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Summary

Summary

Microneedle array with biodegradable porous tips was designed and fabricated for the
application of transdermal drug delivery. Pyramidal silicon microneedles with sharp tips were
fabricated by an isotropic etching process in an inductively coupled plasma (ICP) etcher. Using
full factorial factors design method, each effect of the process variables on etching results was
analyzed to optimize the isotropic etching process. The results of the design of experiment
(DOE) model indicate that the etching rates are predominantly depended on the ion flux which
is related with coil power and SF; flow rate. The higher V/L ratio benefits from lower SF¢ flow
rate and higher platen power. The photoresist etching rate increases with platen power
increasing. Moreover, the process of photoresist reflow was developed to expose top part of tips
which were deposited by a silicon nitride layer. In addition, the biodegradable porous tips were
then fabricated by an optimized anodic electrochemical etching process. The electrochemical
etching conditions were characterized to investigate the formation of porous silicon with
various porosities and structures. It was found that macroporous structure was formed in
HF/acetone nitride (MeCN) electrolyte while the nanoporous structure was observed using
HF/ethanol solution. The higher porosity was obtained at higher current density and longer

etching time.

viii



Summary

An analytical model was built up to predict the critical loadings of a microneedle during

insertion. For a single porous tip needle with 30 um height, a 5 pm length of top side, and a 20

um length of bottom side, the critical buckling force is found to be 39 mN which is much

greater than the force (~3.25 mN) required for insertion into the skin. The critical bending force

for the needle is found to be 0.6 mN, which is also greater than the bending force (~0.24 mN)

exerted during insertion. The variation in width dimensions that would lead to borderline (1.3 N)

capacity was characterized to determine the values of width dimensions. Microneedle insertion

experiments were carried out to investigate the insertion ability of the fabricated microneedle

arrays. The results of insertion test verify that the fabricated microneedle array with porous tips

is able to create microholes on the skin.

A microsystem consisting of a hollow silicon microneedle array and glass pump components

was further designed and fabricated for injection. Dimensions for the inner channel and

actuator mechanism were designed to deliver a desired flow rate. In the design, a 10 by 10

microneedle array with inner diameters ranged from 14 um to 16 wm could deliver water at 100

uL in 60 seconds. The high aspect ratio, hollow microneedle array was fabricated using a

dual-step dry etching process which includes deep reactive ion etching (DRIE) and isotropic

etching. In addition, an optimized HF/HCL solution was developed to fabricate the glass

components. Atomic force microscope (AFM) images of the etched glasses verified that the

quality of surface was improved by using the solution, HF/HCI with the ratio 10:1 in volume.

ix
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Overview of Microneedle Applications

Microneedles have emerged as important biomedical devices because they have immense
potential applications in different areas of medicine and biology. Microneedles reduce both
insertion pain and tissue damage in a patient due to their small size. The efficiency of
transdermal drug delivery will be increased due to the increased skin permeability when the
skin barrier is pieced mechanically by microneedles [1]. Furthermore, microneedles allow the
implementation of time varying delivery of different therapeutics, which is essential for a more
effective drug delivery system. The direct delivery of DNA/portent based drugs into the
metabolic system and the continuous delivery of insulin to a diabetic patient have been reported
using microneedles [2]. Side-effects of overdose in drug delivery can be minimized by using
the microneedle based microsystems due to their potential ability to release drugs in precise
controlled dosage. Microneedles may also be used to extract and analyze bodily fluids such that
a patient’s metabolite can be continuous monitored [3][4]. Other applications of microneedle
technology include sample collection for biological analysis, delivery of cell or cellular extract
based vaccines, and sample handling. Essentially, microneedles are able to provide the

interconnection between the microscopic and macroscopic world [5].
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1.1.1 Motivation of Research on Microneedle

During a needle insertion, the damage to the tissue and the likelihood of infection occurring at

the site of insertion are directly related to the size of the needle. Currently, needles used in

common medical applications range from 7 gauge (the largest) to 33 gauge (the smallest) on the

Stubs scale. Twenty-one gauge needles, which have a 813 pm (0.032 inch) outside diameter and

a 495 um (0.0195 inch) inside diameter, are most commonly used for drawing blood. The

smallest 33 gauge needles have a 203 um (0.008 inch) outside diameter and a 89 um (0.0035

inch) inside diameter. Hypodermic needles are normally made from a stainless steel tube which

is drawn through progressively smaller dies. However, it is not feasible to fabricate needles

with a diameter less than 200 pm using this method. In a bid to fabricate microneedle with

dementions less than 100 pm, micrfabrication technologies such as lithography and thin film

deposition have been applied so as to minimalize the invasion effects and reduce the likelihood

of infection.

In the transdermal drug delivery systems, microneedles have the significant advantage over

other transdermal delivery approaches which include chemical enhancer, electroporation,

iontophoresis, sonophoresis, magnetophoresis and thermal energy of increasing permeability of

the skin [6].The microneedles mechanically create the pathway through the upper skin layer

and pierce the upper epidermis so as to increase skin permeability and, therefore, improve drug

delivery efficiency. With microholes in the skin, the drug delivery relied mainly on the



Chapter 1 Introduction

subsequent drug absorption into the bloodstream rather than the drug composition and

concentration. The absorption of fluid through the microholes occurs at a much faster rate than

permeation of the same fluid across the skin. Microneedles could provide a promised potential

to deliver the sophisticated drugs, which are not feasible to be delivered in traditional methods

due to the poor absorption and enzymatic degradation in the gastrointestinal tract or liver, to the

blood stream.

In the delivery of drug to local tissues, microneedles were used to transport drugs in less

administered dose to certain target location in order to avoid side effects encountered in the

systemic delivery. Microsystems which consist of microneedles, sensors, micropumps, valves

and flow channel are designed to deliver precise doses of drugs in the tissues. Such concepts

were formulated in recent research [7]. The microsystem will allow a lower drug dosage to be

injected over a longer period of time. This technique helps to maintain a constant drug

concentration in the blood and hence, avoid the side effects associated with a high

concentration bolus injection. Therefore, the microsystem has great potential for the controlled

precise delivery.

Microneedle may also be used to sample body fluids for analysis. The miniaturization of fluidic

devices enables portable devices to be designed for continuous metabolite monitoring of a

person. The portable devices can be used to monitor the glucose level for a diabetes patient. The
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sampling devices may also be used in cellular operation such as delivery RNA/DNA to

cells/embryo [8].

1.1.2 Specific Applications of Microneedle in Drug and Gene Delivery

Microneedles, which have the capability of piercing skin or other tissues, can be used to deliver
drugs through the skin, into a blood vessel, or into a cell [9]. With the advanced
microfabrication technologies, microneedles which are fabricated using several materials such
as silicon, glass, metal, and polymer have been developed. The microneedles have been
fabricated in-plane, where the needle is parallel to the substrate, or out-of-plane, where the
needle structure is perpendicular to the substrate. Many of fabricated microneedles are designed
for transdermal therapies to deliver drugs such as insulin and heparin. On the other hand,
microneedles can also be used for local delivery of other drugs, for example, drugs in

anti-restenosis and anti-tumor therapies.

In transdermal drug delivery, microneedles are designed to painlessly deliver drugs into
subcutaneous tissue with the rate at therapy level by enhancing skin permeability. The
microneedles have the ability to transport sophisticated drugs to epidermis layer with
significant therapeutic effects [10]. The earliest silicon microneedle array, fabricated by a
reactive ion etching (RIE) process, could increase the skin permeability by up to four orders of

magnitude using a fluorescent dye, calcein [11]. A hollow metal tube array and a hollow metal
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microneedle array were subsequently demonstrated for transdermal delivery application [12].
These metal microneedles were fabricated by forming polymer or silicon molds and
electrodepositing nickel, gold or other metals onto the molds. These hollow microneedles were
inserted into human epidermis and were shown to increase skin permeability by up to five
orders of magnitude above the assay sensitivity limit. More recently, Park et a/ developed
biodegradable polymer microneedle array using PDMS mold for replication of the
microneedles [13]. This polymer microneedle array had the ability to increase skin permeability
by up to three orders of magnitude in in vitro experiments; and the microneedle using
biodegradable polymer was show to be clinically applicable. In the above studies, the increase
in skin permeability was observed in both skin test methods: with microneedles (inserted and
left in skin) and without microneedles (inserted and removed from skin). Applications of
microneedles which were fabricated from metal sheets for in vivo transdermal delivery of drugs
such as insulin, oligodeoxynucleotide (ODN) and protein vaccine have been reported. Martanto
et al fabricated the solid metal microneedle array by laser-cutting the shape of each needle out
of a stainless steel sheet [14]. During medical trial test, an insulin solution was placed on top of
the microneedle array which was then inserted into skin for four hours. A significant effect on
blood glucose levels was observed. In another study, other types of metal microneedle arrays
were etched from titanium sheets or stainless steel sheets. Drugs were subsequently coated on
the surface to enhance the effect of in vivo transdermal delivery. Using these microneedle arrays,

Lin et al demonstrated that the ODN delivery flux reached 8.08+0.06 pg/cm?/h; and high ODN
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concentration was found in the deep skin layer [15]. Matriano et al also applied these

microneedle arrays to protein vaccine delivery and achieved high delivery rates of up to 20 pg

in 5s [16].

Furthermore, microneedles are fabricated to deliver target drugs to a specific region or tissue in

the body in order to avoid detrimental effects that could result from delivering certain drugs

systemically. By using microneedle, it is possible to delivery very small and precise amounts of

bioactive compounds into highly localized areas of neural tissue. The minimal invasion can

also be realized in the neural operation. A multichannel silicon probe has been fabricated to

deliver such compounds into neural tissue while simultaneously recording electrical signals

from neurons and electrically stimulating neurons in vivo [45]. In addition, when the region of a

tumor has been identified, a microneedle could deliver continuously anti-tumor drugs in

chemotherapy by direct injection of drugs into the tumor or around the tumor so as to minimize

the effect on healthy cells.

Microneedle has huge potential application in the therapy for diabetes due to its ability to

continuously realize low dosage delivery of insulin. It can also monitor the glucose level in the

bloodstream in real-time when they are integrated with other microsensors. Microneedle also

has the ability to deliver DNA vaccinations and antibiotics into metabolic system. Moreover,

microneedle has great prospect to be used on the chemotherapy of tumor because it can localize
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the drug delivery zone and reduce the side-effects significantly. In addition, microneedle has
the ability to delivery genetic materials into cells for cellular research. Hollow microcapillaries

have been fabricated for injection of DNA and florescent dyes into animal/plant cells [18].

1.2 Overview of Microfabrication Technology

Microfabrication technology has traditionally been used to produce microelectronic devices
such as microprocessors. In the early years, the fabrication technology for silicon based
structures focused on lithography, etching, and deposition. In 1990’s, microfabrication
technology has been further developed. Besides IC based methods, other fabrication processes
such as micromolding, wire electro discharge machining, laser machining, ion and electro beam
machining and dicing were also exploited for miniaturization [19]. The surface
micromachining and bulk micromachining are the two branches of microfabrication techniques.
Surface micromachining is an addictive process, which consists of fabrication microstructure
from deposited thin films [20]. The bulk micromachining is a subtractive process that uses the

selective removal of materials from substrate to form microstructures [21].

Microfabrication technology was widely used in various fields. The most notable applications
include the fabrication of accelerometers [22], nozzles [23], microreactors [24], micorpumps
[25] and micro-turbine engines [26]. More recently, the microfabrication technology has been

increasingly used to machine micro-scale devices related to biological applications [27][28].
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Compared to the numerous biological applications such as biosensors and fluidic microdevices
for sample separation, the use of microfabrication in the drug delivery has been limited. One
potential approach was to use microneedles to achieve optimum therapeutic effect for new
drugs. With the application of advanced microfabrication technology, novel microdevices

would be fabricated to fulfill the requirements for drug delivery.

1.3 Thesis Objectives

The specific objectives of this thesis are to:
(1) Develop microneedle with biodegradable porous tips to solve the biocompatibility issues of

microneedle in clinical application

(2) Optimize the microfabrication processes, such as the isotropic etching in inductivity
coupled plasma (ICP) etcher and anodic electrochemical etching in HF/organic electrolytes for

microneedle fabrication

(3) Build the model of microfabricated microneedle structure inserted into skin to predicate the

condition of fracture by the analysis of critical bending and buckling loadings
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(4) Design microsystem consisting of hollow microneedles, fluidic channels, pressure cavity

and actuation components for drug to be delivered of at desired volume and flow rate into

localized tissues

(5) Develop and optimize process to fabricate hollow microneedle array with structural

enhancement and to achieve good etched surface quality for silicon and glass components

Figure 1.1 shows the schematic of the designed microneedle array with biodegradable porous

tips. To our best knowledge, it is the first time to propose the approach for improvement of

biocompatibility of silicon microneedles application. The microneedle with biodegradable tips

provides an attractive approach in clinical applications. The microneedles with porous tips have

the potential advantage in big molecular delivery due to the sorption of porous structure. The

fabricated biodegradable porous tip is expected to exhibit several advantages over conventional

microneedles, especially when the microneedle had broken off and remained in the skin; and

the porous structure may provide an alternative approach for drugs loading. The analytical

solutions of critical loading for microneedle structures design may explain the performances of

the needles during the insertion into the skin. The theoretical analysis for fracture could be used

to predict the quantitative values of force needed to cause needle fracture using different shapes

of cross-section of other fix-free column structures. Results of characterization of isotropic
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etching process in high density plasma etcher may be useful for fabricating other devices such

as microlens and AFM tips using similar etching procedure.

