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Abstract In this work, solid silicon (Si) microneedles with a
higher aspect ratio and sharper tips are fabricated.
Tetramethylammonium Hydroxide (TMAH) etching factors
have been optimized and used to fabricate long and tapered
microneedles. The needles thus fabricated are found to be
suitable for transdermal drug delivery applications. The opti-
mized etching factors include varying the concentration of
TMAH, etching time, etching rates, temperature, and window
size of optical mask. It is found that by increasing the window
size, the etch rates in both vertical and lateral directions in-
crease extensively. However, on increasing the temperature
beyond 90 °C, etching becomes rapid and uncontrollable. In
order to obtain microneedles with high aspect ratio, sample
placement in the glass boat of TMAH setup and TMAH con-
centration should be manipulated to attain a higher etch rate in
vertical direction compared to the lateral one. Solid silicon
microneedles with an average height of 158 μm, base width
of 110.5 μm, aspect ratio of 1.43, tip angle of 19.4° and tip
diameter of 0.40 μm are successfully fabricated. A microhard-
ness value of 44.4 (HRC) was obtained for the fabricated Si
microneedles. This is 52.2 times higher than the skin Ultimate
Tensile Strength (UTS), which makes insertion of
microneedles through the skin safer and easier without any
breakage.

Keywords Bio-MEMS . Drug delivery . Silicon
microneedles . Transdermal patch

1 Introduction

Pills and injections are the existingways of drug delivery for pain
curing, which in turn cause adverse side effects such as itching,
irritation, Gastrointestinal (GI) tract from the mouth to colon.
This seems to be the most significant problem that arises in the
administration of drug delivery system which needs a solution.
Among various kinds of effective drug delivery systems for hu-
man body, Transdermal DrugDelivery System (TDDS) has been
progressively used since early 1990s [1]. Transdermal patches
are the first generation and first outcome in clinical use of trans-
dermal delivery systems. The second-generation transdermal sys-
tems such as chemical enhancers, iontophoresis, and non-
cavitational ultrasound, identified the need in enhancement of
skin permeability. This has lead to an enhancement in the scope
of transdermal drugs [2, 3]. To delivermacromolecules like drugs
by crossing the effective Stratum Corneum (SC) barrier across
the human skin to reach the target desirably, third-generation
transdermal systems such as combination of chemical enhancers,
biochemical enhancers, electroporation, cavitational ultrasound,
thermal ablation, microdermabrasion, and microneedles are
being used [4, 5].

Depending upon the molecular weight, dosage level,
lipophilicity, metabolizing propensity, and drug adminis-
ter efficiency, appropriate selection of transdermal tech-
nique is made. Microneedles are the one which solves
the above problem with no side effects and looks exactly
like a traditional hypodermic needle, but in micron size by
coating a drug or vaccine at their tips [6–8]. The length
may vary from 1 to 100 μm whereas diameter is around
1 μm. To deliver the drugs in a precise place, without
causing any pain microneedles are found to play a phe-
nomenal role. It precipitates drug metabolization from
the first-pass effect which have been a concern in an
oral drug delivery [1, 9]. On the other side, hypodermic
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needle has drawbacks like a requirement of a professional
person to administer drugs, production of more medical
waste, less preference from patients due to the associated
pain and the risk of disease diffusion [2]. In the recent
decade, microneedles are being used in clinical trials to
deliver macromolecules drugs like hormones, insulin and
vaccines [10, 11].

The keratin-filled SC layer is minimally poked by the
microneedles and then create a microscale hole in epidermis
to transport the drugs into the dermal-epidermal junction. In
addition, transdermal drug administration using microneedles
has four different approaches, namely “Poke and Patch,”
“Coat and Poke,” “Poke and Release,” and “Poke and Flow”
[12]. The first three approaches corresponds to solid
microneedles for transdermal drug delivery applications. The
poke and patch replicates poking the SC layer up to dermal-
epidermal junction without any pain. Then, it releases the drug
loaded as a patch through micropores created on the skin. In
coat and poke approach, drugs are first coated in the needles
and the detachment of coated drug would take place after it
pokes the skin [6, 13]. Dissolving microneedles will use the
poke and release approach for the diffusion of drugs though
the pores. It is mainly made using biodegradable polymers to
dissolve completely and release the drug into the skin [14].
The last approach, poke and flow is mainly used with hollow
microneedles where the drug flows through the lumen or bore
of the microneedles after it has poked the SC layer of the skin
[15]. Not only in the diagnosis of TDDS, microneedle func-
tionalities are extended to therapies as well. The quantity of
drugs being in micrograms and microliters, microneedles does
not cause any pain to the nerves.

