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Abstract 

Silicon wet anisotropic etching based bulk micromachining technique is widely used for the fabrication of microelec-
tromechanical systems components. In this technique of microfabrication, alignment of mask edges with crystal-
lographic directions plays a crucial role to avoid unwanted undercutting to control the dimensions of fabricated 
structures. Various kinds of pre-etched designs have been reported to identify the crystallographic directions (e.g. 
〈110〉 and 〈100〉) on Si{100} and Si{110} wafer surfaces. To the best of our knowledge, no pre-etched design has been 
reported to identify crystal directions on Si{111} wafer. In this work, a self-aligning technique based on pre-etched 
patterns has been investigated to precisely determine the 〈110〉 direction on Si{111} wafer surface. In this technique, 
a set of circular shape mask patterns close to wafer edge are etched for the identification of 〈110〉 direction. On wet 
anisotropic etching these patterns transform to hexagonal shapes. The notches of hexagonal patterns align precisely 
along a straight line only when they lie on exact 〈110〉 direction. The self-aligned notches can easily be identified by 
visual inspection using an optical microscope. The major advantages of this technique are simplicity, precision, and 
self-alignment. In addition, the pre-etched patterns at the wafer periphery occupy very less place.
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Introduction
Micromachining is an integral part of micro/nanofab-
rication techniques for the formation of micro/nano-
electromechanical systems (M/NEMS). Wet anisotropic 
etching, which is low cost and best suitable for batch 
process, is a well-established technique in silicon bulk 
micromachining [1–8]. Potassium hydroxide (KOH) and 
tetramethylammonium hydroxide (TMAH) are most 
commonly used etchant in wet anisotropic etching [9–
17]. In wet anisotropic etching, the sidewalls of the stable 
etched profile are formed by {111} planes. In all kinds of 
wet anisotropic etchants {111} planes exhibit slowest etch 
rate and therefore the etch selectivity between {111} and 
non-{111} planes in aqueous alkaline etchants is utilized 
to fabricate microstructures. The exposure of the number 

of {111} planes and their angle with wafer surface during 
etching depend on the orientation of wafer surface. In 
the case of Si{100} wafer, four {111} planes emerge during 
etching along 〈110〉 directions and make an angle of 54.7° 
with wafer surface, while on Si{110} wafer {111} planes 
expose along six directions in which two slanted (35.3°) 
at 〈110〉 directions and four perpendicular at 〈112〉 direc-
tions [2, 18]. Hence the etching of any arbitrary shaped 
mask opening on Si{100} and Si{110} wafers results in 
rectangular and hexagonal shape cavities, respectively.

Figure  1a shows the stereographic projection of {111} 
silicon. The {111} planes projected from the top and bot-
tom hemispheres are shown by solid (●) and open (○) 
circles, respectively. Figure  1b presents the 〈110〉 direc-
tions at which {111} planes appear during wet anisotropic 
etching process. Hexagonal contour formed by the inter-
section of 〈110〉 directions is exhibited in Fig.  1c. The 
orientation of 〈110〉 directions on Si{111} wafer surface 
is illustrated in Fig. 1d. These {111} planes represent 6 of 
8 {111} planes and the others being the top and bottom 
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planes. Three {111} planes (●) are 109.5º to the surface 
plane and 60º to each other, while another three {111} 
planes (○) are 70.5º to the surface plane and 60º to each 
other. In other words, six {111} planes on Si{111} surface 