Biodegradable
Porous silicon tip

Microneedle Array

Figure 1.1 Schematic of designed microneedle array with biodegradable tips

Figure 1.2 shows the schematic of the designed microsystem based on a hollow microneedle
array and piezoelectric actuation mechanism. The prototype has the ability to deliver precise
and controlled volume of drugs into tissue. Fabrication of hollow microneedle arrays is always
a challenge. Current reported microneedles have been achieved with mask with diameter
~200-450 um. The out-of-plane hollow microneedle array with its high aspect ratio structure
and small size should have minimal tissue damage and reduce side effects in local delivery
applications. In the design, the dimension of mask is less than 100 um so as to decrease the
damage and likelihood of infection. The fabrication procedure, where isotropic etching in
inductive coupled plasma (ICP) etcher and deep reactive ion etching (DRIE) are combined to
achieve arrays of microneedle structure, may provide an approach to fabricate 3-D structure as
compared with 2-D in silicon bulk machining. The investigation of an improved etchant would

be applied for glass deep etching. In addition, the microsystem could be integrated with digital
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circuit to control the actuator components for controlled release so as to reduce the toxicity

effect of constant delivery.

Microneedle Array

Silicon

\M Pressure Chamber

Fluid channzl Cilass Membrane

Figure 1.2 Schematic of microsystem based on hollow microneedle array

Pyrex Glass
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Chapter 2 Review of Microfabricated Microneedles

2.1 Microneedles in Transdermal Drug Delivery

Transdermal drug delivery is an alternative method for delivery of DNA/protein based drugs.
These drugs which have sophisticated compounds are not suitable to be delivered by traditional
methods due to their ineffective delivery routes [29]. Figure 2.1 shows the structure of skin. The
outer layer is the stratum corneum (SC), which is a dead tissue of 10 pum~20 um thickness. The
next layer is viable epidermis (VE) of 50~100 um thickness. The VE consists very few nerves
and living cells that have blood vessels with capability of transporting drugs. The layer of
Dermis (D) lies below the VE. This layer forms the bulk of the skin volume and contains nerves
and blood vessels. The efficiency of transdermal drug delivery is significantly limited by low
permeability of the SC. In addition, Figure 2.1 shows the current delivery mechanisms of
different schemes for enhancement of the skin permeability. Label a represents transdermal
diffusion which is related to chemical enhancer. Label b represents the iontophoresis which
makes transport pathway through hair follicles. Label ¢ represents the electroporation which

disrupts the lipid bilayers. Label d represents microhole which is created by microneedle.

12
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Figure 2.1 Schematic representation of a cross section through human skin [29]

Iontophoresis uses low voltage electric field through the skin to drive ionized molecules by

electrophoresis and non-ionized molecules by electroosmosis [31][32]. Electroporation applies

short electric pulse (microseconds to milliseconds) to create pores in skin for small drug or

macromolecules transition [33]. Sonophoresis applies low frequency ultrasonic energy to

disrupt the stratum corneum [34]. Thermal energy uses heat to increase the skin permeability

and energy of drug molecules to enhance the transdermal transport [35]. In addition,

magnetophoresis has also been applied in transdermal drug delivery using magnetic energy to

increase drug flux across skin [36]. However, these methods usually accompany with the side

effects of shin irritation [30]. Moreover, limited improvement of the drug absorption ratio was

obtained using these methods. In addition, further study in clinical research is needed for these

methods. A new research area of transdermal drug delivery is to physically create micron-scale

holes in the SC using microneedles.

13
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2.1.1 Microfabrication Technology

Figure 2.2 presents the fabricated microneedles which have been reported for transdermal

delivery applications. Their fabrication processes are also summarized in this figure.

Henry et al conducted the first study to apply silicon microneedle array, which was fabricated
by a reactive ion etching (RIE) process using SF¢/O, gases, in transdermal drug delivery
[11][37]. Figure 2.2-(a) shows the fabricated microneedle array. The length of the silicon
microneedle has been reported to be approximately 150 um with sharp tips, whose radius is less
than 1 pm. A chromium masking layer was deposited and patterned in 20 by 20 arrays of dots
with 50-80 pm in diameter and 150 pm center-to-center spaces. The fabrication of the
microneedle array was finished when the mask layer became totally undercut and fell off the

microneedle tips.

14



Chapter 2 Literature Review of Microfabricated Microneedles

Chromium mask

Silicon Reactive lon Etching

Gas:SF6O2 20scem/15scem
Pressure: 150mToor
Power: 150W

(a) W

Silicon

"U-BI - _/ 1iHI
ARA ‘e e

WL AW RYA 'AVAVAZ
su-s NEININInIn

Glass substrate

JuuuL-onnnm
Y IV RANN
A
‘“.lllll LI O

smmes FEd, D000 FEEY pEEE
' abd- Ly - Aokt
LWL ﬁ\

- a8 - i

{h)

(c)

(d)

{h)

Figure 2.2 Micrographs of fabricated microneedles including microfabrication processes, for
transdermal drug delivery ((a) Ref. [11, 37], (b, c) Ref. [38] (d) Ref. [39, 40] (e, f, g) Ref.
[13, 41] (h) Ref. [14, 15] (i) Ref. [16] (j) Ref. [42])
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Hollow microneedle arrays were subsequently fabricated by seeding metal to molds (Figure

2.2-(b)) [38]. The solid microneedle array (Figure 2.2-(a)) was used as a template to fabricate

SU-8 mold. First, the SU-8 was cast onto the silicon microneedle array. After the upper layer

of SU-8 was removed by plasma etching, the thick photoresist mold was formed. The NiFe was

then filled into the mold to form microneedles by electroplating. Microtubes (Figure 2.2-(¢c))

were fabricated by defining mold in SU-8 epoxy and filling it by electroplating metals. A thick

layer of SU-8 was patterned in vertical holes by the standard photolithography process. A

conductive metal seed layer was then deposited onto the epoxy mold; and then a metal layer

was electroplated to partially fill the mold. After the SU-8 mold was etched away, the

microtubes were obtained. Deep reactive ion etching (DRIE) was also conducted in fabrication

of the lumen for hollow silicon microneedle using an inductively coupled reactive ion etcher.

This deep etch created arrays of holes through the silicon wafer; and the tapered wall of the

microneedles was fabricated by reactive ion etching (RIE) process, which was used for

fabrication of the solid microneedles in Figure 2.2-(a).

Davis et al developed laser micromachining process for microneedles fabrication [39][40]. The

fabricated microneedles are shown in Figure 2.2-(d). Excimer (UV) and infrared (IR) laser

machining were used to create molds for electro-deposition of metals. Mold materials included

titanium and polymers such as polyimide and polyethylene terephthalate. In the process flow

presented by Figure 2.2-(d)-I, an excimer laser drilled the desired microneedle geometry

16
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through a polymer sheet, whose thickness determined the microneedle height. The polymer

mold was then deposited by a seed layer of Ti /Cu /Ti, using direct current sputtering. The upper

layer of titanium was removed using 2% hydrofluoric acid just prior to electroplating to expose

the copper layer. The mold was then electroplated at certain current density to create the

microneedle array. The plating duration determined the thickness of the metal wall. Finally, the

polymer mold was dissolved; and the metal seed layer was removed, resulting in the fabricated

microneedles. Figure 2.2-(d)-II shows another process fabrication the microneedle by a metal

mold. An infrared laser was used to drill taped holes through a titanium sheet. The backside of

the metal mold was deposited a thin silicon nitride (Si;N4) layer by PECVD to prevent

electroplating onto the mold. The metal mold was subsequently electroplated with the desired

constituent material to form microneedles. Lastly, the metal mold was etched to release the

finial fabricated microneedles.

Biodegradable polymer microneedle arrays were further developed using microfabricated mold

for replication of the microneedles [13][41]. Three prototypes of microneedle structures

including beveled-tip, chisel-tip, and tapered-cone microneedles were micromachined in

polylactic acid, polyglycolic acid, and their co-polymers. Figure 2.2-(e) shows the

microneedles with beveled tips. The master for this microneedle was SU-8 epoxy cylinders

with diameter of 100 um. Subsequently, the space between cylinders was filled with a

sacrificial polymer (PLGA) and the entire surface was coated with a thick layer of copper by
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electron beam deposition. This copper layer was etched to leave a pattern of rectangles that

asymmetrically covered the tops of the epoxy cylinders and some of the sacrificial polymer on

one side of each cylinder. Reactive ion etching was conducted to partially remove the

uncovered sacrificial layer and asymmetrically etch the tip of the adjacent epoxy cylinders. All

remaining sacrificial polymer was removed by ethyl acetate, leaving an array of epoxy

cylinders with asymmetrically beveled tips. In Figure 2.2-(f), the chisel-tip microneedles were

fabricated using a combination of wet silicon etching and reactive ion etching of polymers. A

layer of silicon nitride was deposited onto a silicon wafer by plasma enhanced chemical vapor

deposition (PECVD) and patterned with array of square dots each measuring 100 um. KOH

etching was then applied to etch inverted pyramid-shaped holes. Etching occurred along the

crystal plane to form tapered walls terminating in a sharp point. The wet etching process

provides the chisel shape of the needle tips. To form the shape of the needle shaft, SU-8 epoxy

photoresist was spinning coated onto the etched wafer; and a second mask was aligned with the

silicon nitride pattern. After post-baking to crosslink the UV exposed SU-8 on a hotplate and

then cooling, the non-crosslinked epoxy was developed with PGMEA. To finally make master

needle structures, the space between the obelisk SU-8 structures was filled with PDMS. The

crosslinked SU-8 was removed by reactive ion etching with oxygen plasma to leave a

PDMS-silicon mold. Subsequently, polyurethane was poured into the mold and crosslinked to

form polymeric microneedles with chisel tips. Removal of these needles from the mold yielded

the final master structure. Figure 2.2-(g) shows the tapered-cone microneedles. A chromium
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layer was sputter-deposited and lithographically patterned on a glass substrate to form array of
circular dots. Glass etchant was used to isotropically etch the glass substrate through the
openings in the patterned chromium layer to create concave holes in the glass. Subsequently,
SU-8 photoresist was cast onto the substrate. After soft-baking, the film was exposed from the
bottom (through the glass substrate) using UV light. Finally, a master structure of tapered cone

microneedles was fabricated in the developer for SU-8.

McAllister summarized various microneedles developed by Georgiatech (GIT) research group
[12]. Various microfabrication techniques were developed for silicon, metal, glass and
biodegradable polymer microneedle arrays in solid and hollow structure with tapered and

beveled tips and feature sized from few microns to hundreds of microns in their research.

In addition, microneedles were fabricated in metal sheet by laser cutting or acid etching
[14][15][16]. Figure 2.2-(h) shows the laser cut microneedles in stainless sheet. Each needle
was 50 um by 200 pm in width at the base, and tapered over a 1000 um length to a sharp tip
with 20° angle. The laser beam directly created the shape of the needles in the sheet. 3-D metal
array was formed by bending the needles at 90° out the plane of the sheet. Figure 2.2-(i)

presents the metal microneedle arrays fabricated in titanium sheet via wet etch.
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The blunt-tip microneedle, shown in Figure 2.2-(j), was fabricated by the etching stop before
the mask totally undercut using isotropic wet etching techniques [42]. The heights of the
projector ranged from 50 to 200 um. The top of projectors consisted of a flat 100 ~ 900 pm®

arcas.

2.1.2 Drugs Loading Methods

Fabricated microneedles have been applied in delivery of Oligonucleotide, insulin, protein
vaccine and DNA vaccine across the skin. The 20-merphosphorothioated
oligodeoxynucleotides (ODNs) have been delivered across the skin of hairless guinea pigs at
the rate of 8.08 + 0.60 pg/cm*/h with microneedle array as compared to 0.08+0.02 pg/cm*/h
without the array [16]. This microneedle array is shown in Figure 2.2-(i). The approach of the
ODN delivery is the “poke with patch”, which uses microneedles to make holes, and then
applies a transdermal patch to the skin surface. Delivery of the ODNs can occur by diffusion or
possibly iontophoresis if an electric filed is applied. The approach of “poke with patch” has also
been used to deliver insulin to diabetic hairless rats in vivo using the microneedles in Figure
2.2-(h) [14]. The microneedle array was inserted into skin using a high-velocity injector. A
solution of insulin was then dispensed on top of the microneedle array. Blood glucose levels
steadily decreased by as much as 80% after the solution left on the patch 4 h using the
microneedles. The insulin solution placed on skin without microneedles did not have

significant effects on the blood glucose level. The delivery of protein vaccine used the approach
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of “coat and poke”, where the needles were first coated with drug and then inserted into the skin.

There are no drug reservoirs on the skin surface, and all drugs to be delivered were on the

microneedle itself. The microneedles (Figure 2.2-(i)) were also be used to transport ovalbumin

as a model protein antigen to the skin of hairless guinea pigs in vivo [15]. The antigen release

from the microneedles surface was found to occur rapidly at the rate up to 20 pg/Ss. The

antibody responses using the microneedles were found to be up to 50-fold greater than using

subcutaneous or intramuscular injection. The delivery of DNA vaccine was used the approach

of “dip and scrape”, where microneedles were first dipped into a drug solution and then scraped

across the skin surface to leave behind drug within micro-abrasions created by the

microneedles. Naked plasmid DNA was delivered to skin using the microneedle in Figure 2.2-(j)

[42]. Expression of a luciferase report gene was increased up to 2800-fold using microneedles.

2.1.3 Insertion Mechanism

The mechanics of microneedles insertion into skin have not been developed very well. The

mechanics are critically important to the practical applications. Davis ef a/ addressed the issues

for the microneedle insertion into skin [43][44]. The hollow microneedles in Figure 2.2-(d),

were applied to measure the force required for insertion and the force reached fracture, which

are related to the microneedle geometry and physical properties. Measured insertion force

varied from 0.1 N to 0.3 N and had an approximately linear dependence on the area of the

needle tip. It was assumed that the needle will insert into the skin when the energy delivered to
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the skin by the needle exceeds the energy necessary to create a tear in the skin. With this
assumption, a model was built up to predict the force required for insertion into skin based on
the geometry. The microneedles were modeled as thin shells to predict the force reached for
fracture. Fracture force increased significantly with wall thickness and trivially with wall angle,

but was independent of tip radius in the model.