Initially, silicon was the only suitable material chosen for the
fabrication process to get sharper tips with further improvement
in the skin permittivity. Research on materials, made an estab-
lishment for silicon dioxide, metals, glass, polymers, metal-
coated silicon, biodegradable materials, and many others as
an alternate material [2]. Use of these material microneedle-
based transdermal patches have been made without puncturing
the nerves, but by crossing the SC layer of the skin to influence
the dermal-epidermal junction [16–18]. Human skin is made up
of three major layers, viz SC layer with 20–30 μm thickness,
the Viable Epidermis (VE) layer with 50–100 μm thickness.
This layer lies on the top of dermis layer, i.e., the third layer. In
dermis layer, considerable quantity of vascular loops exist
and that makes delivering drugs to disperse thoroughly to reach
a medicament level. Major design parameters are easy tip
penetration, adequate mechanical strength to diffuse across
the skin and a significant base of the microneedles to avoid
needle breakages during penetration.

Silicon microneedles are mainly classified into two types,
namely solid and hollow. It may be either in-plane or out-of-
plane based on the fabrication process with various types like
straight, bent, etc. [19–21]. Diffusion rate dependency and

increase in skin permeability are the key factors to transfer
the drug through silicon microneedles. This is achieved either
by loading drug in lumen if it is hollow type or by coating the
drug at the tip if it is a solid one [22, 23]. For a controlled and
timely release of drugs into the body, array of solid silicon
microneedles could be used. For this, a combo of micropumps
or simple diffusion system is used either to deliver drugs or to
extract any fluids like blood and glucose measurements in a
microliter volume. Biocompatibility is the prime factor to be
considered during solid silicon microneedles design. It is being
improved mainly by coating some metals at the tips while de-
livering drugs via the skin [24–27].

Hashmi et al. fabricated the initial solid silicon
microneedle array using wet etching, i .e. , KOH
(Potassium Hydroxide) [28]. They used the mask layer
as silicon dioxide and microneedles formed here were in
a pyramid structure. They have been stacked which has
less than 1 μm of tip diameter. Due to comparatively large
body and base of the needles, it causes possible skin tis-
sue damage during penetration. Shilpa kaushik et al. [29]
demonstrated that an area of 3-mm by 3-mm size nearly
400 microneedles in an array is used to deliver drug mol-
ecules. It targets the individual cells by piercing the outer
layer of the skin. Many technologies are established to
make microneedles more biocompatible using metals and
polymers, where recent microneedle-based transdermal
patch will also become biodegradable in nature too.
Using microfabrication and lithography techniques, plenty
of research is in progress to produce huge numbers of
solid silicon microneedles [30–34].

Li Wei–Ze et al. [35] and Harvinder S. Gill et al. [36] have
discussed the flat tip type solid in-plane microneedles.
However, most of the microneedles with flat tips could not
solve the wastage of drugs while penetrating inside the skin
during drug delivery. Jing Ji et al. [37] clearly explained about
obtaining porous and biodegradable tips of solid silicon
microneedle arrays by introducing a feasible fabrication pro-
cess. Higher capacity of drugs can be stored in the pores at the
tips due to its porous nature. In order to avoid needle damages
and blockage during skin penetration and to reduce insertion
force of microneedles, various shapes of solid Si microneedles
have been fabricated and reported in literatures. Table 1 pro-
vides the various dimensions of fabricated solid Si
microneedles. Recent days, large number of research
groups have started focusing on dissolving polymer
microneedles to increase the efficiency and biocompatibil-
ity, while delivering drugs [40–43]. For a compact drug
delivery system, dissolving polymer microneedles perfect-
ly matched for its operation both as drug delivery device
and drug construction independently [44–47]. Hence, we
enhance the available fabrication of silicon etching technique
with minimum process steps and to achieve a cost effective
device in the transdermal drug delivery system.
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Even now, silicon-based microneedles are gathering
numerous improvements because of their promptness to
get it incorporated with other devices like silicon-based
Bio-MEMS sensors, actuators, etc. Motivated by the com-
patibility of Si as an essential material and the need to
construct more preferentially shaped microneedles for
pain less transdermal drug delivery, this paper optimizes
and characterizes Tetramethylammonium Hydroxide
(TMAH) etching. Aspect ratio, mechanical strength, and
fracture strength are the most important features for the
prosperous drug delivery through microneedles. Aspect
ratio is the needle height to base width ratio, micron hole
created in the skin during penetration shows the mechan-
ical strength of the needles and needle fails via fracture to
its stress applied, respectively.

With this aim, we attempted to discuss the design, fabri-
cation, and characterization of solid silicon microneedles
having a high aspect ratio by using single step lithography
and anisotropic wet etching (TMAH) process. The key fac-
tor considered here is mainly to increase the insertion length
of the microneedles with sharper tips and unique shape, so
that it can reach the effective depth region of TDDS. The
optical mask window size, composition of TMAH, etching
rates both in lateral and vertical directions and the etching
temperature to achieve the microneedles structure are studied
and characterized. We also studied the optical properties and
mechanical strength of the microneedles before it is being
used to deliver the coated drug. Many factors involved in
TMAH etching increase the complexity to attain a repeatable
etch results. We try to illustrate TMAH etching factors to
obtain repeatable process for ideal fabrication of solid silicon
microneedles.

