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Abstract

This thesis presents the research on the high solid silicon microneedles fabrication
based on KOH anisotropic etching, aiming at finding a controllable way to fabricate 500
um high microneedles with good height uniformity and tip sharpness. During this research,
200nm low-stress LPCVD SiNx is used as KOH etching mask; mask shape is square-
shaped with its side along <100> direction of silicon wafer; wet etching is done in 29wt%
KOH solution at 79°C.

In the introduction part, a general introduction of modern nanotechnology and
microneedles is presented. The nanofabrication techniques that related to microneedles
fabrication such as thin film deposition, photolithography, reactive ion etching, and KOH
anisotropic etching are introduced for better comprehension of this research. In the
experiments part, the fabrication process of microneedles is explained step by step,
including SiNx deposition and patterning, KOH wet etching, isotropic reactive ion etching
using SFe, and scanning electron microscope characterization. In the discussion part, the
geometry of microneedles is studied by SEM characterization. The microneedle shape is
determined as an octagonal pyramid, and its sidewall is determined as (311) plane. The
aspect ratio of microneedle is 1.414. Then the growth model of microneedles in KOH
etching is established. The maximum height of microneedle, obtained right after mask
falling off, is positively proportional to its mask size; the real-time height of microneedle
has a positive correlation during growth then, after mask falling off, a negative correlation
during overetching with time. The height growth rate is 72.5 pm/h, while the height

dropping rate during over-etching is 400 um/h. Finally, an additional step of reactive ion



etching by using SFe gas is introduced following KOH etching before mask falling off to
improve the uniformity of microneedles height, which also contributes to improve the tip
sharpness. By replacing the inevitable over-etching using KOH with the SFes RIE step, the
standard deviation of microneedles height decreased from 20.50 um to 11.12 um; the tip

apex diameter decreased from 6.92 um to 2.71 um.
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1. Introduction

The introduction chapter briefly shows the concept and development of modern
nanotechnology and nano/micro fabrication, and explain the principle of the microneedle
fabrication process. Also, special techniques used in microneedle fabrication such as thin
film deposition, lithography, reactive ion etching and silicon wet etching by KOH are

introduced.

1.1 Introduction of nano/micro fabrication

On December 29, 1959, American physicist Richard Feynman gave a presentation
named “There’s Plenty of Room at Bottom: An Invitation to Enter a New Field of
Physics[ 1], showing that properties of substance changed under 100 atoms scale, inspired
the conceptual foundations of nanotechnology. 15 years later, Japanese professor Norio
Taniguchi firstly used the term "nano-technology” in a conference in 1974. Techniques
such as thin film deposition, ion beam milling were described as nano-technologies based
on the capability of dimension control under nanometer scale. However, nanotechnology
was not considered to begin developing until the invention of Scanning Tunneling
Microscope in 1981. The ability of single atom scanning of Scanning Tunneling
Microscope plays an important role in the rapid development of nanotechnology. In
modern science, nanotechnology is described as the manipulation of matter on a near-
atomic scale, typically 1~100nm, to produce new structures, materials and devices. At

nanometer scale, materials begin to exhibit unique properties different from macroscopic



scale. Nowadays, nanotechnology is a highly cross-disciplinary subject that may involve
theory of physics, chemistry, biology, medicine, and material science, depending on the
wide applications of nanotechnology, such as Integrated Circuit (IC),
Microelectromechanical System (MEMS), photovoltaic device, nanotube / nanowire,
micro-optics, and so on.

Nanofabrication is the manufacture of structure and devices with at least one
dimension in nanometer scale (1~100nm). “Top-down and Bottom-up” are two
fundamental approaches to fabricate nanostructures. Bottom-up approach forms nano-scale
structure by assembling atoms, molecular, cluster or other subunits into larger structures,
with the help of chemical or physical forces such as surface tension, electrostatic force and
hydrophobic-hydrophilic interactions. On the contrary, top-down approaches create nano-
scale pattern on substrate materials by lithography and etching. Top-down approaches are
good for producing structures with long-range order and for making macroscopic
connections, while bottom-up approaches are best suited for self-assembly and establishing

short-range order at nano-scale dimensions.
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Figure 1.1.1 [3] Schematic diagram of (a) top-down and (b) bottom-up approaches.

From last decade, the demand of IC product has been dramatically increasing. Thus,
a top-down strategy that involves photo lithographic patterning techniques becomes more
and more popular and mature for modern IC production. By using light source with
decreasing wavelength, an exponentially decreased feature size of IC product is achieved
in decades. Figure 1.1.2 shows the decreasing curve of technology node and wavelength of
photo lithography light source over years. The light source plays an important role in photo
lithography to determine the resolution of lithography. From 1980s, the lithography light
source has been developed from ultra violet (UV) generated by mercury vapor lamp (g-
line=436nm, i-line=365nm) to deep UV generated by excimer laser (KrF=248nm,
ArF=193nm, finally Extreme UV (EUV) generated by laser-pulsed tin plasma with

wavelength of 13.5nm, which is considered the most powerful and advanced lithography



light source in IC production. The miniaturization of IC related devices dramatically
reduces the size, weight, and energy consuming of electronic devices, fundamentally

supports modern internet technology and big data storage and analysis.[4]
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Figure 1.1.2 [5] Scaling of the minimum feature size patterned by each successive
semiconductor technology node, compared to scaling of the source wavelength (A).

1.2 Introduction to microneedles

Microneedles are needle-shape structure fabricated by micro-nanofabrication method,
typically with height from 100 pm to 1000 um. Microneedles can be made from different
materials and have different structures and functions depending on applications. Figure

1.2.1 shows a brief classification of microneedles. Based on the methods of functioning,



microneedles can be classified as solid microneedles, coated microneedles, dissolving
microneedles, hollow microneedles and so on. In recent years, microneedle is becoming
more and more popular on needles market because of its convenience and low fabrication
cost and its wide applications.