2.2 Microneedles in Local Delivery

The fabricated microneedles for local delivery can generally be categorized into in-plane and
out-of plane microneedles. In-plane microneedles have been fabricated by thin-film deposition
[45][46], diffusion of P+ etching stop layer [47][48] or micromolding [49]. In-plane needles
with long straight shaft are quite fragile, especially those structures formed in thin-film
deposition. In addition, In-plane needles have a wall thickness limitation and low density
because of 2-D plane design and fabrication methods. Compared to in-plane microneedles,
out-of-plane microneedles have more robust structural design in wall thickness and density.
The Out-of-plane microneedles have been fabricated by metal deposition, inclined LIGA
process and a variety of silicon etching technologies. Using the metal deposition technology, a
taped hollow metallic microneedle array has been fabricated with SU-8 mold using backside
exposure [50]. An inclined LIGA process has been developed to fabricate microneedle arrays
using PMMA [51]. The fabrication processes for the metal and PMMA microneedles are

complicated due to the limitation of micromachining methods in metal and polymer. Since the
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microfabrication technology was initially developed based on silicon substrate, silicon
microneedles dominated the development of out-of-plane microneedles. Gardeniers et al
fabricated out-of-plane hollow microneedles with inclined structure which is defined by the
slowest anisotropic etching of (111) plane in KOH wet etching [52]. With the development of
dry etching technology in silicon, Stoeber et a/ used dots arrays as a mask to fabricate hollow
needles, in which lumen was formed in deep reactive ion etching (DRIE) and outside profile of
needle was generated by isotropic wet & dry etching of silicon [53]. Using the advanced
inductively coupled plasma (ICP) etching technology, Griss et al developed side-opened
microneedles, in which outside shape of needle was fabricated by anisotropic and isotropic dry
etching process with mask of cross pattern and inner channel was defined by deep reactive ion

etching at backside of silicon substrate [54].

2.2.1 Microfabrication Technology

Figure 2.3 presents the microneedles which have been reported for local delivery applications.

Their fabrication processes are also summarized in Figure 2.3.
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Chun et al fabricated the array of microcapillaries for injection of DNA to animal/plant cells

[55]. Figure 2.3-(a) shows the array of hollow microacpillaries and its fabrication process. The

deep reactive ion etching (DRIE) was conducted to etch microholes in to silicon using silicon

dioxide as a mask. After the etched wafer was cleaned, a 1-2 um oxidation layer was thermal

growth onto the wafer. The wafer with microholes was then anodic bonded with a Pyrex glass

wafer. The backside silicon was etched in TMAH solution until the tips of the microacpillaries

appeared followed by the edges of the tips etched in BOE. Subsequently, the backside silicon

was etched in TMAH again till the desired height of microneedle was achieved.

A multichannel silicon probe has been fabricated to deliver a precise amount of bioactive

compounds into neural tissue while simultaneously recording electrical signals from neurons

and electrically stimulating neurons in vivo [48]. Figure 2.3-(b) shows the fabricated neural

probes with one to four microchannels for chemical delivery and the fabrication process of the

microprobe. The fabrication of the microchannels started out with a shallow boron diffusion

layer on the wafer surface. The pattern of chevron ribs was defined in the boron dope layer to

etch intended channels. An anisotropic silicon etch (EDP) was used to undercut the chevron

structure to form a flow tube. After undercutting the flow channels, deep boron diffusion was

performed to define the probe shank. Sealing of the channel was accomplished using thermal

oxidation, LPCVD deposited dielectrics, and an optional planarizing etch-back. After sealing

the microchannels and planarizing the wafer surface, an LPCVD polysilicon conductor layer
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was deposited and doped with phosphorus to achieve a sheet resistance. The polysilicon was

then patterned using RIE, followed by LPCVD oxide/nitride/oxide triple layer passivation.

The wafer was thinned from the backside using an isotropic wet etch, and individual devices

were released in a final EDP etch.

Lin et al fabricated silicon-processed microneedles in combination with resistive heaters and

IC-interface region using surface and bulk micromachining techniques [47]. The microneedles

were used to reduce the insertion pain and tissue trauma of the hypodermic needles and deliver

drugs in a controlled way. Figure 2.3- (c) shows the fabricated silicon microneedles and their

fabrication process. The first step was to fabricate resistors for a thermally driven micropump.

A (100)-oriented, lightly doped p-type wafer was selectively doped with boron that diffuses at

heavily doped p-type region using thermally grown silicon oxide as a masking layer. After this

layer was removed, another silicon oxide layer was thermally grown and a layer of LPCVD

low-stress nitride was deposited. A LPCVD phosphorus-doped polycrystalline silicon layer

was deposited, patterned, and etched. The polysilicon layer at the back side of the wafer was

then etched away and a thin layer (150 nm) of LPCVD low-stress nitride was deposited to cover

and protect the polysilicon resistors during EDP etching. Second step was to achieve the

microchannel. A layer of 5 um phosphorus-doped glass (PSG) was deposited, followed by

deposition with a layer of 3 um LTO. The microchannel was patterned and wet-etched in

buffered HF. To form the edge of the microchannel, another layer of 1 um LTO was deposited
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by LPCVD, and then was patterned. Subsequently, the wafer was coated with 1um thick

LPCVD low-stress nitride and holes were defined using a plasma etcher. The sacrificial PSG

and LTO inside the microchannel were etched away by concentrated HF. The etch-access holes

were sealed by depositing a thick layer of LPCVD low-stress nitride. The final step was to

release the microneedles. The separation EDP etch windows were defined by a plasma etcher

with etching stop at the first silicon oxide layer. The back side of the wafer was patterned with a

blank mask and without alignment in a stepper lithography system to open 1 cm by 1 cm

etching areas of individual die to free the microneedles from the wafer backside. A timed EDP

etch reduced the silicon wafer thickness to 120 um. After a DI rinse, the wafer was immersed in

BHF solution to etch exposed silicon oxide areas. Immersion in EDP in a timed etch reduces the

120 uwm thickness down to 50 um at the shank end of the microneedle. A combination of corner

etching and etching from the crystal backside also removed the thicker non-doped

single-crystal silicon for about 50 um along the needle underside from the tip end.

Metal microhypodermic needles have been fabricated by surface micromachining techniques

of metal deposition [56]. The metal microneedles and fabrication process is shown in Figure

2.3-(d). A metal system of adhesion layers and an electroplating seed layer was deposited by

onto a silicon wafer by electron beam evaporation. The bottom shell of the microneedles was

defined in a photoresist micromold using thick photoresist. Palladium layer was electroplated

into the photoresist micromold. After electroplating the bottom shell, a thick photoresist was
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spinning-coated and patterned to define the inner dimensions of the microneedle lumens. The

photoresist served as a sacrificial layer, which was removed later in the fabrication process. A

gold layer was then sputtered onto the sacrificial photoresist structures to serve as an

electroplating seed layer for the top and side walls of the microneedles. To complete the

electroplated microneedle structures, thick palladium layer was electroplated into the

micromolds. The microneedles were released from the silicon substrate by etched away the first

deposition metal layer. Finally, the thick sacrificial photoresist used to define the inner lumen

dimensions was removed using a sequential rinse in acetone, isopropanol, and de-ionized

water.

Paik et al have investigated in-plane single crystal silicon microneedles with buried

microchannels [57]. In Figure 2.3-(e), fabrication processes for cross section A-A and B-B were

illustrated, respectively. Microchannels were fabricated by the anisotropic dry etching,

sidewall passivation with thermal oxide or LPCVD nitride film, isotropic dry etching with SF

plasma, and trench-refilling with LPCVD polysilicon film. After fabricating the buried

microchannel, silicon dioxide films were deposited and patterned on both sides of the wafer.

Two steps of deep silicon etching were used to define the reservoir depth and the microneedle

shaft thickness on the front side of the wafer and to release the microneedles on the backside of

the wafer.
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An out-of-plane silicon microneedle array has been further fabricated for biological fluid
extraction and in situ analysis, as shown in Figure 2.3-(f) [58]. A thin aluminum film was
coated and patterned for channel and reservoir fabrication. A thick layer of photoresist was
patterned open holes which are aligned to the previously defined channel structures. The
patterned holes were etched into the silicon substrate by DRIE. After stripping the photoresist,
the channels and reservoir patterns were etched into the silicon substrate, using the previously
patterned aluminum coating as a mask. The needle boreholes were defined in thick photoresist
with alignment to both the previously defined channel structures on the opposite side of the
wafer. Removing the patterned photoresist from the wafer leaved a clean surface for anodic

bonding of pre-drilled Pyrex 7740™

glass lids. The microneedle shanks were then defined by
first forming columns in the silicon using a dicing saw, followed by sharpening of the columns

in an isotropic, silicon etchant composed of hydrofluoric, nitric and acetic acids.

With the development of deep silicon micromachining technology, various out-of-plane silicon

hollow microneedles were fabricated [59][60][61]. Figure 2.3-(g), Figure 2.3-(h) and Figure

2.3-(j) show the three types of microneedles arrays fabricated in silicon wafers. DRIE was

conducted to etch all of inner channels of those microneedles. Silicon oxide was used as mask

in DRIE etching for the three microneedles. A silicon nitride layer was deposition to protect the

inner channel wall during the etching of outside silicon to achieve the profiles of microneedles.

With different mask designs, the different profiles of microneedles were achieved.
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2.2.2 Fluid Analysis

The frictional losses have been researched in the multichannel neural probe presented in Figure
2.3-(b). Frictional losses in microchannel fluid are importance not only in proving the
completeness of theory in conventional fluid dynamics but also for large amount of
applications in microelectronics, micromechanics, and biomedicine. The frictional losses
associated with fluid flowing in a pipe depend on many factors, including the average velocity
of pipe flow, the pipe diameter, the fluid density, the fluid viscosity, and the average pipe wall
roughness.. Silicon long microchannels were fabricated to determine the frictional losses of
fluids flowing in these microchannels. The pressure drop across the channel was measured
using a differential pressure sensor. Product of the Reynolds number and the Darcy friction
factor as a function was measured. From the experimental results, the flow constant was

determined for microchannel with a typically hydraulic diameter.

Stoeber et al found that the Bernoulli equation is a good model for liquid flow through
microchannels such as the microneedle lumens [53][59]. It was assumed that the distance
between needles was large enough so that fluid flowing through one needle should not
influence the fluid dynamic behavior of fluid through a neighboring needle. Standard
macroscopic values for a square edged inlet and for an exit that represent the inertial minor
losses of piping systems were chosen to model the flow characteristics of the long microneedle

lumen. The mean values of these measurements deviate by only 2% from the theoretical result
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obtained from the modified Bernoulli equation. It had a good match between the experimental

results and the theoretical values.

To determine the applied pressure at the inlet of the microneedle, the fluid flow was
characterized for the surface micromachined metallic microneedles, which is shown in Figure
2.3-(d). Fluid flow through the microneedle lumen was assumed to be laminar. The friction
loss due to the expansion or contraction of the flow channels was assumed to be negligible. It
was found that the roughness factor has no appreciable effect on the friction factor for laminar
flow unless it is so large that the measurement of the inner dimensions becomes uncertain. The
cross section of the lumen was found to be closer to trapezoidal structure as opposed to a
rectangular cross-section that was assumed in the calculation. Individual value of inlet pressure

for exact flow rate was estimated.

2.2.3 Structure Fracture Analysis

The fracture of microneedles is highly related to the design of structure which determines the
mechanical properties of the microneedles. The experimental tests of bending and buckling
were normally carried out to find out the fracture forces for fabricated microneedles. Paik et a/
investigated the design variations of shafts for the in-plane microneedles during the in-plane
buckling tests [58]. Their fabricated microneedles were shown in Figure 2.3-(e). The measured

out-of- plane bending force was close to the FEM simulation results in their break tests.
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The metallic microneedles (Figure 2.3-(d)) have been investigated to characterize the buckling

force and penetration force [62]. The microneedles were modeled as a hollow beam. Compared

to silicon microneedles, the electroplated metallic microneedles have less probability of failure

associated with fracture, because of the robust material properties of metals. The load cell was

interfaced with LabView to obtain real time data upon forcing the microneedle against the

loading surface. The buckling force was measured by forcing the microneedle against a rigid

metal surface, which was affixed to the load cell. The stress concentration due to redistribution

of the force around the port was confirmed by the fact that the buckling point for all of the

microneedles tested was at the port region. The axial strength of the microneedles was analyzed

using ANSYS. A 3-D finite element model was created using a hollow shaft with lumen

dimensions, wall thickness, and shaft length equivalent to those fabricated microneedles. The

model was used to study the effect of a rectangular port on the stress distribution/failure mode

of the microneedle shaft. The failure mode observed in this model was similar to that observed

during the experiments.