The uniformity and thickness of the SiO2 layer are studied
using ellipsometer and optical spectroscopy. Elemental anal-
ysis is made for solid silicon microneedles using Energy-
Dispersive X-ray (EDX) spectroscopy attached with a Field
Emission-Scanning Electron Microscope (FE–SEM). The
structural and optical properties are studied by Fourier
Transform Infrared (FTIR) and Ultraviolet-Visible-Near-
Infrared (UV-Vis-NIR) spectroscopy techniques. The aspect
ratio of microneedles is considered to be the prime factor
during fabrication. The hardness of the solid silicon
microneedles is tested using the Vickers hardness test.

2 Experimental section

2.1 Design

As described earlier, human skin has mainly three layers, where
the structure includes feasible epidermis in it. While designing
microneedles care has been taken, so as to penetrate the feasible
epidermis. It’s length should be longer than that used to deliver
a drug via a skin, so as to cross the feasible epidermis. To
achieve the desired shape, these are the important phenomenon
to be considered both in design and fabrication of solid silicon
microneedles. The Miller index (h k l) of silicon has several
types, (100), (111), (110) and so on. Si (100) wafer was chosen
here, along with the different concentration of TMAH to opti-
mize and achieve a proper V-groove using anisotropic wet etch-
ing. The primary reasons are that the angle between the (100)
and (111) is 54.70° and the etching rate of (100) > (111) > (110).

x
wþ 2tð Þ=2 ¼ tan54:7- ð1Þ

V-groove dimensions are designed by using Eq. (1), where
w is the width of expose square window, t is the thickness of
the oxide layer and by taking undercut into account, it is easy
to obtain the depth, x, as shown in Fig. 1a [48]. While etching,
the crystal orientation of silicon has diverse indices and the
corner compensation which gives four (111) planes with 54.7°
between the etched face and the horizontal surface as shown in
Fig. 1b [48].

2.2 Fabrication process of solid Si microneedles

Photolithography and micromachining techniques are incorpo-
rated for the realization of microneedles. Figure 2 shows the
optical mask window size used for patterning Positive
Photoresist (PPR) and to fabricate solid silicon microneedles.
Figure 3 shows the graphical form of the fabrication process
steps involved. Initially, a Single Side Polished (SSP) 4″ inch
P-type Si wafer with (100) crystallographic orientation was
cleaned using standard Radio Corporation of America (RCA)
cleaning process for 30min (step 1 in Fig. 3). The cleaned wafer
was oxidized, i.e., SiO2 layer created on both sides of the wafer
using Ultech Low Temperature Oxide (LTO) furnace (step 2

Table 1 Typical properties of the solid Si microneedles

Typical parameters
(μm)

Kaushik et al. [29] Henry et al. [6] McAllister et al. [18] Wilke et al. [38] Hanein et al.
[39]

H. S. Gill et al.
[36]

Microneedle height 150 μm ~ 150 μm 25 μm 400 μm (Dry etching)
280 μm (Wet etching)

230 μm 480 to 1450 μm

Base diameter 80 μm – 15 μm 200 μm 70 μm –

Microneedle tip
diameter

1 μm (radius of curvature) – less than 1 μm less than 1 μm wide 200 nm wide –
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in Fig. 3). The wafer was coated with PPR S1813 on both
sides, for which it was spun at 3000 RPM for 30 s with 15 s
prespin at 300 RPM, to get 2 μm thickness approximately
(step 3 in Fig. 3). Si wafer was prebaked for 3 min at 90 °C
and were aligned using the optical mask with an array of
180 μm window size, i.e., solid dark squares as shown in
Fig. 2. Ultra-Violet (UV) is exposed using Double Side
Aligner (DSA)—EVG 620 Optical Lithography, developed,
and hard baked again at 90 °C for 3 min to solidify the cross-
linking pattern over photoresist (step 4 & 5 in Fig. 3). Lateral
and vertical gaps between the squares (corner-to-corner) are
varied from 100 to 500 μm with an interval of 100 μm for
optimization.

Using Buffered Hydrofluoric acid (BHF 5:1) and acetone as
etchant unexposed SiO2 layer and PPR layer were removed
completely as shown (in steps 6 and 7 in Fig. 3). Then,
TMAH etching was made uniformly on the patterned Si wafer.
Initially, the etching was made for 30 min to optimize the etch
rate, temperature and to monitor the microneedles shape. 45%
TMAH solution with concentration of (10:0:0) was taken for
etching the microneedles, but does not have sharp tips in the
optimized temperature of 90 °C as shown in Fig. 5. Hence, the
etching process was carried out with various concentrations
and found that TMAH: Deionized (DI) water: Isopropyl
Alcohol (IPA) (1:8:1) concentration gives better results in the

growth and shape control of the microneedles. The optimized
optical mask window size of 500 μm is chosen with center to
center spacing between lateral and vertical directions and to

Fig. 3 Step by step process flow to fabricate solid Si microneedle array

Fig. 1 a V-groove dimension. b
Schematic representation of
silicon by wet etching

Fig. 2 Mask design for solid Si microneedles
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counterpart the etch rate of lateral over vertical by producing an
adequately smooth surface of microneedles. The concluding
step of the experimental part was made to get the microneedle
array during the fabrication using an optimized TMAH etching
factors. Comparing needle height, base width, tip radius, angle
and aspect ratio optimality of microneedles are measured.
Finally, an array of solid silicon microneedles with a height of
158 μm was fabricated and shown in Fig. 9.

