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A Design of Anisotropic Wet Etching System to
Reduce Hillocks on Etched Surface of Silicon
Substrate
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Abstract—This research aims to design and build a wet etching
system, which is suitable for anisotropic wet etching, in order to
reduce etching time, to reduce hillocks on the etched surface (to
reduce roughness), and to create a 45-degree wall angle (micro-
mirror). This study would start by designing a wet etching system.
There are four main components in this system: an ultrasonic
cleaning, a condenser, a motor and a substrate holder. After that, an
ultrasonic machine was modified by applying a condenser to
maintain the consistency of the solution concentration during the
etching process and installing a motor for improving the roughness.
This effect on the etch rate and the roughness showed that the etch
rate increased and the roughness was reduced.

Keywords—Anisotropic wet etching, wet etching system,
Hillocks, ultrasonic cleaning.

1. INTRODUCTION

N the electronics industry, chemical etching can be found in

the fabrication of electronic devices, such as components of
the head (slider) on the hard disk drive, etc. Because of the
smooth etched surface [1], there are very few errors of wall
angle and produced at a low cost [2]. The etched surface must
be smooth (with low roughness) since the roughness of the
etched surface is affected by the product’s reliability. The
anisotropic wet etching is an essential process in the
fabrication of many components [3], and it is the etching
process and accordance to the structure of the atomic
arrangement which can control the direction and keep the
etched surface smooth. Additionally, this technique can
control the wall angle. However, the limitation of this
technique is a long processing time which is not suitable for
mass production. If the etching time is reduced, it can be
applied in the actual process. However, the etching time
reduction leads to hillocks on the etched surface which causes
a high roughness.

The dimension of the wall angle is not only dependent on
the direction of the crystal plane, but also depends on the mask
alignment and the mask pattern. Normally, the 54.74 degree of
wall angle is from (111) plane. It has the lowest etch rate
which is called the etch stop [4]. Besides, there are other
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dimensions of the wall angle which are affected by new
conditions such as a mask alignment, a high concentration of
an etching solution and using a surfactant, etc.

The wall angles which are widely used in the electronics
industry are 45 degrees and 90 degrees [5]. The 45-degree
wall angle is always used as a micro-mirror for reflecting the
light [1] as shown in Fig. 1 with an optical switching, an
optical interconnecting [6], and a housing of a slider to
increase hard disk drive capacity [7].

Fig. 1 An example of a light reflection

From the above mentioned, researchers have realised that
there are essential problems in the electronics industry. Thus,
the objectives of this research are to reduce the etching time
and decrease the roughness of an etched surface by removing
hillocks on the etched surface along with preserving a 45-
degree wall angle.

II. LITERATURE REVIEWS

The design of the wet etching system is shown in Fig. 2.
The main components consist of an ultrasonic cleaner, which
has 40 kHz of frequency and 50 W of power, a condenser, a
motor and a substrate holder.

Frequency waves from ultrasonic cleaners cause vibrations
between the sodium hydroxide (NaOH) solution and H2
bubbles. This creates hydrogen bubbles on the substrate
surface, called "Psudo-mask", which interferes with the
chemical reaction between an etchant and the silicon atoms on
the surface which affects a low etch rate and separates from
the substrate surface [2], [7]-[10]. Hence, the sodium
hydroxide bombards the substrate surface faster and this
results in a higher etch rate.

The condenser was applied in the wet etching system in
order to keep the concentration of the solution stable.
Furthermore, it can prevent the evaporation of the vapor
solution into the environment [8]. Many researches state that
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using rotation or stirring the solution during etching helps the
etched surface remain smoother [5], [10]-[14]. Therefore, a
motor was adopted together with ultrasonic cleaning by
assembling a motor to the substrate holder as shown in Fig. 3.
The vibration from ultrasonic cleaning and stirring from
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Fig. 3 The wet etching system with a main components description

The silicon substrates were etched in a solution
concentration of 20% wt. sodium hydroxide (NaOH),
isopropyl alcohol (IPA) 20 ml/DI, and 100 ml. of water at a
60° C solution temperature for 90 minutes per etch in a wet
etching system (an ultrasonic wet etching unit appropriate for
wet etching systems). In this work, the condition of the wet
etching system, which was the soft mode of the ultrasonic,

rotation created waves in the etching process and helped to
remove H2 bubbles on the substrate surface faster. Because of
this, the quality of the work surface can be improved [5], [10]-
[14].