are tilted at ± 19.5º from the vertical. Hence in the case 
of Si{111} wafer, six {111} planes expose at 〈110〉 direc-
tions which form a hexagonal shape. Figure  2 presents 
wet anisotropically etched profiles of different shapes of 
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Fig. 1 a Stereographic projection of {111} silicon. The {111} planes projected from the top and bottom hemispheres are shown by solid (●) and 
open (○) circles, respectively. b 〈110〉 directions at which {111} planes appear during wet anisotropic etching process. c Hexagonal contour formed 
by the intersection of 〈110〉 directions at which {111} planes emerge. d 〈110〉 direction at Si{111} wafer surface with primary flat oriented along 
〈110〉 direction. Three {111} planes (●) are 109.5º to the surface plane and are 60º to each other, while another three {111} planes (○) are 70.5º to 
the surface plane and 60º to each other
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mask patterns. Three {111} planes out of six are slanted 
at 70.5° with wafer surface, while other three make an 
angle of 109.5° to the wafer surface. Among three princi-
ple orientations namely {100}, {110} and {111}, {100}-ori-
ented wafers are most frequently used. Si{110} wafers are 
employed for specific applications such as microstruc-
tures with vertical sidewalls. As the Si{111} planes have 
slowest etch rate in all kinds of wet anisotropic etchants, 
therefore Si{111} wafers are used for specific applications 
and to fabricate complicated structures using deep reac-
tive ion etching (DRIE) assisted wet anisotropic etching 
[19–34]. In these structures, gap between freestanding 
structure and bottom surface can be controlled precisely.

In wet anisotropic etching, least lateral undercut-
ting takes place at the mask edges where {111} planes 
expose. Therefore, any arbitrary shape mask opening in 
prolonged wet anisotropic etching results in a micro-
structure bounded by {111} oriented sidewalls. Hence the 
alignment of mask edges with crystallographic direction 
in silicon wet bulk micromachining is utmost important 
to control the dimensions of microstructures. Figure  3 
shows the effect of misalignment on the dimensions of 
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Fig. 2 Schematic representation of the wet anisotropically etched profiles of different shapes mask geometries on Si{111} wafer: a mask pattern on 
wafer surface, b etched profile after wet anisotropic etching, and c cross sectional view of etched profiles. Dashed lines in a indicate the directions 
where wet etch will terminate due to the appearance of {111} planes
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Fig. 3 Effect of misalignment on the size of the structure fabricated 
using wet anisotropic etching on Si{111} wafer. θ is the misalignment 
angle of mask edge from 〈110〉 crystallographic direction. Dashed 
lines indicate the edges of original hexagonal shape mask pattern
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resultant structure fabricated using wet anisotropic etch-
ing. Silicon wafer manufacturers provide the orientation 
(i.e. crystallographic direction) of wafer flat. Hence the 
primary flat of silicon wafer is commonly used as refer-
ence for all kinds of wafer orientation. Although wafer 
manufacturers typically specify the misalignment of 
primary flat from accurate crystallographic directions 
to 1°, it could be larger or smaller than this value. Thus, 
the wafer flat is not sufficient to use as reference direc-
tion to precisely control the dimensions of microstruc-
tures fabricated using wet anisotropic etching based bulk 
micromachining. Hence the precise determination of 
crystallographic direction is desirable to avoid unwanted 
undercutting at mask edges due to misalignment from 
crystallographic direction. Precise crystallographic direc-
tion on silicon wafer can be identified by X-ray diffraction 
method by mounting X-ray diffraction unit on a mask 
aligner. However, this method is expensive and makes 
mask aligner very bulky. In addition, pre-etched patterns 
formed by wet anisotropic etching are employed for pre-
cise determination of crystallographic direction [35–44]. 
Various kinds of pre-etched designs have been reported 
to find out the precise crystallographic direction on {100} 
and {110} orientations as these orientations are mostly 
used to fabricate MEMS structures. To the best of our 
knowledge, no pre-etched design is reported for Si{111} 
wafer to find the precise crystallographic directions.

In this paper, we have investigated a pre-etched 
method to find accurate 〈110〉 crystallographic direction 
on Si{111} wafer. The proposed method does not require 
any measurement to determine the precise direction. The 
pre-etched patterns are designed in such a way that the 
notches of these patterns after wet anisotropic etching 
align with each other along precise 〈110〉 direction.