2.3 Hardness and mechanical strength

In order to estimate the mechanical strength of the
microneedles, hardness test was carried out using the
Vickers hardness tool. The diamond indenter is used to mea-
sure the hardness by applying a load of 25 gf with dwell time
of 15 s as shown in Fig. 14. Hardness values of other materials
are also recorded and compared to know the mechanical
strength of the fabricated microneedles. It helps to avoid any
further damages during penetration through skin to deliver
drugs in TDDS applications.

2.4 Characterization

The oxide layer thickness was measured by using Sentech
Ellipsometer (SE 800). Ambios XP–2 Surface Profilometer
is used to obtain the surface profiles with its roughness, step
height, etch depth and stress analysis of the PPR S1813, coat-
ed over the oxide layer. The morphology images are observed
using by Zeiss Ultra 55 FE-SEM with Oxford EDX system
where the elemental analysis of the microneedles is observed
with a higher resolution of 1.2 nm @ 15 KV. Acceleration
voltage (Vacc) used was 5 KVand the sample holder was tilted
up to 45° angle to see the exact growth size, i.e. microneedles
height. The surface profile parameters and topological charac-
teristics are observed using Park Systems–NX10 Atomic
Force Microscopy (AFM) operated in non-contact mode.
FTIR spectra for all samples are collected using Thermo
Scientific Nicolet IS5 Spectrophotometer in the range of
4000 cm−1–600 cm−1. UV-Vis-NIR studies are carried out in
200–2500 nm range using JASCO UV-Vis-NIR (Model–V–
670) Spectrophotometer. Vickers hardness study is carried
using Matsuzawa Vickers (Model–MMT–78B, Japan) hard-
ness tool to measure the mechanical strength of the fabricated
solid silicon microneedles.

3 Results and discussion

3.1 Thickness measurements of oxide layer and PPR

To measure the thickness and uniformity of oxide layer, three
different Si wafers are taken at room temperature. Nine differ-
ent spots over the wafer are taken into account to measure the

uniformity and thickness of oxide grown using ellipsometry.
For this, wavelength ranging from 240 to 930 nm is taken by
keeping the angle at 70°. The average of thickness value ob-
served for the oxide layer is 1 μm and the same is shown
clearly in Fig. 4a.

PPR S1813 is spin coated over the oxide layer and its
distribution with its thickness is measured using stylus
profilometry. The surface of the layer is touched physically
by the stylus profiler at five different spots over three different
wafers. The vertical gesture is then converted into electrical
signals which signifies surface topography. The samples may
get damaged due to the physical contact between the stylus
and the surface, while taking step height (average thickness
obtained is 2 μm). The measured values for all three wafers
are shown in Fig. 4b. Measurements made randomly on the
wafers are shown inside both the figures.

3.2 Etching made before optimization

An anisotropic TMAH etching was carried initially for 30 min
to find the shape of the microneedles as examined in Fig. 5a
Figure 5b shows 7 × 7 arrays of solid silicon microneedle with
the etching made using 25 wt.% concentrated TMAH solution
of 180 mL i.e., TMAH:DI:IPA (10:0:0) solution. After etching
for 1 h in the same TMAH concentration, single microneedle
with an oxide layer captured is shown in Fig. 5c. The etch rate
calculated here is 0.6 μm/min. Further, the etching process is
carried out for 4 h and this gives the microneedle, a height of
136.1 μm but without sharp tips (Fig. 5d). Depending on the
skin hardness and material chosen for the microneedles, it is
easy to vary the needle height and sharpness of the tips. The
major criterion is that the microneedles should cross the skin
barrier without any damages. To achieve that, we initiated an
optimized TMAH concentration to continue the fabrication
with the available facilities.

3.3 Effects of TMAH etching factors

The determination of TMAH characterization tests are to
achieve the etching factors, which can produce adequately
smooth surface by controlling the vertical etch rate over
its lateral equivalent as shown in Fig. 6. To set each con-
straint, 9 samples were prepared for each of the subse-
quent tests. Their average value is considered in the final
optimization. For analyzing the influence of TMAH con-
centration over the microneedles shape, 10 compositions
of TMAH taken from 10 to 100%, DI water drawn from 0
to 90% and IPA of 0% is fixed. Consequently, to investi-
gate the effect of IPA, 9 compositions of TMAH taken
from 10 to 90%, DI water drawn from 10 to 80% and
IPA of 10% is equipped. In the significance of the active
etching regions, two sets of experiments are chosen.
During each experiment, a 180 mL TMAH solution is
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used at 70 °C. Samples with an array of squares having
180 μm (length and width) with an interval of 100 μm are
placed perpendicularly in the glass boat of TMAH setup.
Detection of etch rate is made at intervals, changing
among 5 and 30 min subjecting to the intensity of the
etching method.

