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Abstract
Silicon microneedles were fabricated extensively for bio-medical 
applications by using optimized process. The entire process was 
simulated and resultant micro structures have been analyzed and 
reported. Microneedle fabrication was carried out in three different 
etch techniques and the outputs were compared. The optimized 
structure was obtained by manipulating etch parameters, mask size 
and isotropy coefficient of etchants. The aspect ratio (AR) of the 
fabricated microneedles was found to be much higher than that of 
any other hollow microneedles reported previously. Mechanical 
strength and fluid flow characteristics were also calculated and the 
data obtained from the calculations indicated that the structures 
should be compatible with modern biomedical applications such 
as drug and gene delivery, protein and DNA injection etc.
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I. Introduction 
A rapidly growing arena which is expected to make a significant 
impact on Microsystems development is Micro Electro Mechanical 
Systems (MEMS). A lot of emphasis has been put on the fabrication 
of microneedles which can be used in transdermal drug delivery, 
DNA injection, as sensors and in many other fields [1-3]. In 
addition, arrays of micro-needles with multiple outlet ports allow 
the injection of different fluids from the same device [4]. In order 
to optimize the needle structure, interesting new approaches 
are being explored. Glass microneedles, steel microneedles, 
dissolvable microneedles, polymer microneedles have already 
been fabricated and are in use in the medical field [5]. Although 
the use of microneedle is still limited due to its fragile structure, 
and integration and biocompatibility problems, microneedles have 
opened a new door of possibility in the submicron era technology. 
Not only are microneedles easy to fabricate, but they are low cost, 
take up less space than hypodermic needles and can effectively 
reduce pain associated with drug injection. The few constraints 
that limit the use of microneedle include poor fluid flow rate, tip 
breakage, biocompatibility problem, and high skin resistance. 
Therefore, current research is focused on reducing the overall 
structure of microneedles while enhancing their mechanical 
properties and fluid flow rate. Micro fabrication technology has 
been extensively used to shrink the needle, thereby improving 
existing devices or enabling novel devices for gene and drug 
delivery. In the future, microneedles will undoubtedly be an 
integral part of medical science.
Previous studies revealed microneedles of various sizes and shapes 
which were fabricated by different micromachining processes. 
However, relatively little attention was paid to the comparison 
among different processes of microneedle fabrication and hence 
optimization of microneedles. Therefore, we fabricated Si 
microneedles using three different processes (wet etch, reactive 
ion etch or RIE, and plasma etch) and obtained an optimized 
needle with an aspect ratio (AR) of approximately 30:1, which 

is higher than any other ARs of hollow needles found in previous 
research publications [4, 9-12, 14].
The entire fabrication process was carried out by a well known 
process simulator called Athena® that provides a good platform 
for design of micro structures like microneedles, Metal Oxide 
Semiconductor Field Effect Transistors, Field Effect Transistors 
etc. We have found that using Athena®’s etch, deposition, and 
photolithography parameters, approximately 150 micrometer 
(µm) tall, hollow silicon microneedles can be fabricated on a 
typical 500 µm P-type chip. The fabricated hollow needles after 
optimization have had a high AR (30:1), which was much larger 
than the aspect ratios of hollow needles found typically. For bio 
medical use, the fabricated needles were coated with a popular 
biodegradable material, Poly D Lactic Acid (PDLA). Using 
directional etch models of Athena®, reservoirs were fabricated in 
the backside of the wafer for drug storage and use. The mechanical 
strength analysis and fluid flow rate of needles were carried out 
by ANSYS® and MATLAB ®.

II.  Fabrication of Back Reservoir by RIE
Back reservoirs were fabricated using directional etch properties of 
Athena®. Bulk micromachining studies have shown that tapered 
structures can be formed on silicon chips with excellent accuracy 
[6-7]. Attempts to simulate the reservoir etching at depths greater 
than 200 µm caused problems. The reservoir opening became too 
small for microneedles to be fabricated. Therefore, mask openings 
were modified and undercut angles were changed until a suitable 
structure was found.

Fig. 1: Back Reservoir Fabricated in the Backside of the Si wafer 
by RIE. The reservoir was optimized using directional etching. 
The dimension of this optimized reservoir is 200 µm ⋅ 200 µm 
with an opening of 25 µm ⋅ 25 µm. A thin coating of silicon di-
oxide was used in the inner walls of the reservoir to better protect 
it from injection fluid and any type of contamination. The etchant 
was SF6.
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In our work, we have fabricated square pyramidal shaped reservoirs 
(Fig. 1.) with a base area of 200µm ⋅ 200µm, and with sidewalls 
sloped at 65.9◦. Square pyramidal shapes have openings of 25µm ⋅ 
25µm and allow easy filling of the reservoirs. Finally, a thin coating 
of silicon dioxide was deposited on the reservoir wall by chemical 
vapor deposition in order to make the structure hydrophobic and 
provide insulation from injection fluids [8]. The parameters were 
as follows: thickness of silicon dioxide about 2 µm, deposition 
rate: 1000 A◦/minute, step coverage: 0.75