2.3 Discussion

Microfabrication technologies for microneedles were reviewed in this chapter. Most of the

in-plane microneedles were fabricated by the surface micromachining technologies. The bulk

micromachining technologies were dominantly applied for the out-of-plane microneedles. The

lumen of microneedle was commonly obtained by etching through the wafer using DRIE. The
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silicon is still the popular material for microneedles because of mature micromachining
technology for silicon. The group in GeorgiaTech (GIT) contributed tremendously for the
microneedle in transdermal drug delivery. Besides the advanced microfabrication methods for
metal and polymer microneedles, the insertion mechanics and in vitro delivery testing were
investigated to determine the biological application of microneedles. The current research
focused on developing the biodegradable microneedles to improve the biocompatibility of
microdevices in clinical application. Most of the research on microneedle for transdermal drug
delivery solely focused on the solid microneedle array. The main problem in applied the
microneedle to deliver drugs consists of broken microneedle tips during insertion into the skin.
The microneedle developed in this thesis has a biodegradable tip which will be readily absorbed
by the body. The biodegradable tip also will reduce the risk of granulomas or infection. The
design also has advantage in easily enabling mass production of microneedles compared with
using the polymer material for fabrication. It is the first proposal of using porous silicon in
microneedle fabrication to overcome the foreign allergy in microneedle clinical application.
Furthermore, it provides the idea to fabricate microneedle with combination of two different
materials. It guarantees the microneedle with enough strength with improvement of
biocompatibility. In Chapter 3, the silicon microneedle with biodegradable porous tips was
proposed to reduce the possibility of the irritation caused by the broken issues of microneedle
during the insertion. In Chapter 4, the analytical model was established to study the critical

loadings of microneedles in insertion.
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On the other hand, the microneedles with lumens were developed for injection of a precise

controlled dose to prescribed locations. Microsystems consisting of in-plane microneedles and

integrated circuits have been well developed not only in the fabrication but also in the

applications. Compared with the in-plane microneedles, the out-of-plane microneedles have

advantages in high efficiency inject DNA/RNA into assembled cells or embryos. However,

microsystems based out-of-plane microneedles have not been well studied due to the limitation

of microfabrication process. The prototype of microsystem in this report is proposed under

consideration of design of controlled flow to determine the dimension of microneedle. The

structural enhancement is fabricated based on the novel mask and process design. In Chapter 5,

a microsystem consisting of out-of-plane hollow microneedles and glass actuation components

was presented. The designs of flow and actuation mechanism were investigated to determine

the dimension and actuation conditions of the microsystem.
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Chapter 3 Microneedle Array with Biodegradable Tips for

Transdermal Delivery

3.1 Design of Microneedle Array with Porous Tips

Microneedles were designed to puncture the skin by creating micro-pores across the skin to
increase skin permeability for delivery of the protein/DNA based drugs. Figure 3.1 shows the
schematic of a microneedle array insertion into skin [63]. The microneedles were used to pierce
the stratum corneum (SC) layer of skin, creating micro-pores on the first skin layer. The
microneedles do not penetrate into the dermis layer and thus do not reach the nerve endings,

reducing the sensation of pain in transdermal drugs delivery using microneedles.

I ——— microneedles

cormeum

epidermis

Figure 3.1 Microneedles in transdermal drug delivery

In order to fulfill the functions necessary for transdermal drug delivery, microneedles must

meet the following requirements:

e Sharpness for penetrating the skin.

e Strength against fracture, bending and buckling.
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e Biocompatibility of microneedle material.

It was found that the interface of the needle sharp tip would be imperfect after insertion test.

The brittle tip was broken in the insertion test. Figure 3.2 shows the SEM picture of a broken tip

after an insertion experiment. The damage occurred at the tip at a height of ~15 um. The failure

of sharp tips is likely due to the force of insertion exceeding the tensile strength of silicon. The

friction and deflection during insertion could also be additional explanations for the fracture of

tips. The scraps of broken microneedles may cause inflammations because they might elicit a

foreign body response. When microneedle tips would break and become lodged within the skin,

they are likely to become encapsulated by poly-morphonuclear and mononuclear leukocytes

[64]. The application of biodegradable material in microneedle fabrication would be a potential

solution to decrease the possibility of the irritation.

Figure 3.2 SEM picture of damaged microneedle tip after insertion
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So far, microneedles with various designs, as reviewed in Chapter 2, have been fabricated with

limited consideration of material biocompatibility, which is critical for clinical applications. In

the transdermal drug delivery, the drug loading methods in microneedle application were

limited to coating the surface and using a patch in the previous studies. The design of a

microneedle with biodegradable tip would improve the biocompatibility of microneedles the

drug delivery. The porous silicon, known as nano-structured silicon, is widely used in the

biological areas because of its biocompatible, bioactive and biodegradable nature [65].

Angelescu et al found that porous silicon structures are appropriate for cultivating adherent

cells in vivo and without noticeable toxicity for biological applications [66]. There were already

some biological applications of porous silicon, such as biocapsules and filters in BloMEMS for

drug delivery [67][68][69]. Porous silicon also has many possible uses for orthopaedic medical

device, such as a bone graft substitute, scaffolding for bone repair and regeneration, molded

orthopaedic implants, and paste for spine fusion. The porous silicon material could be

mechanical stable for insertion into skin in the transdermal drug delivery. The microneedles

with biodegradable porous tips have several advantages if they would break off and remain in

the skin. The porous structure provides an alternative approach for drug loading as well.

Porous silicon exhibits a high degree of biocompatibility. It degrades to silicic acid, which

causes no harm to the body.[70] Silicic acid is a general name for a family of chemical

compounds of silicon, hydrogen, and oxygen, with the general formula [SiOx(OH)4.ox]n.
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Moreover, silicic acid is reputed to be the most natural form of element in the evieroment and it

readily to removed by kidneys. Therefore, the very positive attibution of porous silicon is the

non toxic waste product from the degradation of porous silicon into monomeric silicic acid.

Porous silicon with varying porosity is altered in between bio-inert, bioactive and

resorbable.[71] The in vitro study was conducted to test the activites of porous silicon

sample.[72] The simulated body fluid containing ion concentration , which is similar to the

human blood, was used to test the resistaned period of time for the porous silicon exposed to the

fluids. It was found that the high porosity layer were completely removed within a day. [73] In

the in vitro studies of interaction of cells with porous silicon, the porous silicon has been found

to be suitable for cell generation.[74] It also has been found that B50 rat hippocampal cells have

clear prefernce for adhesion to porous silicon over untreated surface. [75] Beside the potential

applications of porous silicon in cell culturing, the porous silicon has also been investigated in

used as framwork for the growth of bone.[76] In the application in drug delivey, , a particular

drug can be encapusulated by the porous silicon layer by capillary action because of the porous

form of structure. Porous silicon has the advantage in adiministation drugs through various

approaches, such as the tablets for oral delivery, patches for delivery througy skin, and

micropaticles for injection.

Biodegradable material appears to be on threshold of widespread clinical application.

Compared with biodegradable polymers, the key features of porous silicon are that it can be
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micromachined, and it is a semiconductor. The micromachinability enables precise
macrostructure can be fabricated in porous silicon. The properties of semiconductor for porous
silicon contribute to be easily integrated with a microsystem including sensors, actuators and
circuits. Furthermore, the porous silicon has potential in a wide variety of applications in

different clinical areas due to the controllable porosity.

A prototype of the microneedles with biodegradable tips is shown in Figure 3.3. In order to
facilitate their ability for insertion into the skin, the sharp tips were designed to minimize the
insertion force needed. According to insertion experiments established to test insertion force,
the insertion force dramatically decreases with the decreasing interfaced area. Moreover, the
microneedles were designed to puncture to the correct skin depth for transdermal drug delivery.
The microneedles must pierce the stratum corneum layer (10-20 um) and arrive at the
epidermis layer (50-100 pm) without access to the dermis layer. Considering that the skin
distorts under an applied force applied, the length of the needles was designed to greater than
100 pm and less than 150 um, as shown in Figure 3.3. The height of the porous silicon tip was
designed to be ~ 10-20 um with the consideration of the limitation of the fabrication. In the
design, the radius of tip is less than 1pum and the base width dimension is 100 pum. The tip angle
is less than 10 °. The center-to-center distance between the two single needles is 150 pm. One

microneedle array includes 20 by 20 needles.
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Figure 3.3 Schematic of microneedle array with porous tips
3.2 Experimental Methods

The overall porous tip needle fabrication process is shown in Figure 3.4. Four-inch p-type (100)
silicon wafers with resistivity ranging from 1 to 10 Q-cm, and thickness of 450 um were used in
this study. The fabrication procedure for the pyramidal needle structure is illustrated in Figure
3.4 (a)-(d). The 0.7 um thermal oxidation layer was grown on the wafers (Figure 3.4 (a)) in a
furnace at 1050 °C. After photolithography, a patterned photoresist (AZ 7220, 1.5 pum) was used
as a sacrifice layer. The exposed silicon dioxide was etched away in RIE with CF,/O, gases and
formed arrays of squares from 80 x 80 um” to 120 x 120 um’ (Figure 3.4 (b)). After removing
the residual photoresist, the silicon dioxide square arrays were used as the mask to isotropically

etch the silicon using SF¢/O, gases in a STS Inductive Coupled Plasma (ICP) etch tool. Etching
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was performed until the oxide mask fell off due to the under etching, which generated the
pyramidal needle structure (Figure 3.4 (¢)). After removing the residual silicon oxide (Figure
3.4 (d)), a 500 nm thick silicon nitride layer was deposited onto the fabricated microneedle
surface over 2.5 hours by low pressure chemical vapor deposition (LPCVD) at 530 °C (Figure
3.4 (e)). Photoresist (AZ9260) was spin-coated twice onto the pyramidal needle structure at a
spin speed 1500 rmp (Figure 3.4 (f)), followed by baking of the sample for 15 minutes at 120 °C.
Due to the effect of reflowing, the photoresist covering the tips of the needle became thinner.
The photoresist on the tip of the needle was further cleaned by reactive ion etching (RIE) using
O, (Figure 3.4 (g)). Etching was conducted using 200 W of power and an oxygen gas flow rate
of 10 sccm for 15 minutes. After etching of the photoresist, the RIE process was carried out to
remove the unprotected silicon nitride from the tip of the needle and backside of the wafer using
CF4/O, gas. This process was conducted using RF power of 350 W and CF4:0, flow rates of 8
sccm: 1.4 scem for 5 minutes. After removal of the photoresist (Figure 3.4 (h)), a gold layer was
deposited onto the backside for use as a conductive layer by E-beam evaporator (Figure 3.4 (i)).
The remaining silicon nitride layer was used as a protective layer in the subsequent

electrochemical porous tip etching, resulting in the final porous tip structure (Figure 3.4 (j)).
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Figure 3.4 Schematic of the fabrication process used in making the needles with porous tips. The

process consists of (a) thermal growth of silicon oxide, (b) patterning the silicon oxide
mask, (c) pyramid needle structure etching by inductive coupled plasma etching using
STS equipment, (d) removal of residual silicon oxide (e) deposition of LPCVD silicon
nitride layer, (f) photoresist coating (g) photoresist reflowing and O2 plasma thinning,
(h) the tip part and backside silicon nitride etching in RIE and photoresist removal, (i)
backside gold layer deposition, and (j) electrochemical etching process to form the
porous silicon tips.
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3.2.1 Isotropic Etching in Inductively Coupled Plasma (ICP)

The pyramidal structure of microneedle was fabricated by the isotropic plasma etching in
inductively coupled plasma (ICP) etcher. [77] The ICP high density plasma etcher is well
known to carry out deep reactive ion etching (DRIE), implemented with BOSCH process,
which utilizes an etching cycle using SFq gas and then switches to a sidewall passivation cycle
using C4Fg gas [78]. If the passivation cycle is not performed in the silicon etching, isotropic
profile, as shown in Figure 3.5, will be obtained in the etching cycle using SF gas. The silicon
is primarily etched by the atomic fluorine radicals assisted by ion bombardment. The reaction
in the etch cycle is represented in E-3.1 and E-3.2:
SF¢ dissociates:

SFg+e” =S F,+S.F +F"+e E-3.1
Ion-assisted chemical etching:

Si+nF* — SiF, E-3.2
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A &

Figure 3.5 Isotropic profile formed in ICP etching cycles

The etched profile could be controlled by adjusting the etching parameters in ICP tools.

Figure 3.6 shows the slope achieved at low pressure using SF6 etching. The findings were

later used to fabricate microneedles with different slopes by controlling the etching

parameters.

Figure 3.6 SEM picture of etched slope
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The isotropic etching behaviors in inductively coupled plasma (ICP) etching tool were

investigated to fabricate desired profiles of the microneedles. The obtained results were used in

the fabrication of microneedles with certain process parameters. In the experiment, the etch tool

was operated only using SF4 gas without passivation cycle. Figure 3.7 shows the cross section

of an ICP etch tool. There are four major process parameters in the etching process: gas flow

rate, platen power, coil power, and automatic pressure control valve (APV) position. Because of

the complicate ICP etching mechanisms, the effects of process variables on etching results are

nonlinear and interdependent. Several statistics methods have been used in plasma process

characterization due to the complicated influences of etching variables on etching results

[79][80]. The design of experiments (DOE) technique was used in the process characterization

to explore the influence of these correlated and interrelated variables on etching results. The

effects of multiple variables on output results (responses), including pressure, vertical etching,

lateral etching , the ratio of vertical etching to lateral etching, and photoresist etching rate, were

investigated to characterize and optimize the etching parameters.
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Figure 3.7 Cross-section of ICP etch tool

4-inch p-type silicon wafers, 450-500 pm thick and (100) orientation were used in the ICP
parameters characterization experiments. The photoresist (AZ9260) was coated at 4000 rmp
(thickness ~3.5 pum). Samples were exposed using a mask aligner, developed in developer
(AZ400) and baked at 100 °C before ICP etching was carried out. The mask layout consisted of
patterns with square arrays and dots arrays that exposed 12% of the total wafer surface. The size
of the patterns was 80 um in dimension with a center distance 150 um. The etching time in
trials was 3 minutes. The characterization work was performed using ICP etching tool from
Surface Technology Systems (STS), which was used as an isotropic high-density plasma etcher
for the passivation cycle was excluded. The four most important variables studied in this part of
the experiment were: SF¢ flow rate, automatic pressure control valve (APV) position, platen
power and coil power. The ranges explored are presented in Table 3.1. The selected ranges of

mass flow and power were based on previous observations made by Ayon et al [81][82]. A
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surface profiler was used to measure the depth of etched patterns. The etched photoresist

thickness was calculated by measurement of depths before etching, after etching, and after

photoresist removing for each sample. A microscope integrated with a video camera was used

to check topside images of etched samples. Additionally, a scanning electron microscope (SEM)

was used to obtain the etched structures under various etching recipes. The commercial

software Minitab® was used to create and analyze a matrix of 20 runs of process screening

using DOE method. For the 4 factors full factorial design, 16 runs were carried out for the

characterization. The experimental design with 4 additional runs was used to verify the etching

results. In total, 20 runs were executed to fit the quadratic model.