In other formalization tests, TMAH solution having a vol-
ume in the ratio of (TMAH: DI: IPA) 1:8:1 is used. This
composition of TMAH produces a smooth surface profile
and a desirable etch rate. For the interest of finding the optical
mask window size effects, a group of 5 samples, having
square arrays of 180 μm diameter, with spacing of 100, 200,

Fig. 5 a A hexagonal base
formed in single solid Si
microneedle. b 7 × 7 array of solid
Si microneedles. c V-groove
shape of solid Si microneedle
with its oxide layer. d Finally
obtained single solid Si
microneedle (after 4 h etching)

Fig. 4 Measured a SiO2 layer thickness and b PPR thickness
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300, 400, and 500 μm are kept together in the glass boat of
TMAH setup and etched for 5 min at a time into a 200 mL
TMAH (1:8:1) solution. Later, the samples are rinsed in DI
water and dried by blowing nitrogen air and studied under
SEM for the occurrence of etching on both vertical and lateral
directions. While analyzing the etching temperature effects
over the microneedle surface profiles, 180 μm diameter
squares with spacing of 100 μm arrays of samples are dipped
in 180 mLTMAH (1:8:1) solution for 30 min. Variation with
temperatures are tested at 70, 75, 80, 85, and 90 °C, respec-
tively. To study the variations of etching propagation occurred
in vertical and lateral directions, samples are examined using
SEM. The samples are placed perpendicularly in the glass
boat to control the maximum effect of lateral over vertical etch
rate difference and to get a smooth surface profile. Finally,

optimized etching factors are considered for the experimental
side, along with TMAH concentration tests performed earlier,
while fabricating solid silicon microneedles. The needle
height, base tip, tip angle, tip diameter, and its aspect ratio
are also calculated with these factors.

Measurements made on vertical and lateral directions
of etching for numerous TMAH concentrations having 0
and 10% IPA are illustrated in Table 2. Concentrations
of TMAH significantly affect the etch rates of silicon,
which might be considered from the table. After making
a close analysis, it exposed that not only concentration
plays a prominent part in influencing the overall etch
rate, there is an eventual difference in lateral and verti-
cal etchings on varying TMAH concentration. The ex-
amined values are briefed in the last column of the
Table 2. It clearly shows that for all TMAH concentra-
tions examined, the percentage difference between ver-
tical and horizontal etch rates are less than 7%, which
shows the identical etching propagation in both direc-
tions. To plot the graph only vertical etch values are
considered because both in lateral and vertical directions
etching occurs uniformly, but vertical etch rates are the
comparatively dominating ones. However, etch rates are
considerably lower as masks patterned with a square
window array are used in this work. The chosen mask

Fig. 6 Examination of vertical vs
lateral etch transmissions

Table 2 Tested various TMAH concentrations with its vertical and
lateral etch rates of patterned Si

Sl.no TMAH: DI: IPA
(vol. ratio in %)

Vertical etch
rate (μm/min)

Lateral etch
rate (μm/min)

Difference
%

1. 100:0:0 0.59 0.63 −6.78
2. 90:10:0 0.64 0.65 −1.56
3 80:20:0 0.68 0.70 −2.94
4. 70:30:0 0.73 0.78 −6.85
5. 60:40:0 0.82 0.815 0.61

6. 50:50:0 0.84 0.82 2.38

7. 40:60:0 0.87 0.83 4.60

8. 30:70:0 0.91 0.88 3.30

9. 20:80:0 0.94 0.90 4.26

10. 10:90:0 0.96 0.93 3.13

11. 90:0:10 0.49 0.51 −4.08
12. 80:10:10 0.62 0.64 −3.23
13. 70:20:10 0.68 0.67 1.47

14. 60:30:10 0.78 0.71 5.46

15. 50:40:10 0.82 0.77 6.10

16. 40:50:10 0.85 0.80 5.88

17. 30:60:10 0.88 0.87 1.14

18. 20:70:10 0.93 0.95 −2.15
19. 10:80:10 0.96 0.92 4.17 Fig. 7 Etch rates vs optical mask window size of 1:8:1 (TMAH:DI:IPA)

solution at 70 °C
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pattern has considerably slowed down the TMAH etch-
ing processing by dropping the mass transfer rates and
ionic supply consequently keeping the etch rates low.
On the other hand, distribution of etch rate is unique
and high, due to the percentage of DI water added.

