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Abstract- In this paper, a fabrication method of suspended 
silicon microfluidic channels and various shapes of 
microstructures of desired thickness in (100)-Si wafers using 
single photolithography step is presented. The fabrication 
method uses wafer bonding with silicon nitride (Si3N4) as 
intermediate layer, local oxidation of silicon (LOCOS), and 
complementary metal oxide semiconductor (CMOS) process 
compatible wet anisotropic etching. The etching process is 
performed in two steps in non-ionic surfactant Triton-X-100 
[C14H22O(C2H4O)n] added and pure tetramethyl ammonium 
hydroxide (TMAH) solutions. The surfactant added TMAH is 
used to define the shape of the structures, whereas pure 
TMAH is employed for their release. 

  

I.  INTRODUCTION 
The suspended silicon MEMS structures of desired 

thickness on single (100)-Si wafers are fabricated by time 
controlled backside etching (dry or wet) after defining their 
shapes with required thickness at the front-side, as shown in 
Figure 1(a) [1-4]. In this case, the thickness of the structures 
may vary at different locations of the wafer due total 
thickness variation (TTV). In order to realize the uniform 
thickness microstructures throughout the wafer surface, 
SiO2 based silicon on insulator (SOI) wafers are used, as 
shown in Figure 1(b) [5, 6]. In both cases, fabrication 
process requires front-to-back alignment with high 
accuracy, and cannot be used for the formation of densely 
packed microstructures if only wet anisotropic etching is 
employed. Moreover, the size of the backside mask opening 
for releasing the structures by wet anisotropic etching varies 
with the thickness of the wafer. In case of micromachined 
cavities sealed by wafer bonding for the realization of 
suspended structures, accurate alignment as well as the 
monitoring of pressure inside cavities during bonding 
process are highly desirable [7-11]. In all cases, two masks 
are needed for the fabrication of freestanding structures. 
Apart from the free-standing MEMS structures (e.g. 
cantilever beams, diaphragms etc.), microfluidic channels 
are also very useful structures for developing a system (or 
device) to carry and delivery liquids [12]. The overhanging 
silicon dioxide microfluidic channels uses very complex 
fabrication process and desires reinforcement structures to 
increase its strength to carry the heavy liquids [12]. Thus, 
the fabrication of suspended silicon microfluidic channels 
and densely arrayed microstructures of desire thickness on 
(100)-Si wafers using single sided lithography and wet (or 

dry) etching processes is very difficult. 
In this paper, a fabrication technique is proposed and 

demonstrated for the realization of suspended silicon 
MEMS structures such as cantilever, microfluidic channels 
etc. in single photolithography step. The method provides 
the following advantages: 
i. Easy control over the thickness of the structural layer 

throughout the wafer. 
ii. The problem of time control etching during etch release 

step is eliminated. 
iii. The use of dry etching for defining curved edges and 

sharp convex corners on (100)-silicon wafer is replaced 
by surfactant-added TMAH. 

iv. The cost of fabrication is reduced as only wet anisotropic 
etching is used for defining the shape of structures and 
their release. 

v. The front-to-back alignment step, which requires 
expensive equipment, is eliminated. 

vi. The extra mask required for defining the windows on the 
back-side mask layer for release is not needed. The 
process utilizes only one mask and a single 
photolithography step. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Schematic views of suspended cantilever beams realized in 
{100}-Si wafers using (a) time controlled etching (b) SOI wafer (c) 
micromachined sealed cavities by wafer bonding. 
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Fig. 2. Schematic view of process steps used for the realization of 
suspended Si structures of desired thickness. 

(a) Preparation of oxide and 
nitride deposited wafers 

(b) Direct wafer bonding 

(c) Thinning back of the top 
wafer and oxidation 

(d) Oxide patterning and silicon 
etching in Triton-X-100 added 
TMAH and removal of oxide 

(e) LOCOS process 

(h) Removal of oxide and 
nitride  

Si3N4 (100)-Si SiO2 

(g) Wet anisotropic etching in pure 
TMAH for releasing the structure 

(f) Removal of nitride 

vii. Densely placed structures can easily be fabricated. 

II.  EXPERIMENTAL 
The P-type, CZ grown (100)-Si wafers of three-inch 

diameter were used in order to fabricate the aforementioned 
type structures. In the proposed method, the realization of 
suspended silicon microfluidic channels and structures 
requires two wet etchant. In one case, the etchant must 
provide negligible undercutting at the curved edges, sharp 
convex and rounded concave corners, and the edges aligned 
along <100> directions in order to define the shape of the 
structures, while in other case it should exhibit high 
undercutting at these kinds of corners and edges for fast 
release of the structures. The surfactants are known to 
change the etching characteristics of TMAH solution when 
they are added in a very small amount [13-18]. Thus, the 
etch rates of (100) and (110)-Si, undercutting at sharp 
convex and rounded concave corners are measured in 
different concentration of pure and 0.1% v/v Triton-X-100 
added TMAH. 