III.  Fabrication and Optimization of Microneedles by 
RIE
Here Si microneedles were fabricated by reactive ion etching 
or RIE.
Because a number of variables (i.e. etch rate, isotropy coefficient, 
etch time, needle height and width etc.) were involved in the 
fabrication process, selection of proper parameters was of 
paramount importance. In order to select the right parameter 
values, we varied vertical etch rate, isotropy coefficient, lateral 
etch rate etc. over a range of etch times (10-4200 seconds) and 
determined the behavior of each parameters of RIE. Fig. 2 clearly 
indicates that with the increase in etch rate and etch time, needle 
height increased significantly. The rate of increase of needle height 
with respect to etch time was found to be linear.
Next, etching was performed with various isotropy coefficients 
over a range of time periods in order to determine the amount of 
undercut. Fig. 3 shows a very slow increase in mask undercut for 
an isotropy of 0.1. However, for isotropy coefficients 0.2 and 0.3 
undercut was much faster and varied almost linearly with time. 
Higher isotropy coefficients will result in much faster etching of 
silicon. For different RIE etch rates, needle height was measured 
with respect to isotropy coefficients of etch.

Fig. 2: Change in Needle Height With Time for Different RIE Etch 
Rates. As the RIE Anisotropic Etch Rate Increases, Achievable 
Needle Height Increases Significantly. For a Tall Microneedle, 
High Etch Rate With a Low Isotropy Is Preferred. The Etchant 
Used Here is SF6. Etch Time Ranges From 0 Seconds to 7200 
Seconds.

Fig. 4 shows the relationship between needle height and isotropy 
coefficient. Higher etch rates will generally produce taller 
microneedles. However, or the same etch rate, the height of 
microneedles reduces drastically with the increase in RIE isotropy 
coefficient. The findings suggest that low isotropy and high etch 
rates should be used for microneedle fabrication.

Microneedles were fabricated on a 4mm ⋅ 4mm P-type (heavily 
doped with Boron) substrate in a 6 ⋅ 6 array. Needle-to-needle 
distance was less than 600 µm and some space was left for the 
integration of applicators and other on-chip devices. The needle 
orientation was good enough to counter the bed-of-nails effect 
[9]. The simulation parameters were chosen such that 150 µm tall 
needles with a bore diameter of about 25 µm and wall thickness 
of about 8µm can be fabricated. The AR of the above-mentioned 
microneedles was approximately 3.5:1, which was satisfactory 
considering the ARs of hollow needles reported in previous studies 
[9-12]. 

Fig. 3: Lateral Etch Vs. Time for Different Isotropy Coefficients 
of RIE etch. Here the Change in Mask Undercut With Isotropy 
Coefficient is Clearly Visible. With the Increase in Isotropy, 
More Undercut is Observed, and Needle Height Decreases. For 
a Suitable Needle Height, Less Undercut is Preferred. Etch Time 
Ranges From 0 Second to 4200 Seconds

Fig. 4: Changes in Needle Height for different isotropy coefficients 
of RIE etch. Here etch time is maintained the same and the isotropy 
coefficient is varied. For taller microneedles, a large anisotropy 
is preferred. It can be seen that with the increase in isotropy 
coefficient of RIE (SF6) needle height decreases significantly. 
Etch time is 7200 seconds

However, in order to improve the design, some modifications 
were done and an aspect ratio of about 30:1 was obtained without 
causing significant damage to either micro channel or needle side 
walls.
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The front side of the wafer was prepared for processing. After 
growing a thin oxide layer (2µm) and coating the wafer with 
a layer of photoresist of 5µm thickness over the surface, the 
wafer was photo lithographically patterned and windows were 
opened for channel etching. Reactive ion etching using SF6 gas 
was simulated for about 80 minutes and etch parameters were 
defined. The parameters were as follows: etch rate: 2.0 µm/minute, 
isotropy=0 µm/minute, etch time: 4755 seconds, power: 1000 W, 
SF6 flow rate= 325 sccm, temperature= -80◦C, pressure= 16 mTorr 
[13]. After the anisotropic etching was complete, the wafer was 
again masked and patterned for side wall formation. Here, RIE 
etch with a suitable isotropy coefficient was employed in order to 
obtain a tapered profile. The parameters were as follows: etch rate: 
2.8 µm/minute, isotropy=0.1µm/minute, etch time: 3250 seconds, 
power: 1500 W, SF6 flow rate= 400 sccm, temperature= -80◦C, 
pressure= 20 mTorr. Then the layers of photoresist and oxide were 
removed and the side walls were obtained by inductively coupled 
plasma etching technique (ICP). Here selective co-ordinate etching 
was put to use. This resulted in a beveled tip that was considered 
suitable for needle operation. Lastly, to improve biocompatibility, 
the needles were coated with a fine layer of PDLA. The parameters 
were as follows: deposition rate of PDLA: 800 A◦/minute, step 
coverage 0.80, etch time: 25 minutes. PDLA is a biodegradable 
polymer with extensive application due to its biodegradable 
property which has been proved harmless to human tissues and 
cells.
After investigating the behaviors of the parameters of RIE, we 
proceeded to obtain optimized microneedles. The next goal was 
to obtain a profile that has been optimized and can be fabricated 
without causing significant damage to needle entities. The mask size 
was reduced and isotropic etch coefficients manipulated until the 
smallest possible structure with a high AR could be obtained. Fig. 
5 shows a microneedle that has a channel width of approximately 
1µm, tapered side walls with a maximum thickness of 2µm, and 
needle tips with sidewalls of around 0.5 µm, which is the minimum 
thickness. AR was found to be approximately 30:1, which was 
higher than other ARs of hollow needles reported in previous 
studies [4, 9-12, 14]. Etching done in a smaller dimension than the 
one shown in Fig. 5, resulted in damaged profiles. Therefore, this 
structure was considered the optimum design by simulation.

