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A B S T R A C T

Transdermal drug delivery techniques based on microneedle arrays can painlessly administer controlled amount
of drugs through penetration of the epidermis. Solid microneedles arrays can be employed in this process after
coating the tip with the liquid agent before insertion. In this work, we report a low cost technique for the
formation of pyramidal microneedle arrays based on crystalline silicon. A combination of crystallographic
etching, thermal oxidation and subsequent HNA treatment was employed. Optimization of the process para-
meters led to the generation of pyramidal microneedle arrays where the tip diameter can be reduced without loss
of overall structural robustness. Micro-cavities with size 4–10 μm in diameter can be reproducibly generated in a
ring surrounding the tip, while maintaining an otherwise smooth microneedle facet wall. Optical fluorescence
imaging indicates that fluids can be exclusively trapped in these microcavities, with implications in transdermal
drug delivery.

1. Introduction

There is a major drive towards the development of low cost, bio-
compatible, structurally robust microneedles for dermal and trans-
dermal drug delivery [1]. These structures, which have heights in the
range 300 μm to 1mm, have tip diameters around 2–25 μm [2,3], and
can be used to pierce the upper layer of the skin to withdraw body
fluids or to inject drugs in a painless manner. Furthermore, micro-
needles can be integrated into “lab-on-a-chip” (LOC) systems where the
testing of the fluids can be carried out at the chip level, and the results
automatically communicated to medical professionals [4]. Micro-
needles can be either hollow or solid, and for each class there are dif-
ferent approaches of drug delivery. For hollow microneedles a drug in
solution is actively or passively delivered through the bore of the mi-
croneedles [5]. There are several approaches for solid microneedles for
transdermal drug delivery. Micro-pores may be generated in the skin
using microneedle arrays followed by application of a patch, thereby
allowing the drug in the patch to diffuse through the skin [6]. Alter-
natively, the drug can be contained in the needle itself, and released
after puncture, which requires the use of dissolvable or porous micro-
needles [7]. Finally, solid microneedles coated with a specific drug may
be pierced through the skin, thereby releasing the chemicals through
hydration of the coating.

Various materials have been used in the fabrication of solid and

hollow microneedle structures, including polymers [8–10], metals [11]
as well as semiconductors [12]. Silicon micromachining is an important
tool in the development of such structures, using either reactive ion
etching [13] or the wet chemical etching process. Several groups have
also fabricated solid microneedles with porous tip [14] where drugs can
be stored during the delivery process. While porous silicon is a non-
toxic and biocompatible material [15] that has been produced with a
large variety of pore sizes [16–18], porous silicon microneedles may
easily break and stay inside the skin upon piercing. Nevertheless, the
general concept of inclusion of pores or micro-cavities into microneedle
tips without loss of sharpness is a useful route to transdermal drug
delivery. Control over the micro-cavity dimensions while maintaining a
low cost, scalable process is critical for this application. In this paper we
investigate the development of such silicon microneedles with sponta-
neously formed micro cavities using a combination of isotropic [19]
and anisotropic wet chemical etch process.

2. Experimental methods

500 μm thick silicon substrates with (100) orientation were em-
ployed for this work. They were doped with boron (resistivity of
1–10Ω-cm) and were procured pre-coated with 2 μm thick thermal SiO2

layers on both sides. Prior to microfabrication, the wafers were de-
greased using trichloroethylene, acetone, isopropyl alcohol and de-
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ionized water. Photolithography processes were carried on a Suss
MicroTec MA6-BA6 Mask Aligner/Exposure system using
S1813photoresist and MF26A developer (Shipley), employing standard
recipes.

Etching of silicon dioxide (SiO2) was carried out using buffer oxide
etch (BOE) process at room temperature. A KOH bath was employed for
the crystallographic etching of silicon. The samples were immersed in
KOH solution (Molarity= 3.28mol/cc) at 80 °C and the solution was
stirred continuously. The surface of the wafer was kept at an angle of 45
degree facing downwards during the entire process. The selectivity of
etch of (100) planes over (111) planes was further enhanced by in-
troduction of isopropyl alcohol at 1:5 ratio in the KOH solution. This
process was monitored in real time using a LEICA WILD 40 macroscope.
Oxidation was carried out using a tube furnace equipped with a water
bubbler. An HNA (4:7:11) solution was used for isotropic etch with or
without stirring. The etched structures were investigated by scanning
electron microscopy (SEM) using a Zeiss EVO18 system. Optical and
fluorescence imaging was carried out using a Leica DM2700M.

3. Results and discussions

3.1. Single step process: formation of pyramidal structures

Fig. 1(a)–(d) indicates the fabrication process steps employed for
the generation of micropyramidal arrays by wet chemical etching
process. Arrays of square features with sides ranging from 80×80 μm
to 140× 140 μm with various spacing were formed on the SiO2 surface.
Care was taken to align the edge of the box like structures along the

[100] direction of the wafer in order to assist subsequent crystal-
lographic etch. The SiO2 layer was then selectively etched using a buffer
oxide etch (BOE) solution at room temperature, generating an etch rate
of 0.83 nm/s (Fig. 1b). After removing the photoresist, crystallographic
etch of the silicon wafer surface was carried out as shown schematically
in Fig. 1(c).