Design details
To design pre-etched pattern, 100 µm diameter of circu-
lar openings pattern with four concentric arcs are used. 
The number of circles in each arc is chosen based on 
the inaccuracy of the wafer flat. In present experimen-
tal study, 49 circles in each arc are incorporated. Lines 
passing through four radially arranged circles intersect 
at centre (‘O’) of the wafer. Angle of tilt with neighbour 
sets of four radial circles (along OA) is δθ and shown in 
Fig. 4. The dimensions of the proposed pre-etch pattern 
are presented in Fig.  4b. Optical image of etched pro-
file of pattern on oxide layer is shown in Fig. 5. The pri-
mary flat of the wafer is used as a reference direction to 
transfer the pre-etched pattern on the wafer surface. For 
getting simple visual investigation, we selected angular 
period (δθ) of 0.132° with same diameter (100  µm) cir-
cles. In order to obtain the better accuracy, the spacing 
of circular patterns is calculated in such a way so that the 

notches of hexagon patterns should emerge close to each 
other, but should not merge with each other. Closer spac-
ing of notches enables to identify most accurately aligned 
notches to determine most precise 〈110〉 direction. Fig-
ure 4 presents the schematic diagram of pre-etched pat-
tern before and after etching. The line OA passes through 
the notches of all the four radial hexagons indicates pre-
cise alignment of notches with each other. The lines O′A′ 
and O″A″ illustrate the misalignment of notches. The 
precise alignment of notches along a direction represents 
〈110〉 direction, while the misalignment of notches indi-
cates non- 〈110〉 directions.

Experimental details
P-type doped (boron) Czochralski-grown Si{111}wafers 
with 5–10  Ω-cm resistivity of 4-in. diameter are used. 
Silicon dioxide layer of 1 μm thickness grown by thermal 
oxidation method (Supplier: MicroChemicals GmbH) is 
used as a mask to protect unwanted places from etch-
ing. Simple and low cost wet anisotropic etching process 
has been used to obtain pre-etched pattern of hexagonal 
shape on wafer surface. The process starts with coating of 
positive photoresist on oxidized silicon wafer using spin-
ning method. Thereafter mask patterns are transferred 
on photoresist using photolithography process followed 
by oxide etching in buffered hydrofluoric (BHF) acid. The 
wafer is then rinsed in running de-ionized (DI) water. 
Subsequently, photoresist is removed using acetone fol-
lowed by thorough rinse in DI water. Now the wafer is 
cleaned in piranha bath  (H2O2:H2SO4::1:1) to remove 
organic impurities on the wafer surface. This step is fol-
lowed by DI water rinse. In order to remove the oxide 
layer grown during piranha bath, wafer is dipped in 1% 
HF for 30  s followed by rinsing in DI water. After this 
step, wafer is transferred in 25 wt% TMAH (99.99%, Alfa 
Aesar) to achieve hexagonal shape etched profiles as 
presented in Fig. 2. TMAH exhibits high etch selectivity 
between silicon and silicon dioxide and therefore used 
as an etchant. Silicon etching process is performed at 
70 ± 1 °C. This temperature is achieved by heating a solu-
tion in constant temperature water bath. The etch rate of 
Si{111} at this temperature in our experiment was around 
0.6 µm/h. The etching process is continued until the cir-
cular mask openings take the hexagonal shape with sharp 
corners. In order to analyse the pre-etched patterns, 
optical photographs are taken using 3D measuring laser 
microscope (Olympus, OLS4000).

Results and discussion
As discussed earlier, in wet anisotropic etching the 
circular mask openings on {111} surface take the hex-
agonal shape with sharp corners. Figure  5 shows the 
optical images of mask pattern in oxide layer and the 
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etched profile with 3  µm depth after wet anisotropic 
etching. As Si{111} is a slowest etch rate plane in wet 
anisotropic etching, there is an obvious question about 
the formation of hexagon pattern on the surface of 
Si{111} wafer if only wet anisotropic etching is used. In 
other words, how does hexagonal shape develop on wet 
etching of a circular pattern on Si{111} surface? There 
are two ways to explain the formation of hexagon pat-
tern on the etching of a circular pattern. First explana-
tion is based on the off-axis cut of silicon surface. It is 

not possible to get the wafer surface perfectly parallel 
to the crystal orientation. Commercial standard wafers 
usually are cut ± 0.5 off-axis. Although the wafers of 
more precise orientation can be ordered, these can 
never be cut perfectly parallel to crystal orientation at 
the atomic scale. So when the circular pattern is etched 
in wet anisotropic etchant, crystal planes other than 
{111} orientation expose at the mask edges that lead to 
lateral etching under the mask layer and proceed till it 
finds the 〈110〉 directions where {111} planes appear. 