TMAH concentration ratio of 1:8:1 solution is consid-
ered appropriate for microneedles fabrication because in
spite of its low etch rate, the entire etching method can be
controlled very well, and the smoothing surface can result
at this etchant concentration. This confirms that the
TMAH initiation made uniformly over the exposed silicon
surface begins rapidly as the sample is kept in the TMAH

setup. As a result, etching through the surface begins at
random areas generating no uniformity in surface mor-
phology. An interesting phenomenon is observed when
the spacing between the squares on the optical mask are
varied by keeping the other factors constant. While in-
creasing the window size, it is found that etch rates in
both the vertical and lateral directions increase uniformly,
but separately as shown in Fig. 7. The advantage of hav-
ing a bigger window size gives the result of increasing the
involved reactants mobility and availability. To increase
the etch rate extremely, increasing the window size alone
is not a factor, as there is a limit exists to the reactants’
surface mobility. Our concern here is that the window size
should not go beyond greater than 500 μm. As the needle
gap becomes larger it leads to inappropriate design for
microneedle array.

Not only the spacing between needles alone controls the
etch rates in vertical and lateral directions, but also etching
temperature plays a phenomenal role in it. Temperature
delivers the required energy to the reactive elements,
where it loosens its atomic bonds on the surface of the
silicon. Consequently, it dissolves the silicon dioxide re-
sulted in higher etch rate. Etch rates in vertical and lateral
directions are increases separately and steadily up to 75 °C.
Here, lateral etch rates are dominating compared to vertical
etch rate and beyond this temperature level, both the etch
rates increases drastically as shown in Fig. 8. Care is taken

Fig. 8 Etch rates vs etchant temperature of 1:8:1 (TMAH:DI:IPA)
solution

Fig. 9 a 3 × 6 array of solid Si
microneedles with a SiO2 layer. b
Partially removed SiO2 layer. c
Fully removed SiO2 layer. d Final
solid Si microneedles (after 2 h
45 min etching)
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Fig. 10 AFM images at 25 × 25μm scan range of 2D and 3D a and bBare Si wafer. c and d SiO2 grown over Si wafer. e and f Fabricated solid Simicroneedle
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here to slow down the lateral etching rate to obtain a uni-
form etching reaction. When temperature was raised above
90 °C, microneedles are slightly biased, signifying destruc-
tive rapid etching on the vertical side. SiO2 mask layers are
vanished completely in some areas due to severe reaction
occurred at a high etchant temperature. Since etching
evolves in both vertical and horizontal directions, we ob-
served the significance that lateral surfaces in deep become
less reachable by adding new etchants compared to its ver-
tical parts. Increase in temperature supplies activation en-
ergy which stimulates freer moving particles in bulk. These
are in closer immediacy to the etched surfaces in vertical.

3.4 Optimized parameters for solid Si microneedles
fabrication

In our study after further examination, we have achieved
sharper tip of microneedles by taking an optimized TMAH
concentration as 1:8:1 of 180 mL solution. It was carried fully
for the final anisotropic etching with its optimized etch rates.
Figure 9a shows the solid siliconmicroneedles formedwith an
oxide layer at their tips. BHF etchant is used to remove the top
oxide at the tips which is shown in Fig. 9b, c. The entire
process of etching with all optimized factors is carried out
fully for 2 h 45 min over the freshly patterned Si wafer to
get sharper tips with lengthy microneedles. The etch rate
calculated here is 0.96 μm and this gives the microneedle,
the height of 158 μm. It is possible to get more height and
sharper tips of microneedles by increasing the etching time.
However, we stopped the etching process at 2 h 45 min
because of not having the desired oxide layers and found
broken wafers. It is observed from Fig. 9d that the fabricated
solid silicon microneedles have a high aspect ratio with
sharper tips.

The surface topography of both 2D and 3D of the bare Si
wafer, SiO2 layer grown and fabricated solid Si microneedles
(exactly at the square window opening) are analyzed using
AFM. Here, the scanning size is carried out in 25 × 25 μm
as shown in Fig. 10. The dense morphology depicts the pores
of Si whereas the surface topography shows continuous and
fine grained microstructure with smooth surface on it. The
entire oxide layer is dense and homogeneously grown with
some peaks. Crystal grains grown uniformly for oxide layer

during the oxidation process are observed from this AFM
image with proper spacing. As far as the growth mode transi-
tion is considered, with the increased time in the furnace, the
strain in the grains increases. This increase in roughness is
attributed due to the height of oxide peaks which increases
with an increase in the height difference between peaks and
valleys of the grain size. The measurements are made in the
center area to avoid edge effects of the oxide layer. Due to
change in height and diameter of the microneedles, we could
not observe the exact topography, but gives an evidence that
wafer got etched and observed changes in surface roughness
profile. Pores dispersed within the layer of the smooth surface
are shown in the images. They are homogeneous in nature and
grains are aligned on the etched Si wafer, i.e., microneedles.
Table 3 illustrates the surface profile parameters observed for
bare Si wafer, SiO2 layer, and solid Si microneedles as the
variations of RMS roughness (Rq) values, the variations of
average roughness values (Ra), ten-point mean height (Rz)
values, skewness of the line (Rsk), and kurtosis of the line
(Rku). Skewness (Rsk) is the third moment of profile ampli-
tude probability density function, which is negative here,
showing that the surface is more planar and predominant val-
leys correspond to profile symmetry. Kurtosis (Rku) is the
fourth moment of profile amplitude probability function mea-
suring the surface sharpness, which is higher than 3 here,
which means that the wafer has more peaks than valleys for
both bare Si and SiO2 layer, but for solid Si microneedles
(Rku) value lower than 3 shows that the surface is flat and
called as Platkykurtic.