The scanning electron micrograph of the etched silicon surface is
shown in Fig. 2. An etch rate of up to 8.89 nm/s was achieved, under
optimized conditions. Square SiO2 regions formed after the step (b) as
described in Fig. 1 functions here as the mask for the crystallographic
wet chemical etching.

However, we observed that it is very difficult to terminate the
process at the appropriate end-point, that is when the undercutting
process is just completed. Under optimal conditions, uniform, wellFig. 1. Fabrication steps of Silicon micro-pyramidal array using crystal-

lographic etch.

Fig. 2. SEM images showing micropyramids with (a) sharp tips, (b) incomplete
SiO2 undercut and (c) rounded tops due to over-etch.
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oriented arrays of micropyramids can be formed, each with clearly
defined facets on an octahedral base and a sharp tip. This is shown in
Fig. 2(a), where the SEM images of such structures are presented.
However, small changes in the process conditions, such as local solution
strength, temperature as well as sample geometry can cause the process
to be stopped prematurely, where the top surface is still covered with
the SiO2 layer, as in Fig. 2(b). Here the SEM microscopy image shows
the top SiO2 layer, which has dimensions of several μm, and is therefore
not easy to image using low magnification optical microscopy. This can
be removed by a BOE etch process, revealing a truncated pyramidal
structure with a top plateau. This plateau again can vary in width de-
pending on the non-uniformities described previously. In the other
extreme, if the sample is kept in a KOH bath after the top SiO2 mask
layer has been removed, it may lead to a subsequent etching of the tip,
thereby rounding it, as shown in Fig. 2(c). While truncated pyramids
have many applications, this rounding of the top surface is clearly
undesirable, but difficult to avoid, especially for large wafers.

3.2. Two-step process: narrowing of the tip

In order to increase the stability of the fabrication process, a two
step approach was taken to separate out the process steps of (a) for-
mation of truncated top micro-pyramid, and (b) wet chemical etch to
narrow the tip. The last process step is based on the dependence of
thermal oxidation of silicon on surface morphology, that is sharp edges
are oxidized faster than flat surfaces [20]. In the two step process, the
initial crystallographic etch process as described previously was ter-
minated at a stage where there was still a small flat plateau on the top.

Subsequently, wet oxidation was performed on these micro pyr-
amidal structures in a tube furnace at 950 °C for 10 h. The thickness of
the oxide layer grown under similar conditions on a flat (unetched)
silicon wafer was measured by spectroscopic ellipsometry to be about
approximately 870 nm. However, as shown schematically in Fig. 3, it is
expected that the flat sidewalls and top plateaus of the silicon micro
pyramids will be oxidized slower than the corner of the plateaus. A

subsequent buffer oxide etch removes the SiO2 from all regions, and
leaves the tip narrower than it was originally.

This can be observed clearly in the SEM image shown in Fig. 3(b) of
an originally truncated pyramidal structure that has been oxidized and
subsequently exposed to BOE process. In this process, the top flat pla-
teau has been reduced to a square of less than 2 μm in dimension, which
is acceptable for most biomedical micro-needle applications. This pro-
cess eliminates the need for precise process termination that was ne-
cessary in the crystallographic etch process. The oxidation step can be
modified in time and temperature in order to account for a larger or a
smaller top pyramidal plateau. Several groups have attempted to de-
velop sharp microneedle structures by the isotropic etching process,
generating thereby tip diameters that are significantly narrower.
However that process requires a silicon nitride mask, which requires a
CVD process and is significantly more complex than the thermal oxi-
dation process required for this work.

3.3. Three step process: formation of microcavities

Finally, we have investigated the effect of HNA etch process on the
truncated pyramidal structures fabricated by anisotropic KOH etching.
Pyramidal structures were formed by the process described in Section
3.1, and thermally oxidized as previously described in Section 3.2.
Subsequently they were dipped in a BOE bath at room temperature for
40min. During this process, all the SiO2 including the top cap layer was
removed.

A bath of HF: HNO3: Acetic acid of 4:7:11 was kept at room tem-
perature, and the samples were immersed at 45 degree angle, facing
downwards for 5min. Two sets of samples were prepared, one where
the solution was stirred at 120 rpm, and for the other the solution was
kept stagnant. The structures were then rinsed, dried and examined by
scanning electron microscopy.

The SEM image of array structures after the HNA process where the
solution was stirred is shown in Fig. 4(a). As can be seen, the arrays
have become significantly narrower without any rounding off of the
edges. The tip geometry was changed from octagonal to square and the
diameter was reduced form 25–30 μm to 10 μm. The sidewalls have also
evolved from interlinked (311) and (111) planes observed previously,
to a more regular structure bound by only the (111) planes.