During a long time in the past, oral administration of drugs was considered as the most
convenient drug delivery method. However, oral administration has insolvable drawbacks
when facing the challenges from the digestive tract. Drugs based on protein, DNA, and
other digestible compounds that can be digested are not suitable for oral administration[6].
Moreover, oral administration takes a relatively long time to deliver drugs from mouth to
blood, which may delay the treatment of drugs for time-urgent diseases. To solve the
drawbacks of oral administration method, needle injection is also a popular method that
can directly deliver drug into vivo. But due to the large size of the needle, disinfection
process is usually needed to prevent infection on wound, and the patient also feels acute
pain. Thus, there is a huge potential for microneedle patch to deliver drug by skin injection
over other skin treatments. Figure 1.2.1 shows kinds of skin treatments. by adjusting the
height of microneedles, penetrate epidermis can be penetrated to release drug without
touching pain receptor. In recent years, applying microneedles patches on the skin becomes
an attractive approach for the patients who are suffering painful injection via a hypodermic

needle.
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Figure 1.2.1 [7] Images of types of microneedles. Images a~d are microneedles made from
silicon; Images e~h are microneedles made from metal; Images i~l are microneedles made
from polymers. A and B show the under-skin drug release process of microneedles that

with different release methods.
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Figure 1.2.2 [8] Schematic diagram of topical cream, hypodermic needle, microneedle
patch and transdermal patch.

Apart from drug delivery, microneedles also play an important role in biosensing. The
high aspect ratio structure allows microneedles function as a sensor or sensor carrier to
achieve sensing in vivo such as glucose, DNA and proteins. One of the most popular
applications of microneedles in biosensing is blood glucose monitoring. Diabetes is one of
the most prevalent and challenging diseases of the 21th century. Currently, approximately
10% of the world’s population has diabetes, and approximately 1.5 million people die
directly from diabetes yearly.[9][10] The monitoring of blood glucose and medicine
administration is necessary for diabetes patients to control the blood glucose level.
However, the traditional fingerstick glucose test using commercial glucose meters could
cause pain to patients, accompanied by possible infections and complications. Moreover,
it can only provide one glucose level at one time, which has low efficiency in blood glucose

management. Microneedles as sensing device have several advantages compared to



traditional figerstick glucose test. Firstly, by applying a microneedles patch on skin, the
blood glucose level can be monitored continuously, achieving a more accurate blood
glucose management. Secondly, microneedles patch creates smaller wounds and less pain
than fingerstick test, achieving a more comfortable blood glucose management for diabetes
patients. Figure 1.2.3 shows in vivo monitoring of subcutaneous glucose in mice with the
microneedles patch biosensing device, compared with biosensing by commercial blood

glucose meter.
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Figure 1.2.3 [11] (a): Camera images of a mouse with the microneedle array applied. (b)(c):
Wound on mice skin after microneedles patch removal. (d): Seven-day monitoring of the
subcutaneous glucose levels in a normal mouse by the microneedle biosensing device
(blue), in comparison with a commercial blood glucose meter for blood glucose (red). (e)
Seven-day monitoring of the subcutaneous glucose levels in a diabetic mouse by the
microneedle biosensing device (blue), in comparison with a commercial blood glucose
meter for blood glucose. (f): Clark error grid for the microneedle biosensing device. The x-
axis represents the reference blood glucose values measured by a commercial blood
glucose meter, and the y-axis displays the glucose values measured by the microneedle
biosensing device (the data were from eight normal and eight diabetic mice)



1.3 Fabrication process of microneedles and related

microfabrication techniques

Solid silicon microneedles can be fabricated by following a standard microfabrication
process including low pressure chemical vapor deposition (LPCVD), spin coating of resist,
UV lithography, reactive ion etching (RIE), silicon wet etching by KOH, and
characterization by scanning electron microscopy (SEM). Figure 1.3.1 shows a brief solid
silicon microneedles fabrication process flow by N. Wilke [12]. Silicon wafer with (100)
orientation is chosen as substrate to achieve specific anisotropy. Thin film of SiO2 and SiNx
is deposited on both sides of silicon wafer by low pressure chemical vapor deposition
(LPCVD). Then by photo lithography and plasma etching, the designed mask shape is
patterned on SiNx film. By using SiNx as wet etching mask, sample is immersed into KOH
solution at 79 degree Celsius. KOH solution is used as etchant of silicon. As the etching
goes on, due to the undercut created by silicon etching, mask will shrink and finally falls
down. The wet etching is considered finished when mask falls down and microneedle

structure is obtained.
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Figure 1.3.1 Fabrication process of solid silicon microneedles.

1.3.1 Thin film deposition

In most cases, thin film deposition is the first step during microfabrication process to

create device with semiconductor materials or stop layer such as SiO». There is plenty of

10



methods that can be chosen to achieve specific applications [13]. Thin film deposition can
be divided into chemical vapor deposition (CVD) such as low pressure chemical vapor
deposition (LPCVD), plasma enhanced chemical vapor deposition (PECVD), atomic layer
deposition (ALD), and physical vapor deposition (PVD) such as thermal evaporation and
sputtering. Each technique has its own advantages depending on materials, target thickness,
and desired properties of thin film. Typically, chemical vapor deposition is used for non-
metal material deposition such as SiO2, SiNx. While physical vapor deposition is usually
used for metal or metal oxide material such as aluminum, chromium, copper and their
oxides. Importantly, one material deposited by different techniques may result in different
properties and quality. Figure 1.3.2 shows the steps of thin film growth in a chemical vapor
deposition process. First the substrate is exposed to volatile precursors which are formed
from supplied gases. Then the reaction on the substrate surface produces the desired
deposition. Normally CVD contains various physical and chemical processes which
involves complex fluid dynamics since gases flow into the reactor and participate complex
reactions, and also by-products are mean to be transported out of the reactor.

For SiNy deposition in this thesis, LPCVD is a prior choice against PECVD, since
LPCVD SiNy has a much higher etching resistance (1~2nm/hr) than PECVD SiNy
(200~300nm/hr) against KOH etching. Thus, SiNx film in this thesis is done by LPCVD to

achieve long time KOH etching.
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Figure 1.3.2 [14] Overview of thin film growth on substrate surface in chemical vapor
deposition.

1.3.2 Photolithography

Developed in 1959, photolithography is a process that allows high-intensity light and
a photomask to produce a polymer pattern on substrate[15]. The polymer coated on
substrate, which is usually photoresist, will show a different solubility in developer at
exposed area and non-exposed area. As a result, pattern is achieved by partial dissolving
of resist. Positive resist and negative resist are two type of resists that have opposite
property against light exposure. Figure 1.3.3 shows the lithography process of positive
resist and negative resist. Positive resist has a higher solubility after exposure. As a result,
area with sufficient exposure will show no positive resist after development. On the
contrary, negative resists will cross-link during exposure, thus well exposed area will show

negative resist remaining.
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Figure 1.3.3 [16] Photolithography process with negative resist and positive resist.