The schematic views of the process steps used for the 
realization of simple freestanding silicon cantilever beams 
of required thickness with one photolithography step are 
shown in Figure 2. The process steps are generic and can be 
used for other structures. Firstly, the LPCVD  (low pressure 
chemical vapor deposition) silicon nitride deposited wafers 
are bonded with thermally oxidized silicon wafers. Prior to 
bonding the surfaces are activated by RCA cleaning method 
using NH4OH:H2O2:H2O :: 1:1:6 and HCl:H2O2:H2O :: 
1:1:5 solutions at 70 ºC followed by thorough rinse in DI 
water [7, 19-21]. The room temperature bonded wafers are 
annealed at 1050 ºC for 1 hour in an oxygen environment. 
Thereafter, the oxide of the top wafer is removed and time 
controlled wet anisotropic etching in 25 wt% TMAH is 
performed to reduce the wafer thickness upto required level 
with smooth surface finish (Fig. 2(c)). A chemical 
mechanical polishing (CMP) process is employed to remove 
the micro pyramids (or hillocks) formed during wet 
anisotropic etching step. This is followed by standard 
cleaning process. The bonded wafers are then oxidized, 
followed by patterning using photolithography and oxide 
etching steps. After this step, the anisotropic etching is 
performed in Triton-X-100 added 25 wt% TMAH solution. 
As discussed in the next section, this etchant exhibits 
reasonable {100}-Si etch rate with minimum undercutting at 
the edges not aligned with the <110> directions, curved 
edges, sharp convex and rounded concave corners. 
Thereafter, the oxide is removed and local oxidation of 
silicon (LOCOS) process is carried out (Fig. 2(e)). At this 
step of thermal oxidation only top surface and side walls 
formed in Triton added TMAH are oxidized. The silicon 
nitride is then removed in hot phosphoric acid. Since the 
structures are now to be released, high undercutting at sharp 
convex corners and non<110> directions is desirable for 
their fast release. Therefore, at this step of anisotropic 
etching, either 20 wt % or 25 wt% TMAH is used for their 
quick release. Finally, the oxide and nitride is removed 
chemically.  The released structure is shown in Fig. 2(h) 
schematically. 

III.  RESULTS AND DISCUSSION 
The etching parameters including the etch rates of {100} 

and {110}-Si, and undercutting at sharp convex and rounded 
concave corners, are all essential features for the 
determination of the dimensions of mask patterns for the 
realization of desired etched profiles and freestanding 
structures. The etch rates of (100) and (110)-Si in pure and 
Triton added TMAH are shown in Figures 3 and 4, 
respectively. The etch rate of {100}-Si in pure TMAH 
increases with decrease in concentration, whereas in Triton 
added TMAH it increases with increase in concentration. In 
case of {110}-Si wafer, etch rate increases with increase in 
concentration of pure TMAH, while it is almost independent 
of the TMAH concentration when 0.1% v/v Triton is added. 

The comparisons of undercutting ratios at sharp convex 
(l1/d; l1: undercutting along <110> direction for etch dept d) 
and rounded concave (l2/d; l2: undercutting along <100> 
direction for etch dept d) corners in pure and Triton added 
TMAH are presented in Figures 5 and 6, respectively.  It is 
clearly seen that the undercutting reduces to a significantly 
low level in surfactant added TMAH. As shown in Figures 
3, 4, 5 and 6, that the addition of Triton in low concentration 
(10 wt% or 20 wt%) TMAH affects all etching parameters, 
whereas in case of 25 wt% TMAH, {100} etch rate is almost 
unaffected.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
If the etching parameters for all concentrations presented 

in Figures 3, 4, 5 and 6 are analyzed collectively, 0.1% v/v 
Triton in 25 wt% TMAH suppress the etch rates of 
non-{100} planes significantly. On the other hand, 20 and 
25 wt% pure TMAH provides very high undercutting at 
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non-sharp concave corners, and non-<110> and curved 
edges. 
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Fig. 7. Different types of MEMS structures fabricated in (100)-Si 
wafers using 25 wt% TMAH+0.1% v/v Triton solution: (a) cantilever 
beam with sharp convex and rounded concave corners (b) serpentine 
shape microfluidic channels (c) 45º mirror. SEM pictures shown in (b) 
and (c) are taken after removal of masking layer. 
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TMAH + surfactant Pure TMAH 
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Fig. 3. Etch rates of (100)-Si in different concentration 
of pure and Triton X-100 added TMAH at 60 ºC. 

Fig. 4. Etch rates of (110)-Si in different concentration 
of pure and Triton X-100 added TMAH at 60 ºC. 