Table 3.1 Range of explored variables for isotropic etching

Variable Minimum Maximum
SF¢ flow rate (sccm) 30 150

APV position (°) 30 75

Platen power (W) 1 29

Coil power (W) 300 900

The measured vertical etching depth, lateral etching length, and photoresist etching rate were

characterized. The corresponding responses were generated using Minitab®. The ratio of

vertical etching depth to lateral etching length (V/L ratio) was calculated. This limits the finial

length of the fabricated needle. The main dimension of microneedle fabrication used in this

experiment was plotted in Figure 3.8, showing the relevant variables of microneedle profile. V
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is Vertical etching depth and L is Lateral etching length. Photoresist etching rate was obtained
by the thickness difference of photoresist between before and after etching divided by etching
time. In DOE, the effect of a factor, which is the change in response produced by a change in
the level of the factor, weights the influence of a factor to responses. The significance of factors
in the full factorial experiment can be constructed based on a normal probability plot of the
effect estimate. By the factorial analysis in Minitab®, the effects of variables for various
responses, such as pressure, vertical etching, lateral etching, ratio of vertical etching to lateral

etching and photoresist etching rates, were generated to analyze the process parameters.

L

"
o

Photoresist

Silicon

Figure 3.8 The dimension used in microneedle fabrication

The measured data from the experiments are given in Table 3.2. The measured vertical etching
depths, lateral etching lengths and photoresist etching rates are presented in the table. The
calculated ratio of vertical etching depth to lateral etching length (V/L ratio) and the tip angles

were also included in Table 3.2.
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Table 3.2 The experimental design for isotropic etching in ICP

A B C D Pressure | Vertical etching | Lateral Etching Tip Angle Photoresist etching rate
Run Ratio of V/L
SFs | APV | Platen Power | Coil Power (mT) (um) (um) 2acrtan(L/V) (nm/min)
1 1 1 1 1 36 22.8896 13.5000 1.69553 1.07 189.75
2 1 1 -1 -1 33 8.1040 5.0000 1.6208 1.11 35.68333
3 1 1 1 -1 33 8.9532 5.0000 1.79064 1.02 98.8
4 -1 1 1 1 13 12.4168 6.6667 1.86252 0.99 285.7667
5 0 0 0 0 14 14.9928 9.6667 1.55098 1.15 190.5333
6 -1 -1 1 1 5 5.3073 2.1667 2.44952 0.78 188
7 1 1 -1 1 50 30.9308 16.3333 1.893723 0.97 82.43333
8 -1 -1 1 -1 4.9 5.9886 2.16667 2.763969 0.69 246.95
9 0 0 0 0 14 14.2574 8.8333 1.61404 1.11 195.7667
10 -1 1 1 -1 11 7.9248 5.0000 1.58496 1.13 151.5333
11 -1 -1 -1 1 52 7.6814 4.1667 1.843535 0.99 102.9167
12 0 0 0 0 13 13.795 9.0000 1.532772 1.16 196.55
13 1 -1 1 -1 12 9.3393 5.3333 1.75112 1.04 164.6833
14 -1 1 -1 1 14 12.8522 7.16667 1.793337 1.02 33.81667
15 -1 -1 -1 -1 4.5 5.9427 3.3333 1.78281 1.02 92.18333
16 -1 1 -1 -1 11 7.7414 4.5000 1.720322 1.05 103.5667
17 1 -1 -1 -1 12 8.6088 5.16667 1.66621 1.08 57.81667
18 1 -1 -1 1 16 17.8376 11.3333 1.573906 1.13 43.36667
19 1 -1 1 1 16 17.1832 10.6667 1.61092 1.11 306.6
20 0 0 0 0 13 13.5531 8.5000 1.594482 1.12 184.8167
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3.2.1.1 Pressure

In the STS ICP etching tool, the chamber pressure is normally controlled by varying the
position of APV or changing the flow rate at the fixed APV position. Higher pressures
correspond to higher values of SF¢ flow rate and APC valve positions in degrees (90°close; 0°
open), as shown in Table 3.2. Figure 3.9 shows the effects of the four variables on chamber
pressure in ICP etcher. The effects of SF¢ flow rate (A), APV position (B) and coil power (D),
and the interaction of AB which are marked using squares are significant. SF¢ flow rate (A) and
APV position (B) dominate the positive influence on the pressure, because these two variables
determine the amount of gas in chamber. Therefore, the higher values of SF4 flow rate in
standard cubic centimeter per minute (sccm) and APV position in degrees correspond to higher
pressures in reactor. The coil power (D) also has a positive effect on pressure because the
movement of molecules is more active in higher energy level under higher coil power. In
addition, the value of effect of platen power (C) is negative, as shown in Figure 3.9. This
negative standard effect indicates that the pressure deceases with increasing platen power. This
result can be explained by the electrical attraction of the gases by platen power in reactor. The
higher platen power causes more ions in plasma to move towards the sample substrate,
resulting in lower gas density and chamber pressure. The chamber pressure also increases with
higher coil power. In ICP, power is transferred from the electric fields to the plasma electrons

near the surface by collisional dissipation and by collisionless heating process [83]. Therefore,
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higher coil power may cause higher chamber temperature, which results in higher pressure.

The dependence of chamber pressure on SF¢ flow and APV position is clearly illustrated in the

surface plot chat (Figure 3.10). The pressure has the highest value (~35mT) at the greatest SF

flow and the highest APV position.

EE]

Percent

Normal Probability Plot of the Standardized Effects
(response is Pressure, Alpha = 050

S0 4

Effect Type
# Mot Significant
B Significant

A
mE

B
WAE C
=)

]

Factor  Mame

A SFE

B APV
 Platen Power
D Coil Power

4 g 12 15
Standardized Effect

Figure 3.9 Normal probability plot of effects on pressure
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Figure 3.10 Pressure (mTorr) dependence on SF4 flow rate (sccm) and APV position in degree
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3.2.1.2 \Vertical etching depth (V)

Figure 3.11 shows the response of the vertical etching depth to the four variables. The weight

value of coil power (D) indicates that the coil power has the most significant effect on vertical

etching rate. The coil power is the dominant variable because the ion flux reaching the etched

silicon surface is determined by the power. The vertical etching rate also increased at higher

SF¢ flow rate because a higher setting of this variable helps to remove the byproduct in silicon

etching. In addition, increased vertical etching depth was found at higher settings of the APV

position, because the residence time of reactive gases is longer at higher pressure. The

residence time is proportional to PV/f, where P is the pressure, V is the chamber volume and f'is

the gas flow rate. On the other hand, platen power has a negative effect on the vertical etching

depth. The negative value (-1.3), as shown in Figure 3.11, indicates that the vertical etching rate

decreases slightly at higher setting of platen power. This may account for greater energy loss in

higher ion collision at the increased ion bombardment under higher platen power. The vertical

etching depth dependence on coil power and SF¢ flow rate is illustrated in Figure 3.12. The

influence of coil power and SF4 flow on vertical etching is increasing with the increasing values

of coil power and SF¢ flow, respectively. The surface plot of vertical etching dependence on coil

power and SF¢ flow matched the effect of co-effect AD on vertical etching. The interaction of

AD is the third positive effect on vertical etching as shown in Figure 3.11.
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Figure 3.11 Normal probability plot of effects on vertical etching depth
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Figure 3.12 Vertical etching depth (um) dependence on SF flow rate (sccm) and coil power (W)

3.2.1.3 Lateral etching length (L)

Figure 3.13 shows the effects of the variables on the lateral etching length. These effects

distributions are similar to the distribution of effects on vertical etching depth because the

isotropic profile is obtained using SF¢ gas in the etching. The SF¢ flow rate (A) has the most
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significant effect on the lateral etching rate. Larger SF¢ flow rate not only helps the removal of
the etching byproducts, but also reduces the concentration of products that would redeposit.
Figure 3.13 also illustrates that lateral etching increases with respect to vertical etching when
the ion fluxes increase. Compared to the value of vertical etching rate, a lower lateral etching
rate was found in the characterization. The variably exposed area of the surface during the
etching process may account for the difference between vertical etching and lateral etching.
The exposed area in vertical etching is constant; but in lateral etching, the exposed area
increases along with the vertical etching depth. The increase of expose area may reduce the
lateral etching rate. Figure 3.14 shows the dependence of the lateral etching length on the SFy
flow and coil power. Compared to the curvature of surface plot for vertical etching depth
dependence on the two variables, the curvature of surface plot for lateral etching length is larger.

The larger curvature indicates that the interaction AD have more significant influence on lateral

etching length.
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Figure 3.13 Normal probability plot of effects on lateral etching length
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Lateral etching length dependence on SF6 flow rate and ciol power
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Figure 3.14 Lateral etching length (um) dependence on SF¢ flow rate (sccm) and coil power (W)

3.2.1.4 Ratio of vertical etching to lateral etching (V/L ratio)

The response of the V/L ratio plays an important role in the height of needle. A longer needle
would be fabricated under higher of V/L ratio values. The calculated response on etching
conditions is shown in Figure 3.15, which shows that larger values of the V/L ratio would be
obtained at higher platen power as well as lower SF flow rates. However, the etch rates will be
traded off for the larger values of V/L ratio. The positive influence of platen power (C) on the
V/L ratio suggests that the negative effect of platen power on vertical etching is less than the
negative effect of platen power on lateral etching. In addition, the interaction AB has the most
positive effect on the V/L ratio while the interaction BC has the second-most negative effect on
the response as illustrated in Figure 3.15. The V/L ratio dependence on platen power and SF;

flow rate is presented in Figure 3.16. The positive effect of variable C (platen power) is
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weakened by the variable A (SF; flow), as illustrated in the surface plot of V/L ratio dependence

on SF¢ flow and platen power (Figure 3.16).
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Figure 3.15 Normal probability plot of effects on V/L ratio
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Figure 3.16 V/L ratio dependence on SF¢ flow rate (sccm) and platen power (W)
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3.2.1.5 Photoresist etching rate

Figure 3.17 shows the normal probability plot of the effects on the photoresist removal rate.
Apparently, it is the effect of platen power that is the most significant, as it falls far from the line
passing through the other points. Platen power is the dominant variable because it governs the
ion bombardment energy. Therefore, higher platen powers correspond to larger photoresist
sputtering rates. Lower photoresist etching rates were obtained at higher SF¢ flow rates and
higher APV position settings due to influence of pressure. Higher operating pressures led to
lower ion energy that causes lower photoresist etching rates. Figure 3.17 also illustrates that
larger SF4 flow rate and higher APV position contribute to less photoresist etching since these
two standardized effects have negative value factors. This is because higher chamber pressure
lowers the ion energy. At higher SF¢ flow rate and APV position, higher pressure is achieved, as

illustrated in Figure 3.10 presented in the paragraph of parameter effects on pressure.
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Figure 3.17 Normal probability plot of effects on photoresist etching rate
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3.2.2 Photoresist Reflow Process

The reflow of photoresist method was developed to expose the top of the silicon needle after a
silicon nitride layer was deposited on to the fabricated silicon microneedles by LPCVD. The
reflowed photoresist protected the bottom part of the needles under the reactive ion etching to
remove the top part of silicon nitride. Photoresist reflow method was developed utilizing the
temperature property of polymer. The photoresist acts like fluid at the temperature higher than
its glass transition temperature (T,). With baking temperature above the glass transition
temperature, the excess photoresist from the top of the pyramid structure needle flows to thin

the top layer of photoresist and covers the bottom part of silicon nitride.

Reflow method at 120 °C was used based on the glass transition temperature (T,) of photoresist
(AZ9260) of ~115 °C. The thickness of the photoresist or the length of the exposed tip is related
to the spin coating speed. Figure 3.18 shows the microneedles with spin-coated photoresist
after the bake in 120 °C for 15min. The tips of the microneedle were exposed after the
photoresist reflowed from the top; and the surface of photoresist became planar at the space
among the array of microneedles. The height of the exposed tip was depended on the spin
coating speed. The height of microneedles increases at a larger coating speed. In the experiment,
the length of the exposed tip measured was ~35 pum using coating speed of 2000 rmp. There

was no obvious effect on the height of exposed tip after the baking time exceeded 20 minutes.
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Figure 3.18 SEM Picture of microneedles coved by photoresist (top view)

3.2.3 Anodic Electrochemical Etching

The electrochemical etching of silicon in hydrofluoric acid (HF) electrolyte is the typical
technique for the formation of porous silicon. The reaction in the electrolyte can be described

by following chemical formula:

Si+2HF +2H — SiF, +4H"

SiFy +2H,0 - SiO+2HF + H, + O~
SiO+6HF — H,SiFg +2H,0

Depending on the doping types of silicon used in the anodic substrate, different pore
morphologies can be achieved, ranging from nanoporous or microporous, to macroporous.
Differences in pore size control the release of a drug. Macroporous silicon has attractive
potential applications for large molecular drugs release. Additionally, etching macropores in
p-type silicon provides better aspect ratios and better stability than in n-type silicon. P-type

silicon can supply a porous structure itself without illumination in contrast to n-type silicon,
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which simplifies the experimental setup [84]. In the electrochemical etching process, organic
solutions, such as ethanol (EtOH), acetonitrile (MeCN), dimethylsulfoxide (DMSO) and
dimethylformamide (DMF) with additional HF acid are commonly used to form the
macroporous structure of p-type silicon [85][86]. The electrochemical etching parameters, such
as the concentration of HF, anodic time and the current density, had influence on the product of
porous structure. It was found that the porosity was increased with lower HF concentration and

higher current density [87].