Photolithography can be considered as the key technique in modern semiconductor
industry since nano-scale structure can be patterned by this technique. Since
photolithography was developed, people never stop improving its resolution to minimize
the size of semiconductor device. Though deep UV lithography and extreme UV
lithography are most commonly used in chips production, other kinds of lithography such
as X-ray lithography, electron-beam lithography, focused ion beam lithography, and nano-
imprint lithography also play important roles and have their own suitable applications.

As a purpose of patterning microneedles mask, maskless aligner (MLA) using 375nm

or 405nm light source is a good choice since no photomask is needed, which dramatically

13



reduce the time and cost of mask design and fabrication. By controlling an array of
reflecting mirrors, a frame can be directly patterned by partial light exposure. In order to
enlarge pattern area, stage can move frame by frame following the direction of stripe. Then
larger area is exposed stripe by stripe. Thus, for single substrate exposure, MLA takes
longer time than mask aligner. However, be free of photomask can save much more time
and money even with longer exposure time since mask design changes all the time in
scientific research. Typically, UV lithography can achieve a resolution under 1 um, which
is completely sufficient compared to the size of microneedle mask which is more than 10

um.
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Figure 1.3.4 [17] Schematic diagram of UV direct writing.

1.3.3 Dry etching

14



When resist or soft mask is patterned, etching is introduced to transfer pattern to
substrate. In order to achieve good etching result, the selectivity between substrate material
and mask should be high enough to allow mask to protect underneath material from etching.
Thus etching-resisted materials are chosen as mask in different etching methods and
conditions. Generally, two types of etching are widely used in micro-nanofabrication,
which are called dry etching and wet etching classified by the reaction environment.

Reactive ion etching (RIE) is the most commonly used dry etching method. A wide
range of materials such as silicon, silicon compounds, and metals can be etched by RIE
with variety of etchant gases. Usually photoresist and metal or metal oxide are widely used
as mask materials in reactive ion etching since they have strong resistance against specific
ion etchant. There are several important metrics that may need to be controlled in the
etching process such as uniformity among the wafer, etch rate, selectivity between
substrate material and mask material, anisotropy, undercut and profile, and so on.

Bosch process is a commonly used process in reactive ion etching of silicon. Bosch
process is named after the German company Robert Bosch GmbH which patented the
process. It is a repeating process with etching step and deposition step alternating. In Bosch
process, the first etching step is an isotropic etching step which uses radical from SFe
plasma, normally obtain an etching depth of 0.5 um to 1 um. Then deposition step and
etching step are proceeded alternately to form a nearly vertical profile. Deposition step
generates a passivation layer of fluorocarbon on silicon surface by CsFg plasma. The
passivation layer is composed of chains of a Teflon-like polymer that will not react with
the etch plasma. So that covered silicon can be protected from further etching. Then an

etching step is following, which is actually two steps of etching. In first etching step, a bias
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is applied to accelerate the reactive ion to physically and directionally sputter away the
polymer on bottom surface, while the passivation layer at sidewall is remaining. Then the
main silicon etching step is processed with SFe gas to isotropically etch silicon. By
switching the recipe between etching and deposition in cycles, anisotropy is maintained on
final structure. Moreover, by accumulating the vertical etching, a high aspect ratio can also
be obtained in Bosch process easily. However, anisotropic etching in Bosch process is
achieved by stack of SFg isotropic etching steps, which causes the profile showing scallop-
like shape, leading to an obvious roughness of the sidewall. Figure 1.3.5 shows a schematic
diagram of Bosch process and the SEM image of holes etched by Bosch method. As a key
method in DRIE, Bosch process is widely used in fabrication of DRAM, MEMS,
electronics, and so on. Today, the Bosch process still stands out in many applications from
other anisotropic etching methods such as cryogenic etching and wet etching.

In this thesis, reactive ion etching is used to pattern the SiNx mask and etch the
microneedles. CHF3z and Oz gas is used for SiNx mask patterning; And SFs gas is used at

final stage etching for microneedles.
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Figure 1.3.5 [18][19] Schematic diagram of Bosch process (left). Cross-section SEM image
of holes done by Bosch process.

1.3.4 Wet etching

Apart from dry etching, wet etching is also a widely used etching methods in micro-
nano fabrication. Referring to its name, wet etching is the etching process of solid materials
in a chemical solution. Comparing to dry etching, wet etching is more efficient for etching
silicon, oxide, and metals with a relatively large area, and easier to proceed due to less
critical requirements such as energy, vacuum, temperature. Silicon wet anisotropic etching
is extensively used in silicon bulk micro-machining for the fabrication of
Microelectromechanical Systems (MEMS) and surface texturing for solar cell applications.
Similar to dry etching, different wet etching methods can result in either isotropic etching

or anisotropic etching.
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Potassium hydroxide (KOH) solution and tetramethylammonium hydroxide (TMAH)
are commonly used as etchants for silicon anisotropic etching. Different from Bosch
process, the anisotropy is obtained by the large etching rate difference between different
crystalline planes in single crystal silicon. Figure 1.3.6 shows the profile in anisotropic wet
etching by using KOH solution.

Etching of silicon wafer with (100) orientation results in a pyramid-shaped pit. (111)
planes are shown as sidewalls since (111) planes have the lowest etching rate. The angle is

54.7 degree between (111) plane and (100) plane; 90 degree between (110) plane and (100)

plane.

Figure 1.3.6 [20] Silicon wet etching by KOH solution. (a)schematic diagram of cross-section
of (100) oriented silicon etched by KOH solution. Angle between wafer surface and sidewall
is 54.7 degree. (b) SEM image of KOH etched (110) oriented silicon with line pattern.
(c)SEM image of KOH etched (100) oriented silicon with square pattern.