3.5 Optical properties of fabricated microneedles

FTIR spectra of solid Si microneedles with a combination of
Si and SiO2 (various vibrations types) are illustrated in Fig. 11
and the assignment is given in Table 4. The spectrum is ob-
tained by detecting the changes in transmittance (T) intensity
as a function of frequency. Transmittance ranges from 0 to
100% T, where it provides better contrast between intensities
of strong and weak bands in the spectra. The FTIR spectrum
exhibits a peak at ∼617 cm−1 due to the bulk Si–Si absorption/
Si–O (out of plane vibration). A weak absorption exhibits at
∼720 cm−1 in 600–800 cm−1 corresponds to the Si–H bending
mode (rocking). Between 800 cm−1 and 1000 cm−1, various

Table 3 Surface profile
parameters for bare Si wafer, SiO2

layer and solid Si microneedles

Samples Rq

nm

Ra

nm

Rz

nm

Rsk Rku (XEI Software)

nm

Bare Si wafer 0.44 0.19 15.42 -3.71 65.61 12

SiO2 layer 0.57 0.27 22.50 -1.14 6.42 16

Solid Si microneedles 370 300 2230 -0.351 2.68 1200
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absorption modes appear, such as the Si–O–Si bending, Si–H
bending, Si–OH, Si–H3 deformation.With that, 800 cm−1 cor-
responds to an inter-tetrahedral Si–O–Si bending vibration
mode and 954 cm−1 can be assigned to silanol groups (Si–
OH mode). When we observed between 1000 to 1800 cm−1,
the transmission spectra showed peaks at 1062 cm−1

corresponding to Si–O stretching frequency. The band almost
at 1085 cm−1 slightly shifted to 1075 cm−1 shows the presence
of silicon dioxide, which is stoichiometric in structure and the
band corresponds to Si–O–Si antisymmetric stretching vibra-
tions. The 1638 cm−1 band occurred due to the bending vibra-
tion of H2O molecules and at 1655 cm−1 associated with H–

Fig. 11 FTIR spectra of Solid Si microneedles. a 600–800 cm−1. b 800–1000 cm−1. c 1000–1800 cm−1. d 1800–2800 cm−1. e 2800–3600 cm−1
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Table 4 The assignment of
functional groups from FTIR
spectra of solid Si microneedles

Peak Position (cm−1) Assignment Origin nature

617 Si–O (out of plane vibration) Medium absorption peak

720 Si–H bending vibration (rocking mode) Weak absorption peak

800 Inter-tetrahedral Si–O–Si bending vibration Strong Absorption Peak

954 Silanol groups (Si–OH mode) bending vibration. Weak absorption peak

1062 Si–O stretching Weak absorption peak

1075 Si–O–Si antisymmetric stretching Weak absorption peak

1638 Bending vibration of H2O Strong absorption peak

1655 ...–OH stretching Strong absorption peak

2269 Si–O stretching Medium absorption peak

3252 Si–OH stretching Medium absorption peak

3446 ...–OH stretching Strong absorption peak

Fig. 12 The reflection spectra of a Bare Si wafer, b SiO2 layer, c Solid Si microneedles, and d combined one
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O–H (H2O). 2269 cm−1 band observed from 1800 to
2800 cm−1 belongs to the Si–O stretching frequency. The
transmission spectra shows the stretching vibrations of Si–
OH groups observed at 3252 cm−1 corresponds to amorphous
SiO2 and the stretching vibration of H2O molecules at
3446 cm−1 between 2800 to 3600 cm−1. The vibrations are
due to carbon impurity atoms in the spectral range (doublet at
2360 cm−1, around of 1600 cm−1, and sharp peak at
669 cm−1). However, the functional groups in the Si
microneedles which show no limitations to the optical prop-
erties are studied here. These results supported the wet etching
carried at 90 °C, without affecting the properties of silicon to
form solid Si microneedles [49, 50].