/—Speed control
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applied a motor speed of 5 rpms and a vertical orientation.
This condition was determined by using the Design of
Experiment (DOE) technique and the full factorial is applied
in previous experiments. There were three responses in this
research which were the etch rate, surface roughness (Sa) and
wall angle. The experiments were performed and the etched
substrates were measured. The surface roughness and etched
depth were measured by a 3D Optical Microscope (Contour
GT, Bruker). The wall angle and image, including the physical
characteristics of the etched surface, were inspected by using
an Optical Microscope and Scanning Electron Microscope
(SEM).

III. DISCUSSION

The etching experiments were performed following the
conditions as shown in Table I for the three replications and
the experiment’s results are shown in Table I1.

After the implementation of the wet etching system in the
experiment, the average etch rate was 202.06 nanometers per
minute (nm/min) and the average roughness (Sa) was 19.604
nanometers (nm) or Ra was 9.23 nm. The roughness from this
technique is lower than the target which was 15 nm (Ra).
There are many researches which tried to reduce the roughness
to less than 15 nm (Ra) as shown in Table III, so this became
the target for this work. Then, the results from the wet etching
system were compared with the results of the room
temperature experiment (28 °C) and the results at 60 °C with
IPA, which were from the previous experiments, and it
showed that the etch rate was 13.57, 195.71 and 202.06
nm/min. The roughness of the work surface is as follows:
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roughness on the surface height (Sa) was 670.68, 89.58 and
19.60 nm. The wall angle was 48.42, 45.54 and 45.05 degrees,
respectively as shown in Table IV. From the results of the
experiment, it was disclosed that the higher the etching
temperature, the higher the etch rate and the etching time was
reduced. The hillocks were decreased by adopting the
ultrasonic with rotation and this created a low roughness as the
hillocks were the cause of the roughness. Accordingly, the
substrate has a smoother etched surface as shown in Fig. 4.

TABLEI
THE CONDITIONS OF THE WET ETCHING SYSTEM
Parameters (Unit) Condition
Concentration of NaOH (%) 20
Solution Temperature (°C) 60
Time (minutes) 90
Ultrasonic Mode Soft
Motor Speed (rpm) 5
Sample orientation Vertical

TABLEII
THE EXPERIMENTS” RESULTS OF THE CONDITION: SOFT MODE, 5 RPM AND
VERTICAL ORIENTATION

Results
No. Etch Rate  Roughness Roughness ~ Wall Angle
(nm/min) (Sa) (nm) (Ra) (nm) (degree)
1 196.80 15.292 791 45.05
2 206.03 18.249 9.74 45.09
3 203.36 25.272 10.04 45.41
Average  202.06 19.604 9.23

IV. CONCLUSION

According to the study, the etch rate was approximately
increased by 3.24 percent and the roughness declined by 78.12
percent from the etching at 60 °C. This meant that the etching
time could be decreased and the roughness could also be
improved. For the wall angle, it can be controlled to be 45
degrees. In conclusion, the findings disclosed that the
substrates etched in the wet etching system had a smooth

etched surface and maintained a 45-degree wall angle.
Moreover, the etching process occurred faster. Consequently,
this technique is suitable for mass production and can be an
alternative to further develop the manufacturing process in the
electronics industry.

TABLE IIT
A REVIEW OF ROUGHNESS (RA) BY USING THE WET ETCHING TECHNIQUE
Researcher Year  Country  Roughness (Ra) (nm)
Baum & Schiffrin [15] 1997 UK 10
Chen [16] 2002 China 66
Suetal. [17] 2005 Taiwan 14.29
Tang [18] 2009 Japan 20
Xuetal. [19] 2009  Australia 2.06
Dutta [20] 2011 India 9.4
Zubel [21] 2012 Poland 322
Prakash et al. [22] 2013 India 40
Pakpum & Pussadee [23] 2014  Thailand 701.48
Rola et al. [24] 2014 Poland 15.6
Chutani et al. [25] 2014 - 14
An [26] 2014 South Korea 7.83
Pakpum & Pussadee [27] 2015  Thailand 10.58
Fuetal. [27], [28] 2018 China 15.1
Savkina et al. [26], [29] 2018 Mexico 33
TABLE IV

THE WET ETCHING RESULTS AT ROOM TEMPERATURE (28 °C) AND NO
ULTRASONIC, AT TEMPERATURE 60 °C WITH IPA AND NO ULTRASONIC AND
THE WET ETCHING SYSTEM CONDITION

A Solution Concentration of 20% wt. Sodium Hydroxide (NaOH)

Response/Etching  Room Temperature Heating (60 °C) The Wet
Method (28 °C) with IPA Etching System
Etch Rate
(nm/min) 13.57 195.71 202.06
Roughness (nm.) Sa=670.68 Sa=89.58 Sa=19.60
Wall Angle 48.42 45.54 45.05
(degree)