Normally several chemical reactions get involved in a single wet etching process. As

an example for KOH etching, the overall chemical reaction is

Si + 2KOH + H20 — K3SiO3 + 2H> (Equation 1)
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Which can be decomposed into a reduction reaction, an oxidation reaction, and a

following neutralization reaction:

Oxidation: Si + 20H" — Si(OH)."* +4e" (Equation 2)

Reduction: 4H,0O +4e'— 40H + 2H> (Equation 3)

Silicate further reacts with hydroxyl group to form a water soluble complex:

Si(OH)2** + 40H— Si02(0OH)2™ + 2H,0 (Equation 4)

From equation 1, it is known that Si is oxidized into solution and Hydrogen is reduced
to gas and emit from solution. However, overall reaction is not enough to understand the
complex reactions happening in etching and shows nothing related to reaction mechanism.
By decomposing overall reaction into partial equations, etching mechanism can be revealed
and factors related to etching rate such as KOH concentration and temperature can be
studied to get a better control of etching process. A general relationship between the silicon
etch rate and surface roughness versus KOH concentration and temperature is shown in
figure 1.3.7. The etch rate increases with temperature; while decreases with KOH
concentration for not too low (below 10%) concentration, which is kind of opposite to
common sense because here water is a reactant rather than a diluent. Many researchers
have launched researches on the effects of KOH concentration on silicon etching rate, and
have drawn a general conclusion that the etching rate decreases with increasing KOH

concentration [21]. This phenomenon can be explained by equation 2 and equation 3 that
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show water as the actual etchant of silicon. As the concentration of KOH increases, the
concentration of water decreases and leads to a decreasing of etching rate. Moreover, since
the etching rate depends on the partial reaction with the lowest rate that is the reduction of
hydrogen, hydroxyl group from KOH is considered excessive. As a consequence, high
concentration KOH has a negative effect on etch rate. However, on the other hand,
Si(OH)2** formed in the redox reaction is unsolvable, which covers the silicon surface as
passivation layer to stop further etching. Hydroxyl group from KOH participates the
following neutralization reaction to dissolve the passivation layer silicate to solvable
complex (equation 4). Thus not the concentration but the presence of alkaline solution
plays a necessary role in silicon etching.

Figure 1.3.7 also shows the surface roughness is decreased to less than 200nm when
the concentration of KOH is above 27%. As a consequence, 29% is the point that both have
acceptable etching rate and good surface roughness. In this thesis, the etching solution is
chosen as 29% KOH solution at 79 degree. Temperature above 100 degree will not be used

since water bath cannot reach 100 degree.
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Figure 1.3.7 [22] Etching rate and surface roughness of (100) plane versus KOH
concentration at different temperature.

1.4 Formation of microneedle structures by KOH anisotropic

etching

As mentioned, anisotropic etching of crystalline silicon can be obtained by using
Alkaline solution such as KOH, and the anisotropy is achieved by large etch rate difference
of different crystalline planes. The etch rate of different planes depends on the density of
atoms in plane, and the energy of frontside dangling bonds and backside Si-Si bonds.
Figure 1.4.1 shows a clear illustration of surface atoms and bonds at different planes. As
for bond number, one silicon atom has 1 dangling bond and 3 back Si-Si bonds in (111)
plane; 1 dangling bond, 2 surface Si-Si bonds and 1 back Si-Si bond in (110) plane; 2
dangling bonds and 2 back Si-Si bonds in (100) plane and high index planes such as (311)
and (331) plane. The more dangling bonds and less back side Si-Si bonds an atom has, the
easier for etching the atom. Thus, in most cases, (111) plane with only one dangling bond

and 3 Si-Si bonds has the lowest etch rate against KOH solution; while planes with two or
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more dangling bonds have higher etching rate. Besides, high index planes have a higher
etching rate than (100) plane because the asymmetric bond structure leads to a lower energy
in Si-Si bonds. Last but not least, (110) plane always has a higher etch rate than (100) plane
(unless if surfactant such as IPA is added). One convincing explanation is that (110) plane
fits the direction of atomic channel, which allows etchant to achieve a better penetration

into silicon [23].
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Figure 1.4.1 [24] Crystalline silicon atomic structure diagram.

Different from the trench etched by KOH with (111) plane as sidewall, microneedles

shape is formed starting with convex corners on SiNyx mask. Convex corner is the corner

of the mask that is less than 180 degree, which means that the mask pattern on wafer is
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isolated by continuous silicon. For example, square or triangle shaped mask are convex
cornered structures that lead to a final microneedle structure. On the contrary, mask with
concave corners will end up as trench with (111) plane as sidewall. Figure 1.4.2 shows the
formation of microneedles, which is composed of 3 stages etching:

1. At the beginning, (111) plane is shown as sidewall since it has the lowest etch rate.
At the same time, high index plane is formed at convex corner, and gradually take over
(111) as new sidewall due to higher etch rate. (Shown in figure 1.4.2, 0-150min)

2. When high index plane completely takes over (111), an octagon is formed and can
be observed from top view. Then eight sidewalls begin to shrink toward center until mask
falls down. Final microneedles structure is formed. (Shown in figure 4, 150min- 350min)

3. After mask falls down, the silicon microneedle is further etched. The overetching
causes a fast drop of microneedles’ height. However, the microneedles still keep the
original structure regardless of the size shrinkage. At the end of the overetching,
microneedles disappear and bare (100) surface is left. Figure 1.4.3 shows the SEM image
of microneedles fabricated by KOH etching.

In summary, the introduction section briefly presents the concept and development of
micro-nanofabrication and the fabrication methods of microneedles. In order to enhance
the understanding of the whole fabrication process, techniques related to or used in
microneedles fabrication are introduced such as thin film deposition, lithography, reactive
ion etching, KOH wet etching. Moreover, the mechanism of formation of microneedles
during KOH etching is equally important for carrying out researches on microneedles

fabrication.
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Figure 1.4.2 [25] Microscope image of microneedle mask over increasing KOH etching time
(topview). Blue area representative for the SiNxy mask; Brown area representative for bare
silicon.
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Figure 1.4.3 SEM image of microneedles array fabricated by KOH wet etching.
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2. Experiments

Experiments part consists of the materials and equipment used during microneedles
fabrication, and recipes used in every steps. Experiments are introduced following the order
of fabrication process flow.

(100) Oriented silicon wafers with thickness of 1000 um are used as substrate; 29wt%
of KOH solution diluted from 45wt% KOH solution is used as etchant in this thesis. During
the fabrication process, low pressure chemical vapor deposition (LPCVD), spin-coater,
maskless aligner (MLA), reactive ion etching (RIE), and water bath machines are used.
Ellipsometer, filmetrics, optical microscope and scanning electron microscope (SEM) are

used for characterization.