A preliminary test of the uniformity is done using UV–Vis–
NIR spectroscopy in the range of 200–2500 nm. In Fig. 12,
the reflection spectra of the three samples (i.e., Bare Si wafer,
SiO2 layer, and Solid Si microneedles) are shown, where the
reflection intensity at an angle of 45 degree is for bare Si
wafer, 60 degree for SiO2 layer, and 46 degree for solid Si
microneedles Due to average dimensions of holes etched on
the surface, the relative intensity got decreased in lower wave-
lengths. Diffused light intensity data on the Si layer contains
the signature of its morphology. The dimension and geometry
of the holes etched on Si surface can be related with light
scattering data in the range of 200–1000 nm (i.e., 200–
400 nm, 200–600 nm, and 200–1000 nm separately) as shown
in the inner images. The SiO2 layer having uniform thickness
is the observed result. Solid silicon microneedles are etched
uniformly by keeping Si wafer as reference and its angle de-
creases compared to SiO2 layer.

3.6 Elemental analysis and mechanical strength

Elemental analysis is used to characterize the elements present
in the solid Si microneedles. Figure 13. confirms that no other
elements other than silicon are present after the fabrication.
Fabricated solid silicon microneedles can be used to deliver
the drugs coated at their tips as it is. It can also be used as a
sensory probe to measure the glucose level by extracting
blood from the body.

The Vickers hardness test results of all samples, including
bare Si wafer, SiO2 grown layer, PPR S1813 coated one, and
the fabricated solid Si microneedles are tested. Figure 14 gives

Fig. 13 Fabricated a solid Si
microneedles, b single
microneedle zoomed in to take
EDX, and c EDX spectrum taken
from single microneedle tip

Fig. 14 Vickers hardness test measured and compared for solid Si
microneedles
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the comparison of the results. The Vickers hardness (HRC)
value got increased after each layer adds one by one. Here, the
hardness value (HRC) for solid Si microneedles is found to be
44.4 which gets increased by 36.7%, while compared with
bare Si wafer whose hardness value (HRC) is determined as
32.5. The hardness of SiO2 grown layer and PPR S1813 coat-
ed one showed a similar increment of 2.8 and 22.7%, respec-
tively as compared with bare Si wafer hardness value. The
hardness, H is evaluated by

H ¼ Pmax

A
ð2Þ

where Pmax is the maximum applied load and A is the contact
area of the indentation at the maximum load [51, 52]. Dwell
time kept for all the calculations is 15 s. D1 and D2 are the
arithmetic mean of the two diagonals, i.e., 12.5 μm. The
Ultimate Tensile Strength (UTS) value of the skin predicted
by Gallagher AJ et al. is 27.2 ± 9.3 MPa, taken as a reference
here [53]. The obtained hardness value is in HRC, but the skin
mechanical strength is mainly available in UTS values,
Young’s modulus values, etc. So, we preferred UTS value
and to convert HRC values in that form, we used hardness
conversion charts and calculator available on the web [54].
The UTS value for HRC 44.4 is 1420 MPa (N/mm2).
Compared to the referred UTS value, it shows clearly that
fabricated microneedles are 52.2 times higher than the skin
UTS value. For silicon microneedles, the mechanical strength
is one of the important parameters during skin penetration
either to deliver drugs or to extract blood for glucose measure-
ments. Further, the biocompatibility gets improved by coating
metals at the tip to deliver drugs by ensuring its strength to
penetrate without causing any damage to the nerves and skin

structures. Finally, fabricated solid silicon microneedles with
its process during drug delivery is illustrated as schematic
view in Fig. 15.

4 Conclusions

Fabrication of solid silicon microneedles with high aspect ra-
tio is made using the optimized and characterized TMAH
etching factors. This is a simple and cost effective approach.
From AFM imaging, it is inferred that the optimized TMAH
concentration did not affect the vertical to lateral etching ratio.
In turn, it has well controlled topography at the etched part.
Addition of IPA to the concentric region made the flat surface
for the microneedles grown with a proper height and sharper
tips. Etching factors are optimized for the TMAH concentra-
tion of 1:8:1 solution. The optical mask window size is direct-
ly proportional to TMAH etch rate, where the mobility rate of
surface ions gets increased in the exposed area when the win-
dow size increases. Optimized etching temperature is 90 °C.
Until that time, there was a variation in etching temperature
that led to adverse conditions. To fabricate the solid silicon
microneedles with a high aspect ratio, the surface of the sam-
ple placed in the glass boat should be kept perpendicular to the
TMAH etching direction. Solid silicon microneedles with an
average height of 158 μm, base width of 110.5 μm, having an
aspect ratio of 1.43, tip angle of 19.4°, and tip diameter of
0.40 μm are obtained successfully. The mechanical stability
tested using the Vickers hardness test for the fabricated
microneedles satisfied the requirements. The obtained hard-
ness value is higher and sufficient one to penetrate into the
skin. Now, it becomes easy to insert microneedles without the
possibility of fracture. For the sensory probe purpose,

Fig. 15 Schematic view of the
fabricated solid Si microneedles a
during skin penetration, b
impression after its drug delivery,
and c delivered drug molecules
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fabricated needles are tested with its optical properties using
FTIR and UV-Vis-NIR spectroscopies, respectively.
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