Fig. 4 Schematic view of pre-etched patterns in oxide layer a on Si{111} surface with b quantitative details. Zoomed-in view of pre-etched pattern 
c before and d after wet anisotropic etching. The line OA indicates where the centres of all circles lie on 〈110〉 direction and therefore the notches of 
hexagon pattern perfectly aligns along 〈110〉 direction. The lines O′A′ and O″A″ are parallel to OA indicate the misalignment of the notches when 
the centres of all circles do not lie on 〈110〉 direction
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The lateral undercutting under the mask layer of cir-
cular pattern results in hexagon shape pattern. In the 
second case, if the surface of silicon wafer is perfectly 
parallel to {111} crystal orientation, how will hexagon 
shape form on the etching of circular mask pattern? In 
this situation, removal of the first layer of surface atoms 
will expose non-{111} planes at the mask edge of the 
circle that will result in lateral etching. The lateral etch-
ing will end up when it encounters {111} planes which 
appear at 〈110〉 directions and these directions form 
hexagon shape on {111} surface.

In order to find out the accurate 〈110〉 direction, the 
optical image shown in Fig. 5b is inspected. If the mask 
patterns are transferred in mask layer without any mask 
edge distortion (i.e. fabrication error), all notches of 

four hexagons along radial direction come in a straight 
line i.e. 〈110〉 direction. In addition to fabrication 
error, crystal defects may affect the alignment of the 
notches of hexagon pattern. In the pre-etched pattern, 
we should find a set of four hexagons whose notches 
along radial direction lie on a straight line most accu-
rately. It can easily be noticed in Fig. 5 that the notches 
of pre-etched hexagon patterns misaligned above and 
below the set of most accurately aligned hexagons. The 
notches of the four radial hexagons align to each other 
at precise crystallographic direction and the misaligned 
sets of radial hexagons can simply be identified with 
closer visual inspection using optical microscope. We 
can say that this method does not require any measure-
ment to identify 〈110〉 direction. It is completely free 

Fig. 5 Optical images of the pre-etched pattern on Si{111} surface: a before etching, b after etching, c zoomed-in view to show the perfectly 
aligned and misaligned notches of hexagon patterns and d zoomed-in view of hexagon structure. The notches of the four radial hexagons align in a 
straight line along the precise 〈110〉 direction, while the misalignment of notches increases above and below the precise 〈110〉 direction
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from measurements and therefore called a self-aligned 
technique in the sense of the self-alignment of notches 
along 〈110〉 crystallographic directions on Si{111} 
wafer.

Accuracy of the technique
In silicon bulk micromachining based on wet anisotropic 
etching, the mask edges comprising {111} planes (e.g. 
〈110〉) exhibit least undercutting. If the mask edges are 
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Fig. 6 A 50 μm wide and 32 mm long rectangular shape mask opening with longer edge aligned along the 〈110〉 direction on {111} wafer 
surface to test the accuracy of proposed method: a schematic diagram, b optical image of the mask pattern after oxide etching, c etched profile 
with zoomed-in images of different portions. Pre-etched patterns are used as reference for the precise alignment of the mask edges along 〈110〉 
direction. The undercutting at the mask edges takes place due to finite etch rate of {111} plane and the uniform undercutting indicates the accurate 
alignment of mask edges along 〈110〉 direction
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precisely aligned along 〈110〉 direction, uniform under-
cutting takes place at the mask edges. To demonstrate the 
accuracy of the proposed method, a rectangular shape 
mask opening, as presented in Fig. 6, is patterned in oxide 
layer on Si{111} wafer. In order to align the mask edges 
along 〈110〉 crystallographic direction, most precisely 
aligned notches of pre-etched hexagon patterns are used 
as the reference. After transferring the pattern in oxide 
layer, etching is performed in 25 wt% TMAH for 8 h to 
observe the undercutting at 〈110〉 mask edges, which 
occurs due to the finite etch rate of {111} planes. This 
undercutting is measured at different locations along the 
longer edges of the mask pattern. As can be observed in 
Fig. 6, the undercutting at mask edge is measured to be 
uniform, which indicates that the mask edges are pre-
cisely aligned along 〈110〉 direction. Thus, the proposed 
method to determine the 〈110〉 direction on Si{111} 
wafer is accurate and can effectively be used to fabricate 
microstructures with high dimensional accuracy.