Fig. 5.  Undercutting ratio at sharp convex corners (l1/d) in 
different concentration of pure and surfactant Triton X-100 
added TMAH at 60 ºC; l1: undercutting along <110> direction 
at convex corner, d: etch depth at Si(100) wafer surface. 

l1 

d = etch depth 

Fig. 6:  Undercutting ratio at rounded concave corners 
(l2/d) in different concentration of pure and Triton X-100 
added 25 wt% TMAH at 60 ºC; l2: undercutting along 
<100> direction at rounded concave corner, d: etch depth 
at Si(100) wafer surface. 

l2 

d = etch depth 
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In the silicon semiconductor fabrication processes, {110} 
and {111}-Si oriented silicon wafers are used only for 
specific applications. Most MEMS structures as well as the 
CMOS devices are formed in/on {100} oriented silicon 
wafers. In case of {100}-Si wafers, the amount of 
undercutting at different shapes corners and edges must be 
negligible in comparison to the etch rate of {100}-Si in 
order to attain the etched profile identical to the shape of 
mask pattern. As discussed in the previous paragraph, 25 
wt% TMAH+0.1% v/v Triton solution provides such  
etching characteristics i.e. the etch rate of non-{100}-Si in 
this solution is nearly one order of magnitude less than that 
in pure 25 wt% TMAH. In order to demonstrate the 
applications of Triton added TMAH for the fabrication of 
new shapes structures, various kinds of mask patterns are 
used. Figures 7(a), 7(b) and 7(c) show the cantilever shaped 
structures with sharp convex and rounded concave corners, 
serpentine channels and 45º mirror, respectively. All these 
structures are formed in {100}-Si wafers. An important 
feature can be noticed from the SEM pictures shown in 
Figure 7 that the pure TMAH provides high undercutting at 
the non-<110> and curved edges, while Triton added 
TMAH exhibits minimum undercutting at those types of 
edges. In the fabrication of some class of MEMS structures 

such as cantilever beams made of dielectric (SiO2/Si3N4), 
metal, and P+-Si, as high as possible undercutting is 
desirable for their fast release [22]. The pure 25 wt% (or 20 
wt%) TMAH is the best choice for such type of application 
as it provides very high undercutting at sharp convex 
corners and non<110> edges.   
Fig. 8 shows the SEM pictures of suspended silicon 
microfluidic channels of different shapes, and various kinds 
of microstructures with rounded concave and sharp convex 
corners. All these structures are formed using only one 
photolithography step and two different etching solutions 
(with and without surfactant added 25 wt% TMAH) in 
series. For all kinds of structures, the same process steps are 
used as illustrated in Fig. 2. The grooves of microfluidic 
channels are nicely shaped even in case of rounded types. 
The dimensions of the mask patterns for the desired shapes 
of the structures (or resultant shapes for given mask 
patterns) can be estimated using trigonometric relations 
considering the undercutting and etch rates of different 
planes as presented in Figures 3, 4, 5 and 6.  These etching 
results can also be used to estimate the time required during 
etch release step. The area surrounding the microfluidic 
channels and cantilever beams, as shown in Figure 8, should 
be selected in such a way that no V-grooves should form in 
this area during first etching step illustrated in Figure 2(b). 
Additionally, in case of microfluidic channels, the 
surrounded area must be sufficiently enough in order to 
release the structure by undercutting process during second 
step of etching in pure TMAH, as described in Figure 2(g). 
These calculations can be done keeping in view the 
crystallographic restriction of silicon in wet anisotropic 
etching solutions.  
It is essential to emphasize here that the wafer bonding in 
this work is performed only to develop a fabrication 
technique with the aforementioned objectives. The detailed 
study of wafer bonding with silicon nitride as intermediate 
layer is beyond the scope of the present work. As mentioned 
in the previous section, the thickness of the one of the 
bonded wafers for structural layer was tailored by wet 
etching process. Thus, it may vary at different locations 
owing to the total thickness variation (TTV) of the wafer.  In 
order to have a precise control over the thickness of the 
structural layer, the bonded and etched back method is 
recommended [23, 24]  

IV.  CONCLUSION 

Different types of fixed and freestanding silicon MEMS 
structures are fabricated using very economic wet 
anisotropic etching using single step photolithography. A 
comprehensive analysis of pure and Triton-X-100 added 
TMAH solutions at different concentration is performed in 
order to emphasize their applications under different 
conditions for the fabrication of different shapes MEMS 
structures. The surfactant added 25 wt% TMAH is 
characterized as a best choice for etching any shapes of 
masking patterns with minimum undercutting at the edges 
and corners. The high concentration of TMAH (20-25 wt%) 
is a optimal selection for obtaining high undercutting at 
non-sharp concave corners and non-<100> edges. The type 

(b) 

(a) 

(i) (ii) 

Sharp convex corners 

Sharp concave corner Rounded concave corner 

Fig. 8. SEM pictures of fabricated different kinds of suspended silicon (a) 
Microfluidic channels (b) Cantilever beams with (i) sharp concave and 
convex (ii) rounded concave and sharp convex corners (beam thickness = 
4.5 µm). All structures are realized in single step UV lithography. 
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of the etchant can be selected according to the requirement. 
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