2.1 SiNx thin film deposition and mask patterning

200nm of SiNx is deposited on silicon wafers by LPCVD to achieve double-side
deposition and high resistance against KOH etching. Dichlorosilane (SiClH.) and
ammonia (NHz) gas are used as reactant gases to form SiNy film [26]. The SiNy film
thickness and film uniformity are characterized by filmetrics (Figure 2.1.1).

Square-shaped masks with sidewall following <100> direction and <110> direction
with various size are designed using the software Klayout. The saved .GDS file can be
directly used in MLA for lithography.

The mask patterning is achieved by lithography and reactive ion etching. First, UV

photoresist S1811 is spin-coated on wafer at 3000RPM for 30s , and baked for 120s on

26



hotplate at 120°C. Then, lithography is carried by using MLA. The light source is chosen
at 375nm; Dose is chosen as 105 mJ/cm?. Since S1811 is a positive resist, designed mask
pattern has to be inverted to get the correct mask pattern. Development is performed to
dissolve the exposed resist by soaking in developer MF-319 for 60s.

Finally, pattern on resist is transferred onto SiNy film by reactive ion etching. The
etching recipe is shown in Table 1. Etching time is set to 3 minutes to get a complete
etching of SiNx. After SiNx etching, the sample is ready for wet etching. Figure 2.1.2 shows

the shape of designed digital mask and real SiNx mask.
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Figure 2.1.1 SiNy thickness map by filmetrics.
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Table 1. Reactive ion etching recipe for SiNy etching.
Time (s) Temp (°C) Pressure (mTorr) RF(W) ICP (W) CHF;(sccm) O, (sccm)  V-dc (v)

100 20 5 100 500 50 5 50

T

Figure 2.1.2. Left: Layout of parts of designed masks; Colored area represent for SiNx mask.
Right: SiNx mask on Si wafer; Blue area represent for SiNx mask.

2.2 KOH etching

When the SiNx mask is patterned on Si wafer, KOH etching can be carried out. As
mentioned, 29wt% potassium hydroxide solution is used as etchant to anisotropically etch

silicon. Etching temperature is set at 79 degree Celsius. In order to accurately control the
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temperature, a water bath equipment is needed, which can automatically keep a uniform
temperature within the water bath.

Sufficient KOH solution is added in beaker and heated by water bath until temperature
of KOH solution is stable at 79°C, while the water bath temperature is 84°C. When
temperature of KOH solution is stable at 79°C, sample is put in the solution with the pattern
facing up. Bubbles come out within a few seconds, which means the Silicon etching
process has been started. Last but not least, a beaker cover is an important component in
the etching system, which can dramatically reduce the solution evaporation and heat loss.
Figure 2.2.1 shows the KOH etching system including the water bath equipment, beaker,
and beaker cover, as well as a sample being etched in KOH solution.

Finally, the KOH etching process is considered finished when the SiNx mask on top
falls off. The stop point can be determined under optical microscope by observing color
difference between SiNx mask and silicon. Figure 2.2.2 shows the microscope image of
microneedles with insufficient etching and sufficient etching, and the SEM image of
microneedles when the mask and reverse structure is just about to fall. In (a), the blue area
represents the SiNx mask; The gray area is silicon substrate; The yellow area indicates the
protruded SiNx mask without underneath silicon; The black area stands for microneedles
structure due to poor reflection from sidewall to microscope, which also proves that smooth
sidewalls are formed during KOH etching. Generally, due to the existence of reverse silicon
structure, the mask will fall off when mask size shrinks to less than 20 um approximately

for 500 um high microneedles.
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(a) (b)

Figure 2.2.1. (a) KOH etching system, including water bath equipment, beaker, and beaker
cover. (b) Sample under KOH etching, with hydrogen bubbles coming out.

30



@ ®

e 100um QNFCF 12/22/2022
10.0kV LED SEM WD 13.4mm 20:11:18

©

Figure 2.2.2 (a) Topview of microneedles with insufficient etching; (b) Topview of
microneedles with sufficient etching. (c) SEM image of microneedles with reverse structure
on top.
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2.3 Reactive ion etching by using SFs

The purpose of this step is to improve the height uniformity of microneedles within
array and the tip sharpness of microneedles. To achieve this purpose, KOH etching step is
stopped when SiNx mask has 10 um to 30 wm remaining, before falling off. The reactive
ion etching by using SFe gas is carried out to finally etch the microneedles. SFe is chosen
because its etching of silicon is isotropic with significant lateral etching. The mask will fall
off when the narrowest neck (located slightly below the mask) is laterally etched through.
Table 2 shows the reactive ion etching recipe for final microneedles etching. The silicon

etching rate using this recipe is 2.5 um/min.

Table 2. Reactive ion etching recipe for Siisotropic etching

Recipe: OPT Si isotropic etch

Time Temp Pressure

S (s) (oC) (mTorr)

RF (W) ICP (W) SFs (sccm) Oz (sccm) V-dc (V)

Iminpump 60 5 - - - - - -

Strike 8 5 10 50 2000 - 60 -

Sietching 60 5 10 50 2000 45 - 90

Iminpump 60 5 - - - - - -
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2.4 Characterization of microneedles structure

When the microneedle fabrication process is finished, microneedles structure on
silicon wafer can be clearly seen by eyes (Figure 2.4.1). In order to characterize the
structure of microneedles, optical microscope is used to monitor the KOH etching process
to make sure the etching is sufficient; Scanning electron microscope (SEM) is used to
observe the structure and measure the dimension of microneedles in low magnification

range, and characterize the tip structure in high magnification range.

Figure 2.4.1 Phone photo of microneedles array.
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3. Results & Discussion

In the results and discussion part, the KOH etching model is established including
anisotropy of etching rate, geometry of microneedles structure during etching process,
relations between microneedles height versus mask size and etching time. Moreover, SFe
RIE step is carried to minimize the random error in etching process, which can improve

the height uniformity and tip sharpness of microneedles.