An interesting effect was observed when the solution was not stirred
during the HNA etch process. While smooth sidewalls were observed for
samples where the solution was stirred, for these samples the sidewalls
were found to contain a number of micro-cavity structures. For long
HNA etch times, such microcavities are produced on the pyramidal
sidewalls (Fig. 4(b)), and are about 20–30 μm in diameter. Their density
has also been found to be dependent on other parameters, such as array
geometries.

Under optimized conditions, specifically for short HNA etch times,
carried out without stirring the solution, we have obtained micro-
needles where the tip-edge was completely decorated with a large
number of micro-cavity structures, each varying from 4 to 10 μm in
diameter. Thus, using a simple combination of crystallographic KOH
etch, followed by thermal oxidation and finally HNA etching process,
we have obtained microneedle arrays with integrated micro-cavity
structures that can be used for the storage of agents during drug de-
livery through the skin. Aside from the simplicity and low cost process,
these structures are also very robust, as the sidewalls are (111) crystal
planes. The tip is also not completely porous, and is not significantly
weakened by the presence of the micro-cavities thereby reducing the
possibility of breakage during insertion.

The formation of these microcavities can be linked to two possible
phenomena. During the thermal oxidation of the microneedle structure,
while the flat surfaces are oxidized uniformly, for sharper edges like
those surrounding the top facet the oxidation rate can vary widely. This
can lead to formation of LOCOS type structures, which etch away
during the later processes. Another reason for these cavities can be that

Fig. 3. (a) Schematic showing the sharpening of the micropyramids employing
oxidation and subsequent etching steps, (b) SEM image of the resultant struc-
ture.
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there are small chemical composition fluctuations in the HNA solution,
specially around structures like the tip of the pyramids, where the lo-
calized etch rate can be quite high due to the presence of defects gen-
erated from the earlier KOH etch process at the meeting point of various
facets. These localized defects then are removed selectively, thereby
generating microcavities as the material around each defect is removed
faster than the general silicon layers. Our observation is that if there is
no stirring of the liquid during the HNA step, for short duration, the
cavities are formed exclusively on the top edge, and the microcavities
are formed randomly all over the sides of the pyramids if the etching
process is continued for a long period. Therefore, this process can be
optimized to obtain any degree of surface porosity as desired.

In order to verify that the series of microcavities generated at the
edge of the top plateau of the microneedle are appropriate for storage of
liquid droplets, optical microscopy was carried out using a LEICA

DM2700 system. The microneedles were coated with Rhodamine B dye
using a standard applicator, and illuminated with either visible light, or
with a hand-held UV source with excitation at 365 nm.

A visible light microscopy image is presented in Fig. 5(a), showing
the entire micro-needle structure with the top plateau in focus. A higher
magnification image shown in the inset indicates that the top plateau is
octagonal and about 30 μm in diameter. The Rhodamine B dye can be
observed in the form of droplets about 6–7 μm in diameter, formed
primarily on the edges of the plateau, with a few droplets on the top
surface. This can be compared to the SEM image in Fig. 4(c) where the
larger cavity-like features have about the same dimensions. Therefore,
we can directly observe the formation of micro-droplets at the cavities
generated by the chemical etch process.

This is further established by shining UV light on the structure and
observation of the fluorescence of the Rhodamine B dye. The Fig. 5b
shows that fluorescence from the dye is clearly visible from the top
plateau of the microneedle, that is from the droplets as observed in the
visible light microscopy. No fluorescence was observed from the walls
of the microneedle, indicating that smooth facets do not store any li-
quid. We can therefore conclude that with proper choice of needle
geometry and etch process, fluid can be selectively stored at the top of
the microneedle, thereby reducing consumption of expensive or dan-
gerous drugs during the injection process.

4. Conclusions

In this paper a low cost hybrid etching technique employing both
isotropic and anisotropic etch chemistries was developed to generate
well defined microneedles with small flat top which may include spe-
cific micro cavities for fluid storage. While the formation of smooth
facets by wet chemical etch using KOH has been widely understood,
this technique alone is not adequate for routine generation of sharp
needles, as any over-etch can lead to rounding of the tips, and under-

Fig. 4. SEM image showing (a) the micro pyramidal array with significantly
narrower tip (b) the micropyramids with microcavities on the pyramidal side-
walls and (c) microcavity ring surrounding the tip.

Fig. 5. Visible light microscopy image (a) and Fluorescence image (b) of a
microneedle with microcavities filled with Rhodamine B dye. Inset in (a) shows
a magnified view of the microneedle tip.
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etch will lead to large top plateaus. We have developed a novel tech-
nique incorporating thermal oxidation, oxide etch and subsequent iso-
tropic etch of silicon, that can reduce the top plateau size to as low as
10 μm for needles 100 μm in height without a significant loss of me-
chanical rigidity. These microneedle arrays are compatible with surface
scrape processes of drug delivery. Under optimized conditions, these
process steps can be employed to generate micro-cavities surrounding
the tip of the microneedle, generated by local variations in the oxida-
tion and etch rates, which can be useful in transdermal drug delivery.
The estimated volume of the microcavities can range from 0.02 nl to
0.06 nl per needles, and for a 100× 100 needle array, the total volume
is estimated to be approximately 600 nl.
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