Fig. 4 Top view of SEM image (A) showing etched surface of NaOH wt.20%, room temperature (28 °C) and no ultrasonic (B) showing etched
surface of NaOH wt. 20%, Temperature 60°C and no ultrasonic (C) showing etched surface of the wet etching system condition

ACKNOWLEDGMENT
This project has received funding from the Research Grant

for New Scholar, MRG (MRG5980079). The authors would
like to thank Synchrotron Light Research Institute Thailand to



International Journal of Mechanical, Industrial and Aerospace Sciences
ISSN: 2517-9950
Vol:13, No:11, 2019

support some equipment for optical and SEM work.
Moreover, the author would like to thank the Excellence
Center in Logistics and Supply Chain Management, Chiang
Mai University, Thailand and the Department of Industrial
Engineering, Faculty of Engineering, Chiang Mai University,
Chiang Mai, Thailand for supporting of this research work as
well

REFERENCES

[1] K. P. Rola and I. Zubel, "45° micromirrors fabricated by silicon
anisotropic etching in KOH solutions saturated with alcohols," 2011
International Students and Young Scientists Workshop "Photonics and
Microsystems", pp. 110-114, 2011.

[2] K. P. Rola, "Anisotropic etching of silicon in KOH + Triton X-100 for
45° micromirror applications," Microsystem Technologies, vol. 23, no.
5, pp. 1463-1473,2017.

[3] Tang B., Pal, P., Gosalvez M. A., Shikida M., Sato K., Amakawa H. &
Itoh S. (2009). Ellipsometry study of the adsorbed surfactant thickness
on Si {1 10} and Si {1 0 0} and the effect of pre-adsorbed surfactant
layer on etching characteristics in TMAH. Sensors and Actuators A:
Physical, 156(2), 334-341.

[4] Marc J. Madou, Manufacturing Techniques for Microfabrication and
Nanotechnology, Taylor & Fracis Group, 2011.

[5] Yang C.-R., Chen P.-Y., Chiou Y.-C. & Lee R.-T. (2005). Effects of
mechanical agitation and surfactant additive on silicon anisotropic
etching in alkaline KOH solution. Sensors and Actuators A: Physical,
119(1), 263-270.

[6] Xu Y. W., Michael A., & Kwok C. Y. (2011). Formation of ultra-
smooth 45° micromirror on (100) silicon with low concentration TMAH
and surfactant: Techniques for enlarging the truly 45° portion. Sensors
and Actuators A: Physical, 166(1), 164-171.

[7]1 Limcharoen A., Pakpum C., Witit-anun N., Chaiyakun S., & Limsuwan
P. (2012). An Alternative Design of Light Delivery System for Heat-
Assisted Magnetic Recording Applied Mechanics and Materials, 117-
119, 712-716.

[8] Qingbin Jiao, Xin Tan, Jiwei Zhu, Shulong Feng & Jianxiang Gao.
(2016). Effects of ultrasonic agitation and surfactant additive on surface
roughness of Si (I 1 1) crystal plane in alkaline KOH solution.
Ultrasonics Sonochemistry, 31, 222-226.

[9] Pakpum C., & Pussadee N. (2015). Design of Experiments for (100) Si
Vertical Wall Wet Etching Using Sonicated NaOH Solution Applied
Mechanics and Materials, 804, 12-15

[10] Pakpum C. (2015). Wet Etching Technique to Reduce Pyramidal
Hillocks for Anisotropic Silicon Etching in NaOH/IPA Solution Key
Engineering Materials, 659, 681-685.

[11] Oliver Powell & Barry Harrison. (2001). Anisotropic etching of {100}
and {110} planes in (100) silicon. Journal of Micromechanics and
Microengineering, 11(3), 217-220.

[12] Shinmo An, Seung Gol Lee, Se-Guen Park, El-Hang Lee & Beom-Hoan
O. (2014). Efficacy of low etch rate in achieving nanometer-scale
smoothness of Si (1 0 0) and (1 1 0) plane surfaces using KOH and
KOH/IPA solutions for optical mold applications. Sensors and Actuators
A: Physical, 209, 124-132.

[13] Krzysztof P. Rola & Irena Zubel. (2011). 45° micromirrors fabricated by
silicon anisotropic etching in KOH solutions saturated with alcohols
2011 International Students and Young Scientists Workshop "Photonics
and Microsystems" 110-114.

[14] Krzysztof P. Rola, Konrad Ptasinski, Adrian Zakrzewski & Irena Zubel.
(2014). Silicon 45° micromirrors fabricated by etching in alkaline
solutions with organic additives. Microsystem Technologies, 20(2), 221-
226.

