. KOH, TMAH, etc.). The 

undercutting measured along the <110> direction at the convex corner in 0.1% v/v Triton added 

TMAH at 60, 68 and 76 ˚C for 2 hours of etching time is presented in Fig. 10, the corresponding 

optical microscope images of undercutting are presented in Fig. 11. From Fig. 10 & 11 it can be 

observed that undercutting increases with temperature. 
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Figure 10: Undercutting of convex corner along silicon <110> direction in 

0.1 % v/v surfactant added 25 wt% TMAH at different temperatures, 

etching time: 2 hours. 
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3.6 Fabrication of MEMS structures  

In order to fabricate MEMS structures anodic silicon dioxide deposited silicon wafer is patterned 

using UV photolithography. The procedure of sample preparation is presented in Fig. 12. In 

photolithography process, mask edges are aligned parallel to <110>. The patterned wafer is diced 

into small chip sizes and etching is carried out in 0.1% v/v Triton added 25 wt% TMAH at different 

temperatures for different period of etching time. Fig.13 shows the different MEMS structures 

fabricated using anodic oxide as etch mask in 0.1 % v/v Triton added 25 wt% TMAH at 76 ˚C for 

2 hours of etching time. From Fig. 13 it can observed that the undercutting is reduced at the convex 

Figure 11:  Optical micrographs of <110> direction oriented cantilever 

after etching of two hours in 0.1 vol.% surfactant added TMAH solution 

at different temperatures (a) at 60 ⁰C (b) at 68 ⁰C (C) 76 ⁰C. 

 

(c) 

(a) (b) 
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corner in surfactant added TMAH solution, this is due to the surfactant molecules adsorb as a dense 

layer on the high index planes at the convex corner. This surfactant layer inhibits the etchant to 

react chemically with the silicon atoms that results in dramatic reduction in the undercutting. From 

this study it is evident that anodic silicon dioxide can be used as etch mask for the fabrication of 

MEMS structures with almost sharp convex corners. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

3 inch P-type Si {100} wafer 

Aluminum deposition on back 

side of the wafer using sputtering 

for ohmic contact 

Masking material (SiO2) 

deposition using anodic oxidation 

technique at room temperature 

Pattering of the wafer by UV 

photolithography   

   

Dicing the full wafer into chip 

size  

Etching in 0.1% v/v surfactant 

added 25 wt% TMAH solution  

Figure 12: Sample preparation procedure. 
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4. Conclusions  

Silicon dioxide thin film is prepared on 3 inch wafer using anodic oxidation technique at room 

temperature. Ellipsometric measurements of the oxide film confirmed a high degree of thickness 

uniformity which is important parameter considered in MEMS fabrication. Refractive index of the 

as-grown oxide is slightly greater than thermally grown oxide film. The etch rate of the oxide 

increases with temperature. As temperature increases pits starts forming in the oxide. The as-grown 

oxide is demonstrated as etch mask for the fabrication of MEMS structures with sharp convex 

corners using 0.1% v/v surfactant added 25 wt% TMAH solution. Undercutting at convex corner 

and the etch rate of Si{100} increases as temperature increased. The surface roughness of {100} 

silicon worsens as temperature increased, at 76 ˚C the surface is covered by small hillocks. 

 

 

 

 

 

 

 

 

 

Figure 13: Various shapes microstructures fabricated in 0.1 vol% 

surfactant added 25 wt% TMAH at 76 ˚C, etching time: 2 hrs.  

(a) (b) 



21 
 

5. References  

[1] S. Robles, E. Yieh, B.C. Nguye, J. Electrochem. Soc., 42 (1995) 580.  

[2] H.O. Pierson, Handbook of Chemical Vapor Deposition: Principles, Technology and 

applications, Noyes Publications, New Jersey, 1992, p.373.  

[3] C. Zhang, K. Najafi, J. Micromech. Microeng., 14 (2004) 769.  

[4] W.F. Wu, B.S. Chiou, Semicond. Sci. Technol., 11 (1996) 1317.  

[5] A.S. Grove, O. Leistiko, C.T. Sah, J. Appl. Phys., 35 (1964) 2695.  

[6] B.E. Deal, A.S. Grove, E.H. Snow, C.T. Sah, J. Electrochem. Soc., 112 (1965) 308.  

[7] Y. Yorium, J. Electrochem. Soc., 129 (1982) 2076.  

[8] A. Pecora, L. Maiolo, G. Fortunato, C. Caligiore, Journal of Non-Crystalline Solids, 352 (2006) 

1430.  

[9] M.J. Thompson, J. Vac. Sci. Technol. B, 2 (1984) 827.  

[10] V. Bhatt, S. Chandra, J. Micromech. Microeng., 17 (2007) 1066.  

[11] T.F. Hung, H. Wong, Y.C. Cheng, C.K. Pun, J. Electrochem. Soc., 138 (1991) 3747.  

[12] H. J. Lewerenz, Electrochimica Acta, 37 (1992) 847.   

[13] E.F. Duffek, C. Mylroie, E.A. Benjamini, J. Electrochem. Soc., 111 (1964) 1042.  

[14] H. Aguas, A. Goncalves, L. Pereira, R. Silva, E. Fortunato, R. Martins, Thin Solid Films, 427 

(2003) 345.   

[15] K.S. Kim, Y. Roh, Journal of the Korean Physical Society, 51 (2007) 1191.  

[16] D.K. Kambhampati, T.A.M. Jakob, J.W. Robertson, M.C.J.E. Pemberton, W. Knoll, A 

Surface Plasmon Resonance Study, Langmuir, 17 (2001) 1169.  

[17] Chr. Panagopoulos, Hel. Badekas, Materials Letters, 8 (1989) 212.  

[18] W.B. Kim, T. Matsumoto, H. Kobayashi, J. Appl. Phys., 105 (2009) 103709.  

[19] P. F. Schrnidt and W. Michel, J. Electrochem. Soc., 104 (1957) 230  

[20] W. A. Pliskin, J.  Electrochem. Soc.: Solid-State Science and Technology, 134 (1987) 2819.  

[21]  T. Roschuk, J. Wojcik, X. Tan, J. A. Davies and P. Mascher, J. Vac. Sci. Technol. A, 22 

(2004) 883.  

[22] Chii-Rong Yang, Cheng-Hao Yang and Po-Ying Chen, J. Micromech. Microeng., 15 (2005) 

2028.  

 

http://jes.ecsdl.org/search?author1=E.+F.+Duffek&sortspec=date&submit=Submit
http://jes.ecsdl.org/search?author1=C.+Mylroie&sortspec=date&submit=Submit
http://jes.ecsdl.org/search?author1=E.+A.+Benjamini&sortspec=date&submit=Submit
http://www.sciencedirect.com/science/journal/00406090/427/1
http://www.sciencedirect.com/science/journal/00406090/427/1
http://pubs.acs.org/action/doSearch?action=search&author=Kambhampati%2C+D+K&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Jakob%2C+T+A+M&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Robertson%2C+J+W&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Cai%2C+M&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Pemberton%2C+J+E&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Knoll%2C+W&qsSearchArea=author