3.1 Geometry of microneedles and anisotropy of KOH wet etching.

The structure of microneedles fabricated by KOH wet etching is shown as an

octagonal pyramid in shape, with a short protruded base structure at bottom. (Figure 3.1.1)

— 100pm QNFCF 12/22/2022
10.0kV LED SEM WD 20.0mm 20:14:57

Figure 3.1.1. SEM image of microneedles by KOH etching. Height of microneedle is
measured as 503 um.
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As mentioned in introduction part, the microneedles structure is formed based on the
different silicon etch rate on different crystalline planes. The sidewalls are the fastest
etching planes which can be determined by measuring the angle between different planes
from topview and sideview. Figure 3.1.2 shows the SEM images of topview and sideview
of microneedles structure. Angles between nearby planes are measured to determine the
crystalline planes. From sideview projection, the angle between ground surface (100) and
microneedle structure is measured as 71.7 degree. From topview projection, B1 is measured
as 127 degree and B2 is measured as 143 degree. By comparing the angles with theoretical
data, (311) plane is considered as sidewall plane because it has the closest angles to
experimental results, which is 71.56 degree from <100> projection, 126.87 degree and
143.13 degree as PB1 and B2 respectively from topview projection. Thus, Moreover, the
aspect ratio is 1.41 by measurement, which is also close to theoretical number of 1.414.

In order to get anisotropy of microneedle etching, etching rate of (100) plane and (311)
plane need to be determined. Etching rate of (100) plane can be directly measured as 72.5
um/h. Etching rate of (311) plane can be calculated from mask shrinking rate which is
measured as 298 um/h and the angle between (311) plane and ground, which is 72.45

degree. Thus the etch rate of (311) plane r@1y) :

298/2
Fz311)= = 156.3 um/hr
Sin(72.45°)

Etch rate of (311) plane is much faster than etch rate of (100) plane, which is

reasonable as (311) plane is supposed to be the fastest etching plane during the etching
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process. Moreover, by combining the etch rate of (100) and (311) and the angle between

(100) and (311), the overetching rate can be calculated:

Mia11) 156.3
loge= - Mooy = -72.5=445.8um/hr
Cos(72.45°) Cos(72.45°)

The over etching rate refers to the dropping rate of microneedles height after falling
off of SiNx mask. Obviously, over etching rate is about five time faster than etch rate of
(100) plane, which means the over etching has to be critically controlled to within a very
short time to protect the microneedles from fast height dropping. However, the measured
over etching rate is 400 um/h, which is 10% smaller than calculated over etch rate. Possible
reason for the difference is that the etching is non-uniform within whole substrate and also
within bulk KOH solution.

In summary, the geometry of microneedles and anisotropy of etching rate in 29%
KOH solution at 79°C are obtained. The microneedle is an octagonal pyramid shape with
eight (311) planes as sidewalls. The aspect ratio of microneedles is 1.4 by measurement,
and 1.414 by theoretical calculation. The anisotropic etch rate of (100) plane is measured
as 72.5 um/h; Etch rate of (311) plane is calculated as 156.3 um/h from mask shrinking
rate; Over etching rate is 400 um/h by measurement, and 445.8 um/h by calculation from
mask shrinking rate. 10 percent of error occurs in measurement due to the non-uniform
etching rate and SEM calibration and measurement accuracy. All the measured and

calculated results are summarized in table 3.
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Table 3. Measured and calculated etching rate of different plans and aspect ratio of
microneedles.

measured calculated
Etch rate of (100) 72.5 um/h N/A
Etch rate of (311) N/A 156.3 um/h
Over etching rate 400 um/h 445.8 um/h
Aspect ratio 1.40 1.414

< 5 -
100pm Cont=931 Brit=417
X90 T=0.0 Vacc=10.0kV WD=15.0mm

Figure 3.1.2 SEM image of microneedle. Sideview of microneedle with insufficient etching
from <100> direction (left). Topview of microneedle with sufficient etching (right). B1
indicates the top-left angle; B2 indicates the top angle.
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3.2 Relationship between microneedles height versus mask size and

etching time.

In order to control the microneedles height, a model that simulates the formation
process of microneedles is necessary to predict the behavior of microneedles. The
microneedles height is affected by many factors such as mask shape, mask size, etchant
and its concentration, and etching temperature. In this experiment, mask shape, etchant and
its concentration, as well as etching temperature are fixed. Thus, except of fixed parameters,
the mask size can be chosen as variable to study the relationship between the microneedles
height and mask size. Moreover, the etching is a dynamic process and the height of
microneedles structure also depends on the etching time. By studying the relationship
between real-time microneedles height versus etching time, the actual real-time
microneedle height can be calculated based on etching time and mask size.

To achieve this goal, a gradient of SiNx mask size from 600 pm to 1500 um with
step size of 100 um is designed. The sample is etched in KOH solution and measured at
multiple time spots. Figure 3.2.1 shows the layout of the mask design and the SiNyx mask
after reactive ion etching, as well as the SEM image after KOH etching. As seen in figure
3.2.1 (c)(d), by measuring the microneedles heights at different times, the relationship
between the microneedles height versus mask size and etching time can be obtained. Note
that the first left column of microneedles are considered to be overetched, with a huge
height dropping compared to others; second left column of microneedles are considered

just well etched; Other columns of microneedles are considered insufficiently etched with

38



mask still on top. Table 4 shows the microneedles (structure) height with various mask

size and different time.

(a) (b)

(c) (d)

Figure 3.2.1. (a) Layout of SiNx mask shape and size. (b) SiNx mask after reactive ion etching.
Blue area indicates SiNy. (c)(d) SEM images of microneedles. Mask size of microneedles is
increasing from left to right.
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Table 4. Microneedles height from variety of mask sizes and etching time. (microneedles
with mask size less than 900um are etched over, thus data is not shown in table)

Original mask sidelength ~ Microneedles height

(nm) (nm)
1500 350 435 472
1400 350 435 409
1300 350 410 210
1200 350 190 0
1100 350 0 0
1000 210 0 0
900 20 0 0
Etching time 5h 6h 6.5h

500
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g 350
Ea 300
z
© 250 5h
kS 6h
2 200 6.5h
e
S 150

100

50

0

600 700 800 900 1000 1100 1200 1300 1400 1500

Original mask size/um

Figure 3.2.2. Diagram of microneedles height versus original mask size with etching time
5h (blue curve), 6h (orange curve), 6.5h (gray curve). (Data from table 4)
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Figure 3.2.3. Diagram of microneedles height versus etching time. Black line represent the
growth stage of microneedles. Colorful lines indicate the overetching stage of
microneedles with variety of original mask sidelength. (Data from table 4)