Figure 3.19 shows the experimental setup for anodic electrochemical etching used to generate
the porous silicon tips. A positive potential was applied to the silicon sample, which formed the
anode in the circuit. A thin gold layer was deposited on the backside of the silicon to facilitate a
conductive contact layer. The platinum electrode was used as the cathode. A DC power supply
(36 V-72 V) was used as the voltage power source. A multimeter was used to measure the
voltage and the current in the circuit. A rheostat was applied to keep the circuit current at
constant value, ensuring that the charge current density was stable. The electrolyte solution
used was typically an organic solution mixed with hydrofluoric acid (HF). Various types of
porous silicon could be achieved using various etching conditions including current density,

electrolyte and etching time.
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Figure 3.19 Schematic of the equipment set up for porous silicon formation

In the anodic electrochemical etching, p-type with (100) orientation silicon was used to

characterize the etching process. The thickness of the wafer between 450 pm and 500 pm and

the resistivity was ranged from 1 Q - cm to 10 Q - cm. In order to measure the depth of etching,

the initial wafers were pattern with channel using silicon nitride mask. Ethanol (EtOH) and

acetonitrile (MeCN) were used to investigate the influence of electrolyte on formation of the

porous silicon. The components of the electrolyte solution were adjusted to the desired ratio.

All the experiments were done at room temperature.

In the beginning, the samples were dipped into concentrated HF to remove the thin oxide layer

on the surface. The current in etching process was varied from 4 mA to 20 mA in MeCN based

electrolyte and 10 mA to 40 mA in EtOH based electrolyte. Porous silicon microstructures were

then investigated by scanning electron microscope (SEM).
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3.3 Experimental Results

3.3.1 Isotropic Etched Microneedle Structure

An isotropic etching process was conducted to fabricate microneedles in the STS ICP etch tool.
This machine is well known for the application of Advanced Silicon Etching (ASE™) process
for deep reactive ion etching (DRIE). DRIE was widely used in the generation of high aspect
ratio silicon micro structures with vertical walls by alternating the plasma etching of silicon and
deposition of a fluorocarbon polymer protective layer. However, a steep incline structure is
required in the fabrication of microneedles. Therefore, in the experiments, the plasma
deposition process was not performed and the plasma ion etching led to the vertical etching and
lateral etching simultaneously due to isotropic nature of etching by fluorinated ion [88]. With
the DOE investigation of the isotropic etching process, the etching parameters were optimized
to achieve high aspect ratio structure with sharp tips and smooth surface. With a square as the
mask pattern, the pyramidal structure was fabricated using sulfur hexafluoride/oxygen gases.
The additional oxygen was included to ensure the reactant species remain available to interact
with the silicon [89]. Figure 3.20 shows the etched microneedles using SFs (130 sccm) and
SF¢/O, (130 sccm /13 scecm), respectively. With oxygen (<10%, by flow rate) added, the effect
on the etched profile is negligible. However, the etching rate of silicon is increased with the
additional oxygen, due to the competition between the two etchant species of F and O atoms for

access to the active sites on the silicon surface [90].
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(2) Etched using SF gas (b) Etched using SF;/0, gas
Figure 3.20 SEM pictures of fabricated microneedle in SF¢ gas and SF¢/O; gas

The isotropic regime of the etching cycle using SF4 gas in an ICP high density etcher was
investigated in the characterization experiments in Chapter 3.3.1. In the isotropic etching
process, a silicon oxide mask is superior to photoresist because the photoresist layer of the
pattern can only sustain up to 10 minutes in the plasma environment with additional oxygen as
working gas, and without protection by passivation cycle using C4Fg gas. By adjusting various
etching parameters such as gas flow, pressure, and powers, control of the lateral etching rate
and vertical etching rate was achieved. In the characterization experiments of isotropic etching
by the DOE method, it was found that pressure has a dominant effect on the lateral etching rate.
The etching rate initially increased with increasing pressure due to higher F concentrations but
as pressure reached a certain value, the etching rate achieved the maximum then began to
decrease. The characterization results were consistent with the post-process experiment, which
utilized the SF4to etch the buried layer [91]. Figure 3.21 shows the SEM pictures of etched

structures under various pressures, which were achieved by adjusting the APV position. The
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SEM pictures show that a steep slope is more obvious under the higher pressure while the

structures with arc appear with a decreasing in pressure.

Figure 3.21 SEM photography of profile variation f at different pressures

Figure 3.22 shows the fabricated pyramid structures using SF¢/O, gas with the STS ICP system
at different etching parameters [92]. The microneedle which is presented in Figure 3.22 (a) was
achieved at following etching conditions: 12 W platen power, 600 W coil power, APV position
at 60 °, and 150 sccm/15 sccm SF4/O, flow rate. The microneedle which is presented in Figure
3.22 (b) was achieved at following etching conditions: 12 W platen power, 600 W coil power,
APV position at 50 °, and 150 sccm/15 sccm SF4/O, flow rate. High SFg gas flows lead to a fast
etching speed with large surface roughness, as shown in the Figure 3.22. Meanwhile, the high
platen power would be a reason for the rough surface according to the characterization result.
Reducing the gas SF¢/O, flow rate to 100 sccm/10 sccm and decreasing the platen power to 10
W, the quality of the etched surface was improved. It was found that the steep slope of the
etched structure could be generated at the higher pressures from the characterization results in

Chapter 3.3.1. Therefore, the APV position was set at 60 ° rather than 50 °. Figure 3.23 shows
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the SEM picture of fabricated microneedles obtained at following condition: 10 W platen

power, 600 W coil power, APV position at 60 °, and 100 sccm/10 sccm SF4/O, flow rate.

{(a) achicved at the follow ctching conditions: 12 W platen power, 600 W coil power,
APV 60°, 20 mTorr pressure, and 150 scem/15 scem SF/O, flowrate.

(b) achieved at the follow etching conditions: 12 W platen power, 600 W coil power,
APV 50°, 12 mTorr pressure, and 150 scem/135 scem SF/O- flowrate.

Figure 3.22 SEM photos of the needle arrays fabricated by DRIE ICP of STS at the controlled
parameters
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achieved at the follow ctching conditions: 10 W platen power, 600 W coil power,
APV 60°, 18 mTorr pressure, and 100 scem/10 scem SFi/O, flowrate.

Figure 3.23 SEM pictures of microneedle with lower surface roughness

3.3.2 Anodic Electrochemical Etched Structure

The porous silicon layer was fabricated in the electrochemical etching process using HF mixed
with organic solution. Figure 3.24 shows the surface of porous silicon etched in the solution of
HF mixed with EtOH. The solution for the etching was HF (49%):H,0O: EtOH, 2:1:1 by volume.
The etching time was 10 minutes. Figure 3.24 (a) shows the etched surface at a current density
of 10 mA/cm? while Figure 3.24 (b) shows the etched surface at a current density of 20 mA/cm?.
Figure 3.25 shows the surface of porous silicon etched in the solution of hydrofluoric acid (HF)
mixed with acetonitrile (MeCN). The mixture consists of two compounds of MeCN: HF (4 M):
H,0=92%: 4%: 4% by weight. The 4M HF solution was achieved by diluting concentrated HF
(49% wt). Figure 3.25 (a) shows the etched surface at a current density of 5 mA/cm? while

Figure 3.25 (b) shows the etched surface at a current density of 10 mA/cm”. It was found that
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the porous silicon layer dissolved faster in HF/EtOH solution than in HF/MeCN solution. The

formation of the porous silicon in HF/EtOH was not uniform. The porous structure formed in

HF/MeCN was more controllable for the fabrication of the microneedle with porous tips.

(a) (b}
Figure 3.24 SEM pictures of porous silicon surface achieved in electrolyte using HF/EtOH at
different current densities ((a) 10mA/cm? (b) 20mA/cm?)

ib)
Figure 3.25 SEM pictures of porous silicon surface achieved in electrolyte using HF/MeCN at
different current densities ((a) 5mA/cm? (b) 10mA/cm?)
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The porosity of the porous silicon, which is defined as the fraction of void spaces in the
structure, was pronounced at the high current density and longer etching time. The different
porosity and pore structure is important for the potential drug release. Various porous tips
were fabricated under different etching conditions. The porous tips presented in Figure 3.26
were achieved under the following conditions: electrolyte of MeCN: HF (4 M):H,O= 92%:
4%:4%, current density of 4 mA/cm” and etching time of 10 min. A thin layer of porous

structure was generated. As shown in Figure 3.26, the sharp tips remained almost intact after

the anodic electrochemical etching.

(b)

Figure 3.26 SEM photos of porous tips, etched in HF/MeCN, at 4mA/cm?, 10min

The porosity increased with the increased etching current density and etching time. It is clear to

see from the Figure 3.27. The etched structures showed in Figure 3.27 were achieved at
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following conditions: electrolyte of MeCN: HF (4 M):H,O= 92%: 4%:4%, current density of

10 mA/cm” and etching time of 30 min.

X1, 488 16mm

(b)

Figure 3.27 SEM photos of porous tips, etched in HF/MeCN, at 10mA/cm?, 30min

When the etching time was increased to 50min, the exposed tips were further etched, as shown
in Figure 3.28. The etched structures shown in Figure 3.28 were achieved under the following
conditions: electrolyte of MeCN: HF (4 M):H,0= 92%: 4%:4%, current density of 10 mA/cm’
and etching time of 50 min. Figure 3.28 (c¢) shows the porous structure of the etched tips. It is

clear that the porosity increased after long time etching.
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ZE@Ak L

Figure 3.28 SEM photos of porous tips, etched in HF/MeCN, at 10mA/cm?, 50min
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3.4 Discussion

3.4.1 Fabrication of Microneedle Structure

The microneedle with sharp tips was successfully fabricated by the dry etching process using
SF¢/O, gas in the ICP etcher. The profiles of the microneedle were controllable by adjusting the
etching parameters. However, the dry etching process is an expensive process using high
density inductive coupled plasma machine. Due to wet eatching’s economical process, wet
etching could be an alternative method for microneedles fabrication. Thus, anisotropic silicon
wet etching in KOH was also investigated to fabricate microneedles in this research. Figure
3.29 shows the anisotropic etched structure using a silicon dioxide mask patterned with arrays
of squares, the same as the mask used in isotropic dry etching with the ICP etcher. The blunt tips
were generated by KOH wet etching at 80 °C. In this experiment, it was found that the wet
etching process in KOH was difficult to control because of the complicated crystal plane
dependent etching of the KOH solution. The three SEM pictures in Figure 3.29 were taken from
the same sample after 40 minutes KOH etching. The silicon dioxide mask remained intact in
Figure 3.29 (a), while the mask was damaged in Figure 3.29 (b). The top partial part of the
microneedle was etched away in Figure 3.29 (¢). Compared to the dry etching in SF¢/O, gas, the
structure fabricated in the KOH wet etching was less controllable. In addition, the microneedles
obtained in KOH wet etching were shorter than the microneedles fabricated in SF¢/O, isotropic

dry etching under the same mask dimension.
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Figure 3.29 SEM pictures of microneedles fabricated in KOH with mask patterned in squares.

In order to fabricate microneedles with sharp tips, a modified pattern was used for KOH wet
etch. The square pattern was revised to square with round corners mask. The cone-shaped
microneedles were produced after 40 minutes KOH etching. Figure 3.30 shows the KOH etch
using the revised mask. The uniformity of the etched structure was improved using the revised
mask. The formation of the sharp tips was due to unequal etching rates along the various index
planes. The shape of the mask and the position defined on a wafer would influence the
fabrication. One solution to this problem would be to build up an etching model to estimate the
etched structure in KOH by wet etching simulators. With the aid of KOH etching simulation,
the design of the optimal pattern dimension could be predicted to achieve certain height of

microneedles.
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{b)

Figure 3.30 SEM pictures of microneedles fabricated in KOH using modified mask with round
corner.

3.4.2 Porous Silicon Formation

Electrochemical etching was conducted to fabricate the porous silicon tips. Nanoporous and
macroporous can be produced together during the etching process [93]. Further research need
to be carried out to characterize the structural dimensionality of porous silicon on p-type wafer
to investigate the structures of etched porous silicon. Additional experiments are necessary to

investigate the effects of the resistivity of silicon wafers on the structure of porous silicon.

The porosity of porous silicon was found to be a function of the current density and a function
of HF concentration in the electrolyte [94]. Therefore, the current in circuit has to be accurately
controlled during the etching process. The resistance of the electrolyte used in this experiment
was observed to be unstable. The changing resistance directly effects the formation of the

porous silicon. This could be an explanation for the non-uniform macroporous surface obtained
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in these experiments. A circuit with a current feedback controller placed in the etching circuit

would be a solution for maintaining a constant current during etching.
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Chapter 4 Analytical Model and Insertion Test of the

Microneedle Array

A fabricated microneedle array with biodegradable tips was designed to deliver drugs across
the skin. The mechanical strength of the array must be strong enough to penetrate into the skin
without failure. The strength is related to the geometrical and material properties of the
microneedles. When an applied load is greater than the yield strength of the material, failure
occurs. The geometry of the fabricated needle determines the critical loading. Not all
microneedle geometries are able to insert into skin at a reasonable force without breaking.
Studies have shown that when the solid silicon needle arrays were inserted into the skin, part of
the needles was damaged in the top of 5-10 um regions [11]. The broken tips of silicon needles
were observed during their insertion in the initial study. The biological complication resulting
from a broken tip left in the skin could be minimized by using a biodegradable porous tip.
However, the needle must be able to withstand the force required to insert the microneedle into
the skin. In this chapter, the analytical model of insertion force and fracture force was
investigated to predict the critical loadings. In addition, the insertion test was carried out using

the tissue sample.
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4.1 Theory of Microneedle Insertion into Skin

The structural mechanisms of soft tissue to resist fracture are partially understood by measuring
the toughness of tissues, which is defined by the energy required to make unit area of crack [96].
The deformation of tissues was initially defined in a linear elastic manner. A non-linear elastic
deformation model was subsequently developed to simulate crack formation in tissues of
organism [95]. Initially, the assumption that all the lost energy is paying for crack growth was
established to model the crack in soft tissues. However, it was found that the soft tissues show
large hysteresis when loaded and unloaded. This phenomena indicates that the all the lost
energy does not go into crack production because part of the energy was stored in the soft
tissues. Pereira et al [96] built up a platform to determine the skin toughness using scissors
in-vitro based on the theory that crack growth proceeds when the energy available from the
release of stored potential strain energy is equal or exceeds the critical value required to create a
new fracture surface. A similar approach has been used to model insertion in the skin with
microneedle in vitro. The modified theory that the needle can be inserted into the skin when the
energy delivered to the skin by the needle exceeds the energy necessary to create a tear in the

skin has been postulated to predict the force of insertion to skin [43].