In general, the accuracy of this technique depends on 
the angular separation between the groups of four cir-
cles and how precisely one identifies the set of hexagons 
whose notches are most precisely aligned along a line. In 
addition, when the alignment notches look equally good 
(or bad) for two contiguous rows of circles, the radial 
direction half way between them should be selected. If an 
experimentalist chooses one row (of four circles) above 
or below the best aligned notches of the pre-etched hex-
agon patterns, it will add the alignment error equal to 
angular separation. Hence the accuracy of the alignment 
is limited by the ability to find out the best aligned hexa-
gon patterns and angular spacing between the groups of 
four circles.

Most notably, this method provides best control on 
the dimensions of fabricated structure if one uses most 
precisely aligned notches of pre-etched hexagon patterns 
as reference 〈110〉 direction for the alignment of subse-
quent mask patterns. In order to improve the identifica-
tion of most precise crystallographic directions, the size 
of the circles should be small and must be placed close to 
each other in such way so that the notches of hexagons 
can be attained at least separation, but should not merge 
with each other. It helps to find out the most accurately 
aligned notches in pre-etched patterns.

Conclusions
A simple and self-aligned technique is presented to deter-
mine the precise 〈110〉 direction on Si{111} wafer surface. 
Circular mask patterns, which are easy to design, are used 
to get hexagon shapes pre-etched pattern. The notches 
of hexagonal shape mask patterns align with each other 
along accurate 〈110〉 direction which is identified by vis-
ual inspection using an optical microscope. It does not 

require any measurement to find out the crystallographic 
direction. In addition, pre-etched patterns occupy very 
small space close to wafer edge. To the best of our knowl-
edge, it is the first time, a simple and measurement free 
technique is studied for the identification of crystallo-
graphic directions on Si{111} wafer, which is used for the 
fabrication of special types of microstructures.

Authors’ contributions
AVNR and VS did experiments. AVNR and PP wrote the manuscript. AKP 
reviewed/edited the manuscript. All authors read and approved the final 
manuscript.

Author details
1 MEMS and Micro/Nano Systems Laboratory, Department of Physics, Indian 
Institute of Technology Hyderabad, Kandi, Sangareddy, India. 2 Department 
of Mechanical and Aerospace Engineering, Indian Institute of Technology 
Hyderabad, Kandi, Sangareddy, India. 

Competing interests
The authors declare that they have no competing interests.

Funding
The authors gratefully acknowledge financial support from Indian Institute of 
Technology Hyderabad, India.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 12 March 2018   Accepted: 23 June 2018

References
 1. Zubel I, Kramkowska M (2005) Possibilities of extension of 3D shapes by 

bulk micromachining of different Si (hkl) substrates. J Micromech Micro-
eng 15(3):485–493

 2. Pal P, Sato K (2017) Silicon wet bulk micromachining for MEMS. Pan Stan-
ford Publishing, Singapore

 3. Yang EH, Yang SS, Han SW, Kim SY (2005) Fabrication and dynamic testing 
of electrostatic actuators with p+ silicon diaphragms. Sens Actuators A 
phys 50:151–156

 4. Pal P, Sato K (2009) Complex three dimensional structures in Si{100} using 
wet bulk micromachining. J Micromech Microeng 19(10):105008

 5. Xu YW, Michael A, Kwok CY (2011) Formation of ultra-smooth 45° micro-
mirror on (100) silicon with low concentration TMAH and surfactant: 
techniques for enlarging the truly 45° portion. Sens Actuators A Phys 
166(1):164–171

 6. Pal P, Gosalvez MA, Sato K (2010) Silicon micromachining based on 
surfactant-added tetramethyl ammonium hydroxide: etching mecha-
nism and advanced application. Jpn J Appl Phys 49:056702

 7. Pal P, Sato K (2010) Fabrication methods based on wet etching process 
for the realization of silicon MEMS structures with new shapes. Microsyst 
Technol 16:1165–1174

 8. Pal P, Chandra S (2004) Bulk-micromachined structures inside anisotropi-
cally etched cavities. Smart Mater Struct 13:1424–1429