By plotting the data in table 4 into diagrams, the correlation between maximum
microneedles height and original mask size as well as the correlation between real-time
microneedles height and etching time can be calculated. In figure 3.2.2, the left parts of the
curves represent the stage that the microneedles already disappeared due to over etching,
where the microneedles height is zero. The center parts of curves where the microneedles
height is increasing represents the stage that microneedles are already formed and under
overetching. The right parts of curves represent the stage that the microneedles still have
mask on top, where the microneedles height keeps constant. The center parts of the curves
where the slope is nearly constant shows that the difference in microneedles height is
proportional to the difference in original mask size, indicating that the maximum
microneedles height that a mask can support, is also proportional to its original mask
sidelength. Thus, the etching time that a mask can sustain is also proportional to its original

mask sidelength since all microneedles share the same etching rate. In order to get the



relationship between real-time microneedles height and etching time, the turning point
where the mask falls off and the overetching starts has to be found. Figure 3.2.3 aims to
calculate the turning point where the microneedles attain the maximum height. Since the
microneedles growth rate and overetching rate are known as 72.5 um/h and 400 um/h
respectively, only one point is needed to determine the intersection point of growing and
overetching, when is exactly the moment that microneedles attain the maximum height.
Thus, by measuring the height of a microneedle at a moment during overetching stage, the
moment that the microneedle attain its maximum height can be calculated, which is
t=0.00465L. where t is the etching time in unit of hour. And the relationship between

maximum microneedles height (H) and mask sidelength (L) can be expressed as:

H=0.32L

The real-time microneedles height (h) can be expressed by the etching time (t):

h=72.5t when t<=0.00465L
h=0.321.-400(t-0.00465L) when t>0.00465L

Note that due to the reverse structure on top of microneedles structure (seen in figure
3.1.2), which is around 5% of total microneedles height, the maximum microneedles height
is slightly less than the etching depth on (100) plane. 5% correction has been applied in
equations to get a more accurate result.

From these relationships, the behavior of microneedles during KOH etching can be

explained: At beginning, microneedles grow at a rate of 72.5 um/h until the SiNx mask
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falls, at which time the microneedles reach the maximum height. Then overetching starts
and the microneedles suffer a fast rate of height dropping at 400um/hr. Finally with a long
time of overetching, no microneedle structure is left.

In summary, the behavior of microneedles during KOH etching process is revealed
and a model of microneedles height versus mask size and etching time is established. Based
on the model, the desired microneedles height can be obtained by mask design and etching
time control, which can dramatically simplify the mask design process and reduce the
characterization time for height measurement. Also, the proper time of KOH etching

process can be estimated, which can help to avoid unwanted overetching.

3.3 Microneedles height uniformity and tip sharpness improvement by

SFe reactive ion etching.

In theory, the fabrication process of microneedles by KOH etching is simple and
reproducible. The shape of microneedles should follow the crystalline structure and the
etch rate of different planes should be well defined based on the anisotropic properties. As
a result, the final microneedles structure should be perfect in geometry and uniform within
the whole substrate. However, it does not follow the theory when coming into practice. In
fact, the structure of fabricated microneedle is not perfect octagonal pyramid. And the
height of microneedles is not consistent within one sample. Figure 3.3.1 shows a
microneedles array that has a poor height uniformity. Several possible causes for the non-

uniformity of microneedles height are revealed:
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1. Local temperature difference and the produced hydrogen bubbles affect the local
etch rate, resulting in the difference of microneedles height. Even the temperature is
controlled by water bath equipment, the temperature of KOH solution cannot achieve
perfect uniformity.

2. Defects of SiNy film lead to the leakage of mask. In theory, 200nm SiNx mask can
resist more than 100 hours of KOH etching. However, a large area of mask was
occasionally torn off after 10 hours of etching. Figure 3.3.2 (a) shows a large area that
already etched through due to poor SiNx mask quality, while the remaining mask at other
area is still 190nm thick. The SiNx film at backside is easier to get destroyed than front
side, which can breakdown the base of microneedles and damage the whole sample.

3. Mis-matching of silicon crystalline structure in silicon wafer causes the change of
microneedles geometry. Figure 3.3.2 (b) shows the wafer surface after KOH etching. Ring
structure can be observed that shares the center with the circular wafer. The ring may come
from the pulling process in wafer manufacture by CZ method or from the polishing step.
As a result, the microneedles growing on the ring may have poor crystalline structure,
which leads to shorter height.

4. The local native oxide can participate as temporary etching mask to resist the
etching. The native oxide exists on the interface between SiNy film and silicon substrate,
and have a high KOH etching resistance. Thus, the shrinkage rate of SiNx mask will be
locally different and result in a less symmetric microneedles shape.

5. When it comes to high microneedles fabrication (500 um), seven hours etching

make the non-uniformity more serious than fabricating shorter microneedles.
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(a) (b)
Figure 3.3.2. Silicon substrate phone photos after long time KOH etching. (a) Backside of

substrate piece with damaged area. (b) Frontside of a half wafer, with ring structure shown
under light reflection.
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As a consequence, it is important to find out a way to minimize the microneedles
height error from these uncontrollable factors.

As introduced, the overetching rate after mask falling is 400 um/h, which is 5 times
faster than microneedles etching rate. If the mask falls at different moment due to the non-
uniform shrinking rate of SiNx mask, the overetching will start at different moment, which
can cause a great height difference at last. However, before the mask falling, the
microneedles maintain the same height, which only depends on the etch rate of (100) plane.
Therefore, by controlling the mask falling time the same among microneedle array, the
height difference can be minimized.

A following step of reactive ion etching (RIE) is introduced to finally etch away the
mask, instead of finishing the etching by KOH wet etching. The KOH etching is stopped
when most of microneedles have their masks on top, at which moment microneedles have
nearly the same height. The remaining mask size varies from 10 pm to 50 um for 500 pm
high microneedles, which needs about 5-minutes reactive ion etching to complete the
microneedles structure.