Equation 4.1 describes the fracture occurrence for stable cracking process in the skin using a

displacement controlled testing machine.
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d—WZ G, E-4.1
da ~\ o4 ),

Here, dW/dA is the rate of change if toughness with crack area (GGC /04 )U is the rate of change
of strain energy at constant cross-head displacement U, and W is the work of fracture of the

material. Gc represents the crack fracture toughness and A reveals the interfacial surface area.

Assuming a controlled and slow (quasi-static) crack in the skin, the roughness G, which is the
work required to propagate a crack by unit area, is at the critical values G, at all time. Hence, the
total input work W required to create a new fracture surface isG, *54, is shown in equation
4.2:

oW =G.*0A4 E-4.2
The relation between the crack fracture toughness (G.), the total work input to punch the crack
(0W) and the surface area of the new fracture (6A) at constant crosshead displacement (U) can

be described by Equation 4.3:

G, - (‘LWJ E-43

In the case of the microneedles insertion into the skin, the puncture fracture roughness G, is

used to instead of the crack fracture roughness G, in equation 4.3. Therefore, the equation for

Gpis:

G =(§—Wj E- 4.4
P\s4),
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In the insertion of microneedles, the total input work W is related to the change of potential
energy between the unaltered skin and the skin prior to needle penetration. The input energy
could be calculated as the area under the load versus displacement curve before fracture, as

illustrated in equation 4.5

oW = Fdx
W= j Fdx E-45
W= Fdx

Where F is the force applied by the needle, x is the axial position of the needle, xi is the
displacement during insertion, and the boundaries of integration are from the point of needle

contact with the skin to the point of needle insertion.

Equation 4.4 can be arranged to the followed form:
5W=Gp *6A E- 4.6
Combining equation 4.5 and equation 4.6, the equation 4.7 was derived to present the insertion

mechanism for microneedles.

G,*d=["_Fdx E- 4.7
where G; is the puncture fracture toughness and A is the area of contact between the needle and
skin, which is equal to the size of he top of tip. The left side of the equation 4.7 is the work
required to initiate a puncture in the skin, and the right side of equation is the summation of

work applied to the skin during the deformation.
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It was found that the data of insertion force and displacement in the testing fit well with the
exponential relationship between force and displacement of skin. The empirical equation
derived from these experiments has the following form:

F =0%* Exp(mx) E-4.8
where 0 is the pre-exponential constant and 7 is the exponential constant [97][98]. The variables
0 and t are determined by fitting the measured experiment data. When the equation 4.8 was
substituted to equation 4.7, the equation, G, * 4 = .f;:g’ Fdx can be rewritten as follows:

G ,*4= J-:;’ 0* Exp(rx)dx E-4.9

Finally, the equation 4.9 was solved the fit value of insertion force.

TX;
Oe —ngp*A
T T
F=1*G,*4+6 E-4.10

where F is the insertion force. Equation 4.10 predicts that insertion force linearly depend on the
area of needle tips. Moreover, the puncture toughness G, is determined using the slope of a
graph of insertion force versus area of needle tips. Davis et al [43] reported that the insertion
force is a linear function related to the inertial area of the needle tip. It was found that the
insertion force, which was assumed to be perpendicular to the skin, was ~1.3 N at the interfacial

area (10000 um?) based on the puncture toughness of skin, 30.1+0.6 kJ/m’.

4.2 Analytical Model of Fracture Forces
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Bending Foree

Buckling Force
-

-

MNeedle length

Figure 4.1 Modelling for microneedle

A needle is typically modeled as a cantilever, as shown in the Figure 4.1 [99]. The bending
force (Fgenaing) Will cause deflection of the tip. The bending force has a critical effect on fracture
of silicon needles structure because of silicon’s brittleness. When the strain of the tip is close to
the material yield strain, the structure fracture occurs. In addition, when the needle has been
inserted into the skin, it may not be perpendicular to the surface. The insertion force can be

divided into the bending force (Fgeuaing) and the buckling force (F ).The fracture of a

uckling
microneedle is due to stresses in the structure exceeding the ultimate stress of the constituent
material or buckling caused by elastic instability of the structure. The microneedle fracture
force can be predicted by analytical method or finite element method using the geometry model

of microneedles. The porous tip deflection and critical buckling force are also related with the

Young’s modulus of fabricated porous structure.

The fabricated microneedle is the pyramidal-like structures, which has been presented in
Chapter 3. Therefore, the microneedle is assumed as the perfect pyramidal structure and its

schematic is shown in Figure 4.2. During the microneedle insertion into the skin, there are two
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possible failures: yield failure and critical buckling. The loading force (P) can be decomposed
to the bending force (P;) and buckling force (P,,), as shown in Figure 4.2 (a). The bending force
may cause structural failure when the maximum normal stress caused by shear momentum is
greater than the yield stress. Since microneedles are typically high aspect ratio structures, the
failure may occur because of buckling. The sketch of pyramidal structure is presented in Figure
4.2 (b). The pyramidal structure is with a structure height L, a length of bottom side b, a length

of top side a. The tapering angle a is tan "' (b—a)/2L).

=

(a)

Figure 4.2 Model for the analytic solution of critical loadings: (a) bending and buckling model of
microneedle, (b) schematic diagram of the square pyramid column.

4.2.1 Analysis of Bending Force

To estimate the fracture under bending force, it is necessary to calculate the absolute maximum

normal stress in the needle using the flexure formula [100]:
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M(2)
S(z)

o(z)= E-4.11

where M(z) is the bending moment and S(z) is the section modulus, which is represented by
I(z)/c. I(z) is the needle moment of inertia; and c is the perpendicular distance from the neutral
axis to the point farthest away from the neutral axis. The flexure formula (E-4.11) is meant for a
prismatic member, but it can also be used for a member of slight taper (taper angle within 15°).
For the case of a square based pyramidal structure with bottom length b, top length a and height
L, the length of the cross-section H(z) at any position z can be expressed as:

H(z)=b—(b;—a)z E-4.12

The area moment of inertia at any position z is,

H(2)
12

I(z)= E-4.13

By applying the flexure formula, the stress along the axis z was written as:

_B(L=2)*(H(2)/2)
 H'(2)/12
_ 6RLC(L-2)
(bL—(h—a)z)

o(z)

E-4.14
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To determine the position z which has the maximum normal stress, we take the derivative of ¢

with respect to z and set it to zero, which gives:

do(z) _18PL (b—a)- 6P L} (bL—(b—a)z+3z(b—a) _

7 0
dz (bL—(b—a)z)
Thus
2b-3a

T om-

(b-a) E-4.15
-4

dtana

Substituting into Equation E-4.14, the absolute maximum normal stress caused by bending
stress is:

2P,L
(b-a)a?

O-max

E-4.16

a2 tan

The silicon and porous silicon are brittle materials; therefore their fracture stress should be
approximately equal to the yield stress. It was found that with larger topside length and taper
angle of the needle, the critical loading of the bending force increases. For a single porous tip
needle with 30 um height, a 5 pm length of top side, and a 20 um length of bottom side, the
maximum normal stress under bending moment occurs at the position z of 15 pm. Based on

the yield strength of porous silicon of 100 MPa [101], the bending force which reaches the yield
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strength at the tip of the porous needle was found to be 0.6 mN. Due to the design of a 20 by 20
microneedle array, the critical bending force for the fabricated needle array was 0.24 N, 400
times more than a single needle endures. Bending force exists when the needle is not
perpendicular to the skin. With the inclined angle (B) presented in Figure 4.2(a), the limited
bending force in insertion is 1.3*tan (B) N. Since the angle f is small (<5°) in experiment, the
bending force at the required insertion force (~1.3 N) is 0.11 N. Therefore, the critical bending

force 0.24 N for the fabricated microneedle array is larger than the insertion limit.

The facture loading limitation of bending force is clearly represented using the charts shown in
Figure 4.3. The critical bending force under the insertion required force was plotted with the
variation in the width dimension for single microneedle. The inset limitation is calculated as
0.284 mN (1.3*tan (B) /400 N) for a single needle. When the top length (a) is less than 2 um, the
fracture will occur during the insertion at any base length. In the case of small base length, for

example 10 um, the fracture also will occur.
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Figure 4.3 The critical bending forces and the insert limitation as a function of the top length for
five different base length cases.

4.2.2 Analysis of Buckling Force

The prediction of the load that leads to the buckling of pyramid column is based on the
following equation [100]:

2
EI(Z)M-FM(Z):O E-4.17

dz*

with the appropriate boundary conditions, where E is the Young’s modulus of the material, I(z)

is the moment of inertia about the centroid, y(z) is the assumed deflected shape and M(z) is the

bending moment distribution. In our analysis, the pyramidal column is fixed at the bottom (z=0)
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thus there is no deflection at the bottom. It is free at the top (z=L). Using the energy method,
Smith [102] solved the critical buckling load of the fixed-free column. The assumptions are that
the deflected shape accounts for first mode buckling and satisfies the boundary condition for a
fixed —free column. The critical buckling load (Pc,) is:

2
Pcr :72. fj
2L

L nz
I(z)cos* (=)d E-4.18
J, 1(2)c0s*(C ez

0

Equation E-4.18 can be applied to any columnar structure by expressing the area moment of

inertia as a polynomial of z (/(z) = Zkizi ). Kim et al [102] used it to determine the critical
i=0

buckling for a hollow truncated cone column for microneedle made of the electroplated nickel.
Substitution of Equation E-4.13 into Equation E-4.18, the critical buckling load for the needle

can be determined as follows:

z* (b4 +b3a+b%a* +ba’® + a4)

+207%(b—a)(a® +b°) E-4.19
~120(a +b)(b—a)’

E

) —
2407717

cr

For a single porous tip of a needle with 30um in height, 5 um in length at top side, 20 pm in
length at bottom side, the critical buckling force is found to be 39 mN based on the Young’s
modulus of the porous silicon of 2.4 GPa [103][104]. Due to the 20 by 20 array of the
microneedles, and with the assumption of uniform external stress, both yield strength and
buckling force limit will be 400 times greater than for a single microneedle. The critical

buckling force for the fabricated needle array is 16 N, which is much larger than the force
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(~1.3N) required for insertion into the skin. Compared to the critical loading for a truncated
cone with a structural height L, a bottom diameter b and a top diameter a, the loading for a
square pyramid is 1.7 times greater, because the ratio of the area moment of inertia for a square
. N 4
pyramid to a truncated cone is —:—=1.7
12 64
The facture loading limitation of buckling force is clearly represented using the charts as shown
Figure 4.4, which illustrates the critical buckling force under the required insertion force with
the variation in width dimension for a single microneedle. The insert limitation is set as 3.25
mN (1.3/400 N) for a single needle. It is clearly found that the small value of base length (b, 10

um) is below the insertion limitation.
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Figure 4.4 The critical buckling forces and the insert limitation as a function of the top length for
five different base length cases.

4.3 Testing of Fabricated Microneedles

The microneedles were inserted into skin from chicken leg and then removed to test the
feasibility of fabricated microneedles to pierce tissues. The fat under the skin was first cut off;
and then the skin was cleaned with isopropyl alcohol. The microneedles were dipped into red
dye before they were inserted into the model tissue. Figure 4.5 shows the experiment set up for
the insertion. To prevent the microneedle touching with the surface of support part, the skin was

fixed on a plate by tape. The applied force ranged from100 g to 500 g, (0.98 N ~ 4.9 N). Solid
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microneedle array and microneedle arrays with various porous tips were used in the insertion

test. Three types of porous tips, which were discussed at Chapter 3.3.2, were used in the

insertion into the sample model.

Mdicronesdle array

Figure 4.5 Schematic drawing of insertion set up for microneedles

In the skin test experiment, solid microneedle array was easily insertion into the skin because

of the small interfere area of tips, which lead the high insertion pressure. Figure 4.6 shows the

microneedle array before insertion. The dye was deposited on the tips.

» 388 168mm

Figure 4.6 SEM pictures of solid microneedle array before insertion
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No obvious damage of tips was observed after insertion. Figure 4.7 shows the tips after

insertion. It was found that the pyramidal microneedle structure easily pierced the sample

model, creating a microhole on the skin.

Figure 4.7 SEM pictures of solid microneedle array after insertion

The insertion force needed for the insertion test of the microneedle array with porous tips,
which were etched at 4 mA/cm” current density and 10 minutes etch time was also less than
0.98N. The porous tips were blunt during the insertion. The deposition of dye was obvious in
the SEM picture of the microneedle after insertion. It confirmed that the porous structure has
the potential application for loading drugs. After the microneedle array was removed, the skin
was observed staining with red dye using a microscopy. Figure 4.9 shows the holes left by the

microneedles. The red dye was clearly observed on the skin.
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(a) before insertion (b) after insertion

Figure 4.8 SEM pictures of microneedle array before and after insertion

50um

Figure 4.9 Photomicrograph of sample skin after microneedles were inserted and removed
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The insertion force increased (~1.96 N- 2.94N) for the insertion test of the microneedle array
with porous tips, which were etched at 10 mA/cm” current density and 30 minutes etch time.
The increased insertion force is due to the increased area of the tips. The porous tips were
imperfect after insertion. Figure 4.10 shows a SEM picture of porous tip after insertion. One
side of porous layer was removed in the insertion because of friction. However, pathways were
created in the skin when the microneedle array was inserted into the tissues, as shown in Figure
4.11. The SEM pictures were taken from the backside of the skin. These results indicate that the

microneedles with porous tips are potentially useful for transdermal drug delivery.