 9. Gosalvez MA, Pal P, Ferrando N, Hida H, Sato K (2001) Experimental pro-
curement of the complete 3D etch rate distribution of Si in anisotropic 
etchants based on vertically micromachined wagon wheel samples. J 
Micromech Microeng 21(12):125007

 10. Sato K, Shikida M, Matsushima Y, Yamashiro T, Asaumi K, Iriye Y, Yamamoto 
M (1998) Characterization of orientation-dependent etching properties 
of single-crystal silicon: effects of KOH concentration. Sens Actuators A 
Phys 61(1):87–93



Page 9 of 9Narasimha Rao et al. Micro and Nano Syst Lett  (2018) 6:4 

 11. Swarnalatha V, Narasimha Rao AV, Ashok A, Singh SS, Pal P (2017) Modi-
fied TMAH based etchant for improved etching characteristics on Si{100} 
wafer. J Micromech Microeng 27(8):085003

 12. Narasimha Rao AV, Swarnalatha V, Ashok A, Singh SS, Pal P (2017) Effect of 
 NH2OH on etching characteristics of Si{100} in KOH solution. ECS J Solid 
State Sci Technol 6(9):609–614

 13. Seidel H, Csepregi L, Heuberger A, Baumgärtel H (1990) Anisotropic etch-
ing of crystalline silicon in alkaline solutions I. Orientation dependence 
and behavior of passivation layers. J Electrochem Soc 137(11):3612–3626

 14. Dutta S, Imran M, Kumar P, Pal R, Datta P, Chatterjee R (2011) Comparison 
of etch characteristics of KOH, TMAH and EDP for bulk micromachining of 
silicon (110). Microsyst Technol 17(10–11):1621–1628

 15. Tanaka H, Yamashita S, Abe Y, Shikida M, Sato K (2004) Fast etching of sili-
con with a smooth surface in high temperature ranges near the boiling 
point of KOH solution. Sens Actuators A Phys 114(2):516–520

 16. Ashok A, Pal P (2017) Silicon micromachining in 25 wt% TMAH without 
and with surfactant concentrations ranging from ppb to ppm. Microsyst 
Technol 23(1):47–54

 17. Narasimha Rao AV, Swarnalatha V, Pal P (2017) Etching characteristics of 
Si{110} in 20 wt% KOH with addition of hydroxylamine for the fabrication 
of bulk micromachined MEMS. Micro Nano Syst Lett 5(23):1–9

 18. Pal P, Sato K (2015) A comprehensive review on convex and concave cor-
ners in silicon bulk micromachining based on anisotropic wet chemical 
etching. Micro Nano Syst Lett 3(6):1–42

 19. Kim J, Cho DI, Muller RS (2001) Why is (111) silicon a better mechanical 
material for MEMS? In: Obermeier E (ed) Transducers’ 01 Eurosensors XV. 
Springer, Berlin, pp 662–665

 20. Yu X, Wang Y, Zhou H, Liu Y, Wang Y, Li T, Wang Y (2013) Top-down 
fabricated silicon-nanowire-based field-effect transistor device on a (111) 
silicon wafer. Small 9(4):525–530

 21. Yang H, Xu K, Yang Y, Li T, Jiao J, Li X, Wang Y (2008) A novel method to 
fabricate single crystal nano beams with (111)-oriented Si micromachin-
ing. Microsyst Technol 14(8):1185–1191

 22. Oosterbroek RE, Berenschot JW, Jansen HV, Nijdam AJ, Pandraud G, van 
den Berg A, Elwenspoek MC (2000) Etching methodologies in 〈111〉-ori-
ented silicon wafers. J Microelectromech Syst 9(3):390–398

 23. Shah IA, Van Enckevort WJP, Vlieg E (2010) Absolute etch rates in alkaline 
etching of silicon (111). Sens Actuators A Phys 164(1):154–160

 24. Koo KI, Chung H, Yu Y, Seo J, Park J, Lim JM, Paik SJ, Park S, Choi HM, Jeong 
MJ, Kim GS (2006) Fabrication of pyramid shaped three-dimensional 8 × 8 
electrodes for artificial retina. Sens Actuators A Phys 130:609–615