Figure 3.3.3 shows the SEM images of microneedles array before and after 5 minutes
SFe reactive ion etching. As seen, microneedles received insufficient etching before RIE,
then achieved a sharp needle structure after RIE. The heights of 12 microneedles in an
array finished by additional RIE are measured, and compared with height of 12
microneedles in an array with same mask design that are finished by KOH etching to
determine if the height uniformity is improved by additional SFs RIE step. Table 5 shows
all the measured height of microneedles fabricated by KOH only and KOH + SFe. Figure

3.3.4 shows the diagram of average height and its standard deviation of microneedles
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etched by KOH only, or KOH plus SFe RIE step. For the microneedles etched by KOH
only, the average height and its standard deviation are 429.25 pum and 20.50 pm
respectively; For the microneedles etched by KOH plus additional SFs etching, the average
height and its standard deviation are 477.5 um and 11.12 um respectively. It is obvious that
the microneedles etched by KOH plus additional SFe etching have a larger average height
and less height variation, which means that the additional SFs RIE step can not only keep
the microneedles as tall as possible, but also improve the height uniformity. Because the
SFe RIE etching is isotropic etching, which results in a similar etching rate among different
directions, the fast over-etching rate for KOH over-etch does not happen in this case. The
lateral etching gradually thins down the narrowest neck until mask falls down, and then
vertical etching occurs on both tip and base of microneedles. During SFe isotropic etching,
the height dropping rate after mask falling off is measured as 144.1 pum/h, which is
comparable to the Si etching rate using RIE; while during KOH etching, the height
dropping rate after mask falling off is measured as 400um/hr, which is roughly five times
of the Si etching rate by KOH. Thus, compared to KOH over-etching, over-etching using
SFe RIE is more controllable as it will result in less height drop and consequently less

height variation among microneedles.
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(a) (b)

Figure 3.3.3 SEM images of microneedles array (a) before SFe RIE, and (b) after SFs RIE.

Table 5. Raw data of microneedles height and tip blade length

Microneedles  KOH 434, 462, 453, 431, 401, 412, 428, 406, 403, 455, 447, 418
height (um)
KOH+SF6 462, 464, 461, 466, 477, 474, 485, 491, 491, 485, 487, 487
Tip blade KOH 1.53, 8.85, 11.5, 8.32, 5.89, 9.78, 10.9, 6.28, 5.36, 7.89, 4.95, 1.83
length (um)

KOH+SF6  2.67, 3.73, 4.22, 4.46, 4.26, 3.81, 0.74, 0.83, 3.08, 1.22, 2.62, 0.88

1 KOH
1 KOH+SFg

H

w o a
o (=] (=
o o o
| 1 |

200

100

Microneedles Hight (um)

o

|
KOH KOH+SF,

Figure 3.3.4. Diagram of height of microneedles fabricated by KOH only, and KOH + SFs
etching.
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Besides, the tip sharpness of microneedles is also an important property, which can
dramatically affect the penetration efficiency of microneedle product. In theory,
microneedles fabricated by KOH etching can achieve atomic level tip sharpness because
the tip structure is determined by crystalline orientation. However, in practice, the eight
sidewalls are hard to focus onto one point to achieve atomic level sharpness, especially
when fabricating taller microneedles. Most of tips of microneedles show a blade structure
instead of sharp tip due to the non-symmetric structure of sidewalls. Figure 3.3.5 shows
the SEM image of typical blade-shape tip with blade length more than 10 um, and nearly
perfect tip with tip sharpness less than 1 um. From Figure 3.3.5(a), there are two sidewalls
dominating the top and forming the blade structure, while other sidewalls are less etched,

leaving a distance from opposite sidewall, which is exactly the blade-shape tip.

Figure 3.3.5 Topview SEM image of microneedle tip. (a) typical blade-shape tip with blade
length=11.9 um. (b) Sharp tip with tip diameter less than 1 um.
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SFe RIE step can also help to reduce the blade size by making the microneedle more
rounded. The tip blade length of 12 microneedles fabricated by KOH plus SFe etching is
measured, and compared with 12 microneedles with same mask design fabricated by KOH
etching only (table 5). Figure 3.3.6 shows the tip diameter and its standard deviation of
microneedles fabricated by KOH etching only, as well as KOH plus SF etching. For the
microneedles fabricated by KOH etching, the average tip diameter and its standard
deviation are 6.92 um and 3.09 um respectively; For the microneedles fabricated by KOH
etching and SFs etching, the average tip diameter and its standard deviation are 2.71 um

and 1.39 pum respectively.

15 -
1 KOH
E [ KOH+SFq
S 10 T
Q
®
£
8
o 5-
o .
£ T
L
0 | |

KOH KOH+SF,

Figure 3.3.6. Diagram of tip diameter of microneedles fabricated by KOH only, and KOH +
SFe etching.

In summary, in order to improve the height uniformity of microneedles, SFe reactive
ion etching is introduced after KOH etching to finally complete the microneedles structure.

By dramatically reducing the height dropping rate during over etching, the height
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uniformity has a great improvement. Moreover, SFs etching also helps to improve the tip

sharpness by reducing the length of blade-shape tip structure.



4. Conclusions

The fabrication and characterization process of solid silicon microneedles, as well as
the height uniformity and tip sharpness improvement method are presented in this thesis.

First, the geometry of microneedles structure is determined, and the anisotropy of
KOH wet etching is studied. For etching in 29wt% KOH solution at 79°C, the microneedle
is an octagonal pyramid shape with eight (311) planes as sidewalls. The etch rate of (100)
plane is measured as 72.5 um/h; The etching rate of (311) plane is calculated as 156.3 um/h;
The height dropping rate during KOH over etching is 400 um/h.

Second, based on the geometry of microneedles and etch rates of planes, an etching
model is established to explain the relationship between the microneedles height versus the
mask size and KOH etching period. The maximum microneedles height for a given mask
is proportional to the mask size; The real-time microneedles height has a positive then
negative correlation versus KOH etching time, which allows to predict the growth of
microneedles based on mask size and etching time.

Finally, in order to improve the height uniformity among microneedles array, SFe
reactive ion etching is introduced at final stage of KOH etching. The additional SFe etching
step can improve the height uniformity, by decreasing the STDV of microneedles height
from 20.50 um to 11.12 um. It can also improve the tip sharpness by decreasing the average
tip diameter from 6.92 um to 2.71 pum.

However, the next-level research is needed in the future to characterize the properties
of the microneedles such as mechanical strength, conductivity, as well as the properties in
vivo during skin penetration, such as how the structure of microneedles and its surface

roughness affect the penetration and wound recovery. Moreover, based on microneedles,
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the device for drug administration or biosensing can be fabricated and characterized in
order to achieve practical applications.

Overall, the work has a strong practical significance in microneedle fabrication. The
growth of microneedles can be controlled quantitatively during KOH wet etching, which
contributes to the saving of material and time cost. The optimization of height uniformity
and tip sharpness improves the quality of microneedles product and make it more

competitive in microneedles market.
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