[15] Theo Baum & David J Schiffrin. (1997). AFM study of surface finish
improvement by ultrasound in the anisotropic etching of Si in KOH for
micromachining  applications. Journal of Micromechanics and
Microengineering, 7(4), 338-342

[16] Jing Chen, Litian Liu, Zhijian Li, Zhimin Tan, Qianshao Jiang, Huajun
Fang, Yang Xu & Yanxiang Liu. (2002). Study of anisotropic etching of
(1 0 0) Si with ultrasonic agitation. Sensors and Actuators A: Physical,
96(2-3), 152-156.

[17] Guo Dung John Su, Chen Wei Chiu & Fukang Jiang. (2005). Vertical
Micromirrors Integrated With Electromagnetic Microactuators for Two-

(18]

[19]

[20]

[21]

[22

[23

[24

[25

[26

[27

[28

[29]

Dimensional Optical Matrix Switches, IEEE Photonics Technology
Letters, 17(9), 1860-1862.

Bin Tang, Miguel A Gosalvez, Prem Pal, Shitaro Itoh, Hirotaka Hida,
Mitsuhiro Shikida, Kazuo Sato. (2009). Adsorbed Surfactant Thickness
on A Si Wafer Dominating Etching Properties of TMAH Solution. 2009
International Symposium on Micro-NanoMechatronics and Human
Science, Nagoya, Japan.

Wei Xu Y., Michael A., Yee Kwok C. & Ding Peng G. (2009). A novel
technique of fabricating rear 45° micromirror for stacked die optical
interconnect. Procedia Chemistry, 1(1), 1167-1170.

Shankar Dutta, Md Imran, P. Kumar, R. Pal, P. Datta & R. Chatterjee
(2011). Comparison of etch characteristics of KOH, TMAH and EDP for
bulk micromachining of silicon (110). Microsystem Technologies
17(10-11):1621-1628.

Irena Zubel, Malgozata Kramkowska & Krzysztof Rola. (2012). Silicon
anisotropic etching in TMAH solutions containing alcohol and
surfactant additives, Sensor and Actuator A: Physical, 178, 126-135.
Anoop Prakash A B, J. Grace Jency &Manu C Mathew (2013). A
Review of various Wet Etching Techniques used in Micro Fabrication
for Real Estate Consumption. International Conference on Innovations
In Intelligent Instrumentation, Optimization And Signal Processing
“ICHIOSP-2013”. International Journal of Computer Applications (0975
— 8887).

Pakpum C., & Pussadee N. (2014). Fabrication of 90° Wall of {100}
Plane on (100) Si by NaOH Solution Via Design of Experiments
Advanced Materials Research, 909, 27-31.

Krzysztof P. Rola, Konrad Ptasifiski, Adrian Zakrzewski & Irena Zubel.
(2014). Silicon 45° micromirrors fabricated by etching in alkaline
solutions with organic additives. Microsystem Technologies, 20(2), 221-
226.

Ravinder Chutani, Nicolas Passilly, Jorge Albero, Maciej Baranski &
Christophe Goreck. (2014). Deep Wet-Etched Silicon Cavities for
Micro-Optical Sensors: Influence of Masking on {111} Sidewalls
Surface Quality. Journal Of Microelectromechanical Systems, 23, (3),
585-590.

Shinmo An, Seung Gol Lee, Se-Guen Park, El-Hang Lee & Beom-Hoan
O. (2014). Efficacy of low etch rate in achieving nanometer-scale
smoothness of Si (1 0 0) and (1 1 0) plane surfaces using KOH and
KOH/IPA solutions for optical mold applications. Sensors and Actuators
A: Physical, 209, 124-132.

Pakpum C., & Pussadee N. (2015). Design of Experiments for (100) Si
Vertical Wall Wet Etching Using Sonicated NaOH Solution Applied
Mechanics and Materials, 804, 12-15

Jianyu Fu, Junjie Li, Jiahan Yu, Ruiwen Liu, Junfeng Li, Weibing
Wang, Wenwu Wang & Dapeng Chen (2018). Improving sidewall
roughness by combined RIE-Bosch process, Materials Science in
Semiconductor Processing, 83, 186-191

R. K. Savkina, A. B. Smirnov, A. I. Gudymenko, V. A. Morozhenko, A.
S. Nikolenko, M. I. Smoliy & T. G. Kryshtab. (2018). Silicon surface
functionalization based on cavitation processing. Surface & Coatings
Technolog, 343, 17-23.

686