 25. Pandraud G, Veldhuis G, Berenschot JW, Nijdam AJ, Hoekstra HJWM, 
Parriaux O, Lambeck PV (2000) Micromachining of high-contrast 
optical waveguides in [111] silicon wafers. IEEE Photon Technol Lett 
12(3):308–310

 26. Lee S, Park S, Cho DI (1999) A new micromachining technique with (111) 
silicon. Jpn J Appl Phy 38(5R):2699

 27. Fleming JG (1998) Combining the best of bulk and surface micromachin-
ing using Si (111) substrates. In: Micromachining microfabrication process 
technology IV international society for optics and photonics, vol 3511. pp 
162–169

 28. Cho DI, Choi BD, Lee S, Paik SJ, Park S, Park J, Park Y, Kim J, Jung IW (2003) 
Dry and wet etching with (111) silicon for high-performance micro and 
nano systems. Int J Comput Eng Sci 4(02):181–187

 29. Ensell G (1995) Freestanding single-crystal silicon microstructures. J 
Micromech Microeng 5(1):1

 30. Park S, Lee S, Yi S, Cho DI (1999) Mesa-supported, single-crystal micro-
structures fabricated by the surface/bulk micromachining process. Jpn J 
Appl Phy 38(7R):4244

 31. Chou BC, Chen CN, Shie JS (1999) Micromachining on (111)-oriented 
silicon. Sens Actuators A Phys 75(3):271–277

 32. Lee S, Park S, Kim J, Lee S, Cho DI (2000) Surface/bulk micromachined 
single-crystalline-silicon micro-gyroscope. J Microelectromech Syst 
9(4):557–567

 33. Hu HH, Lin HY, Fang W, Chou BC (2001) The diagnostic micromachined 
beams on (1 1 1) substrate. Sens Actuators A Phys 93(3):258–265

 34. Lee S, Park S, Cho DI (1999) The surface/bulk micromachining (SBM) 
process: a new method for fabricating released MEMS in single crystal 
silicon. J Microelectromech Syst 8(4):409–416

 35. Ciarlo DR (1992) A latching accelerometer fabricated by the anisotropic 
etching of (110) oriented silicon wafers. J Micromech Microeng 2:10–13

 36. Lai JM, Chieng WH, Huang YC (1998) Precision alignment of mask etching 
with respect to crystal orientation. J Micromech Microeng 8(4):327

 37. James TD, Parish G, Winchester KJ, Musca CA (2006) A crystallographic 
alignment method in silicon for deep, long microchannel fabrication. J 
Micromech Microeng 16:2177–2182

 38. Tseng FG, Chang KC (2003) Precise [100] crystal orientation determina-
tion on 110 oriented silicon wafers. J Micromech Microeng 13:47–52

 39. Chang WH, Huang YC (2005) Precise [100] crystal orientation determina-
tion on 110 oriented silicon wafers. Microsyst Technol 11:117–128

 40. Ensell G (1996) Alignment of mask patterns to crystal orientation. Sens 
Actuators A 53:345–348

 41. Vangbo M, Baecklund Y (1996) Precise mask alignment to the crystal-
lographic orientation of silicon wafers using wet anisotropic etching. J 
Micromech Microeng 6:279–284

 42. Singh SS, Veerla S, Sharma V, Pandey AK, Pal P (2016) Precise identification 
of 〈100〉 directions on Si 001 wafer using a novel self-aligning pre-etched 
technique. J Micromech Microeng 26:25012

 43. Singh SS, Avvuru NV, Veerla S, Pandey AK, Pal P (2017) A measurement 
free pre-etched pattern to identify the ⟨110⟩ directions on Si 110 wafer. 
Microsyst Technol 23(6):2131–2137

 44. Singh SS, Pal P, Pandey AK, Xing Y, Sato K (2016) Determination of precise 
crystallographic directions for mask alignment in wet bulk micromachin-
ing for MEMS. Micro Nano Syst Lett 4(1):5


	Determination of precise crystallographic directions on Si{111} wafers using self-aligning pre-etched pattern
	Abstract 
	Introduction
	Design details
	Experimental details
	Results and discussion
	Accuracy of the technique
	Conclusions
	Authors’ contributions
	References