Fig. 5: Optimized Microneedle Shape, With an AR of 
Approximately 30:1, Needle height is 145 µm; Maximum base 
width is 5 µm, minimum sidewall thickness was 0.5 µm. The 
optimized microneedle was obtained by manipulating etch 
coefficients, mask undercut and etch time. The optimized needle 
was designed with RIE .Here the etchant was SF6.

IV. Fabrication of Microneedles by WET ETCH Technique
We have employed wet etch technique to fabricate hollow 
microneedles. In order to create microneedle channel, wet etch was 
performed by using different isotropy coefficients and etch time 
for the process ranged from 1 hour to 72 hours. We have observed 
that circular bowl shaped structures with an inner dimension of a 
few micrometers were generated. Therefore, we have understood 
that optimized hollow microneedle cannot be obtained by isotropic 
wet etch technique However, anisotropic wet etch could provide 
positive results because of its directional etching ability.

V. Fabrication of Microneedles by Plasma ETCH 
Technique
Plasma etching resulted in appreciable dimensions in terms of 
needle height and aspect ratio compared to wet etching. Process 
parameters such as pressure, ambient gas temperature and ion 
temperature were varied but only the variation of pressure revealed 
a few changes in etched surface topology. Parameters were varied 
considering the design constraints. A maximum of 68 µm tall 
needles could be fabricated as shown in fig. 6, with a base width 
of 12 µm and minimum sidewall thickness of 1.81 µm. 

Fig. 6: Microneedle Structure Obtained by Plasma Etching. AR is 
approximately 6:1, base width is 12 µm, height 68 µm. The needle 
channel is non-uniform and the convex sidewalls are generally 
not suitable for drug delivery and DNA or protein injection. 
The top of the needle is flat, which makes it difficult for the 
microneedle to penetrate the skin. Nevertheless, the needle proved 
to be mechanically strong to pierce the skin without significant 
damage.

The needle channel is non-uniform and the convex sidewalls 
are generally not suitable for drug delivery and DNA or protein 
injection. The top of the needle is flat, which makes it difficult for 
the microneedle to penetrate the skin. Nevertheless, the needle 
proved to be mechanically strong to pierce the skin without 
significant damage. The bore was not uniform because of the 
presence of etch isotropy. Ion turbulence resulted in non-uniform 
channel thickness (thickness is high in the middle, low at the 
top and bottom ends). The maximum bore diameter was 3.3 µm 
at the neck and the minimum diameter was 1 µm at the top and 
bottom ends.
Therefore, we can say that optimized microneedles can be obtained 
by RIE.

Si

Si
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VI. Analysis of Mechanical Properties
The fabricated rectangular microneedles with a bore diameter 
of 25 µm and sidewall thickness of approximately 8 µm have 
shown excellent mechanical properties. The skin piercing force 
was calculated to be 0.0073N and it was much lower than both 
the maximum bending force (approximately 0.85N) and buckling 
force (approximately 8N), for the above-mentioned microneedle 
[4]. As the needle dimensions became smaller, force withstanding 
capability reduced and it was found that the structure that was 
optimized with respect to fabrication failed to pass the force 
resistance test. Therefore, modifications should be made to the 
structure before it could be employed in practical use.

VII. Fluid Flow Rate
We calculated the flow rates of water-based drugs and human 
blood in the fabricated microneedles at various pressures. With 
the increase of applied pressure, the flow rates increased linearly. 
The height of the needles did not significantly affect the fluid flow 
rates. The effect of bore dimension on fluid flow rates was found 
to be parabolic in nature. Microneedles with a bore dimension of 
25 µm allowed a maximum flow rate of 60µL/minute, which is 
sufficient for many drug delivery applications [15].

VIII. Applications
Due to precise control of drug delivery and sample intake, the 
microneedle array can be used for sophisticated eye surgeries like 
cataract operation, cornea operation, and retinal vessel ligation. 
The fabricated microneedles are well-suited for these applications 
in that they can provide a controlled stream of fluid to organs 
continuously over a long period of time. The tapered structure 
of the fabricated microneedles allowed easy penetration into the 
skin and provided greater mechanical strength. Other applications 
include drug targeting (of peptides, skin proteins, and DNA) to 
improve cardiovascular treatment and cancer chemotherapy, 
improved control of the rate of release from implanted dosage 
forms, pulsatile drug delivery etc. Finally, the presented concept 
enables the creation of an implantable drug delivery and intake 
system supporting modern sophisticated medical surgery.
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