Removed |

| porous layer |

28Ky

Figure 4.10 SEM pictures of microneedle array after insertion
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Figure 4.11 Picture of sample skin after piercing with microneedles

Few of the microneedle arrays with porous tips, which were etched at 10 mA/cm® current
density and 50 minutes etch time, successfully created microholes on the sample skin model in
the insertion test. Figure 4.12 shows that some tips are broken in the surface. The insertion force
was increased to the range of 1.96 N ~ 4.9N. Several microneedles failed under the force 4.9 N,
but there was no obvious pathway onto the skin model. Therefore, the porous structure with

high porosity may not fulfill the requirement for insertion into skin.
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Figure 4.12 Photomicrograph of sample skin after microneedles were inserted and removed

4.4 Discussion

The theory of microneedle insertion into skin was established based on the theory of energy
balance in this chapter. The analytical model for the critical loadings was built up based on the
structure of fabricated microneedles. The analytical analysis of the bending force and the
critical loading for a square-based pyramidal structure was derived. The variations of the square
cross-section were expressed as a function of their axial coordinate to analyze the bending
normal stress and critical buckling loading. This analytical method can also be used for other
microneedle structures with different cross-sections. Moreover, the quantitative analytical
results indicated that a needle with a porous tip can be inserted into the skin at a reasonable

force.
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The insertion testing confirmed the prediction in the analytical model. The microneedle arrays

with low porosity successfully pierced into the skin. The biodegradable porous tips will not

cause the inflammation even the tip was broken into the tissues. Therefore, the fabricated

microneedles have the ability to created microholes in the skin for enhancement of skin

permeability in drug delivery. The characterization of skin permeability and in vivo testing of

drug delivery need further be carried out to realize the clinical applications of the microneedle

array.

The mechanics of microneedle insertion into the skin are not well understood because the skin

properties are difficult to obtain with current data model of materials. Therefore, there are some

issues in the prediction of insertion force that only depending on the needle geometry. With the

further investigation on skin properties, the mechanics of microneedle insertion could be

explained more explicitly.
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Chapter 5 Design and Fabrication of Microsystem for

Injection

5.1 Design Specification

A microsystem was designed for the application of liquid injection to target tissues in precise
controlled doses. It contains a hollow microneedle array where individual microneedles have an
outer diameter less than 80 um , an inner diameter less than 30 pm, and a length 0o 200-300 pm,
a glass reservoir and a valve, fluid channel, a pressure cavity, two piezoelectric (PZT) discs, and
an inlet aperture. The silicon hollow microneedle array was designed to inject drugs into
specific targets, such as embryo of drosophila, cells, and localized tissues. The actuation
components including the pressure cavity, fluid channels, and the actuator were designed to

pump the micro-volume liquid out of the reservoir into tissues.

The microsystem to precisely deliver liquid drugs consists of three major modules: injection,
valve, and reservoir modules, as shown in Figure 5.1. The injection module is designed to
change the pressure in the pressure chamber and drive the medicine into target tissues through
the microneedle array. In order to achieve a controllable and precise fashion in the injection, a
PZT actuator, PZT-1 in Figure 5.1, is used and attached to the bottom of the glass chamber, the
glass membrane. Deformations of the glass membrane are precisely controlled by voltages

applied to PZT-1. As it deforms upwards, the glass membrane is able to push the medicine in
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the pressure chamber through the microneedle array to reach the tissues. The valve module is

designed to control on/off of the medicine flowing into the pressure chamber. The module

consists of a PZT actuator, PZT-2 in Figure 5.1, and a glass membrane attached to PZT-2. As

PZT-2 deforms downwards, the membrane opens the path of the flow and allows the medicine

fill up the pressure chamber. The membrane is also able to block the flow when PZT-2 deforms

upwards. The reservoir module is designed to store the medicine to be injected and apply a

constant pressure to the liquid medicine. The module has a syringe and tubing connected to the

inlet aperture. It not only provides the medicine needed by the microsystem and also drives the

medicine towards the pressure chamber.

ficroneedle Array

Silicon

Pressure Chamber

1 Glass Membrane  Flwid channe] I Fluid channel
1 | PLT
Controller

Walve

A £
Gilss Membeaife

nlet Aperiure

Figure 5.1 Schematic drawing of a microchip for drug injection
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The curved tip part of hollow microneedle array was designed to have less interfacial area
during the insertion. Less interfacial area reduces the required insertion force for tissues. The
number of microneedles in an array and the diameter of the inner microchannel would be
determined by specific delivery requirements. The glass, Pyrex 7740, was used to fabricate
reservoirs and membrane. The thermal extension of Pyrex 7740 is similar to silicon. Therefore,
this type of glass was chosen to bond with silicon microneedle array to reduce boning stress in
the microsystem. Due to the transparent property, glass is a proper choice for easy observation.
Moreover, the glass components in microsystems have the potential to enable the optical
applications in biological area. Glass with the properties of chemical inertness and thermal
stability enable it to be an idea material in medial and biological applications. The microsystem
needs be actuated in a controlled way in order to deliver a desired mount of drug. PZT actuator
was designed to actuate a glass membrane for drug injection purpose. A PZT-glass membrane
has been used in the micropump for precise droplet control. Utilize the PZT-glass actuation
technique, femtoliter droplets can be delivered for DNA mass spectrometry [105]. The
working temperature of a drug delivery system has a limitation because high temperature can
influence the properties of certain drugs. Hence, the thermal driven actuation may not fulfill

the requirements of the drug delivery system.
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5.1.1 Design of Flow

The design of fluid requirement was specified for delivery m pL of a liquid dose in ¢ seconds. To
achieve the delivery specification, the fluid flow and actuation mechanism were taken into

consideration for design of the microsystem.

Figure 5.2 shows the fluid flow at a volumetric flow rate Q through a microneedle cavity of
circular cross section with the diameter D and length L ,causing the pressure drop Ap = p;-p>.
p1, the actuation pressure, is the pressure created by pumping mechanism. The output pressure,
P2, 1s the average resistance offered by the tissues under injection in terms of pressure. The
resistance to flow is due to the viscous drag on the walls of the microneedle. The actuation
mechanism has to overcome this viscous drag in order to deliver drug. Because of the viscous

drag, the velocity profile of the injected fluid is not uniform through out the cross-section

microneedles.
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Figure 5.2 Schematic channel cross section of the microneedle.
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The liquid can be considered to be continuous even in very small devices and geometries.

Hence, well-established continuum approaches for fluid mechanics would be used in the flow

analysis of the microneedles. Three primary conservation laws which are used to model

thermofluid dynamics problems are conservation of mass, momentum, and energy. The fluid in

the microneedle channel is considered as an incompressible, Newtonian, isotropic, and Fourier

conducting material. Under these conditions, the generalized Navier-Strokes equation [106]

was applied for the flow analysis to derive the press drop in the microchannel.

2 2 2
P aVZ+V aVZ+V aVZ+V v, =sz—a—p+y 0 Zz+a ZZ+6 ZZ E-5.1
Oz Ox oy 0z

ot Tox Yoy ooz
where V, V) and V. are the velocity of the fluid in x ,y and z direction, p is pressure, 4 is the
viscosity, p is the density, and F, is the body force. At large length scales, F;, is often taken to be
gravity. Because of the cube-square scaling, the effect of gravity in small systems is usually
negligible. To simplify the analysis, the flow in the microneedle was approximated to be
isothermal flow of incompressible, isotropic, Newtonian, and laminar flow through a channel
of a constant circular cross section, as shown in Figure 5.2. The boundary conditions were set to
be no-slip at the wall in the direction parallel to the flow (z) and no penetration through the wall

in the directions normal to the flow (x,y). Under these assumptions, the Equation 5.1 can be

simplified to:

2 2
Oz—a—p+/¢[a VZ+6V2J E-5.2
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Changing Equation 5.2 from a rectilinear to a cylindrical coordinate system, with the relation

function: % = x* + y2 , the equation 5.2 can be re-written as:

2
dr= r\ dr M odz
Integrating the both side of equation 5.3, the solution is
22
V@):M(_d_pj E-54
4u dz
By integrating velocity (V(7)) over the area, flow rate can be derived as:
4
0= j V(ry*ar? = 7D (—d—pj E-5.5
D2 128u\ dz
xX“+y =”T

The pressure gradient is assumed to be linear along the length of the microneedle. Therefore,

the pressure drop could be written as:

Asz*(%J*L E-5.6
zD

The flow rate Q is equal to m/t uL/sec according to the design requirement of delivery m pL of

a liquid dose in ¢ seconds. Hence the pressure drop would be represented as:

Ap:ﬂ*(%ju E-5.7
t 7D

The cavity dimension of the microneedle is closely related to the amount of drug delivery. In
order to accurately control the amount of drug delivered, the diameter of the inner channel has
to be dealt with in the design. Due to the similar microfluidic properties of most of drug and

water, water properties were used for the design of the microneedle diameters. The density of
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water is 1000 Kg/m®, and the viscosity of water is 1.002e-3 N*s/m” at room temperature. The
microsystem was required to be able to deliver 100 pL in 60 seconds. The length of inner
channel of the microneedle was assumed to be 400 um. The number of microneedle N in an
array is 100 (10 by 10). Equation 5.8 presents that diameter (D) of the microneedle as a function

of flow rate (Q).

(128 u*0*L 023
T*Ap*N

E-5.8
Figure 5.3 shows the plot as a function of diameter and flow rate with the assumptions. The
curves of diameters vs. pressure drop are saturated after the drop of pressure reaches a certain
level. The diameter of lumen increased with the increased flow rate at certain values of pressure
drop. The curves in Figure 5.3 are becoming flat with the increasing of the pressure drop. The
region of flattened lines illustrates that the diameter is not very sensitive to the variation of the

high pressure drop. The smaller diameter is required for the bigger pressure drop at the desired

flow rate.
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Figure 5.3 Estimation of inner channel diameter of the microneedle with the variation of
pressure drop at different flow rates

The designed diameters of the microneedles can be determined at the saturated region of
diameter vs. pressure drop curves. The slope of the diameter vs. pressure drop curve presents
the variation of the diameter with pressure drop. After the pressure drop reaches certain value,
the variation of diameter with pressure drop is negligible. The value of the pressure drop was
defined as the saturation pressure drop. In the calculation, the condition for saturation of the
diameter vs. pressure drop curve was defined as the value of the variation of diameter per
pressure drop less than 10 “um/Pa. The value of the diameter necessary for meeting these

criteria can be calculated by equation 5.9:
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9D <107 (m/ Pa)
OAp
0.25
OD _ o5 128*H*O*L Ap~ S
OAp ' T*N
128* u*Q* L 0.25 125 9 E-5.9

0.25*[TNJ Ap~ = <107

T

0.25
9+ log| 0.25%[ 128 HFO*L
' T*N

log(Ap) =
g(Ap) 33

Figure 5.4 shows the saturated pressures at different delivery flow rates under the condition of
|8D/ 6Ap| <107 . The saturated pressure drop is at 4023 Pa corresponding to the desired flow

rate at 1.67 pul/sec. Increased saturated value of pressure drop was obtained at increased desired

flow rate.

Fressure drop satuation point at various flow rates
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Figure 5.4 Saturated values of pressure drop for different flow rates
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The diameter of inner channel is determined by the desired flow rate and the saturated pressure

drop, as shown in Figure 5.5. The bottom-right region which is defined by the desired flow rate

and the saturated pressure drop are satisfied with the delivery requirement. With the assumption

of constant value for output pressure, the flow rate will be linearly related to the actuation

pressure. From the Figure 5.5, it was found that those diameters with values less than 16 pm

met the designed flow rate at 1.67 uL/sec under the region of the saturated pressure drop.

However, higher actuation pressures which are greater than 10 KPa are required for the

microneedles with diameters less then 12 pm. Higher actuation pressures will accompanied

with additional issues of membrane broken and leakage. Therefore, the reasonable designed

diameters should be in the range of 14 um to 16 um.
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Figure 5.5 Variation of diameters at various pressure drops for the desired flow rate

The calculated diameter for the designed flow rate 1.67 pl/sec using array with 100
microneedles when the value of pressure drop was set at 5 KPa is 15.2 um. The curve of the
estimated diameter of inner channel vs. flow rate at a pressure drop 5 KPa was plotted in Figure
5.6. This figure shows that the estimated diameter increases with the flow rate. The value of the
diameter corresponds to the results in Figure 5.3. The figures of flow analysis illustrate that the

diameter must have certain value at certain actuation pressure for the desired flow rate. Hence,
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the actuation pressure is additional parameter which will eventually affect the design of the

diameter.
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Figure 5.6 Estimation of inner channel diameter with the variation of flow rate at pressure drop at
5 KPa

5.1.2 Design of Actuation Mechanism

The pumping elements are important for the control of delivery amount in the microsystem. To
keep high pressure in the chamber, the design of the fluidic channel from inlet to valve was
based on the diffuser/nozzle principles [107]. The design geometry of fluid channel was shown
in Figure 5.7, where L, is the diffuser length, y is the divergence angle, and W;, W, are the neck
width for inlet and outlet respectively. The geometric dimension of the channels has the valve
of 3 mm for Ly, 60 um for W, 380 um for W, _and 6° for y. The designed flat-wall geometry of
fluid feed channel allows increasing the pressure in the cavity during the injection because the
expanding duct has a lower pressure than the straight duct and a converging duct for the same

velocity [108][109][110][111].
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Figure 5.7 Schematic drawing of the channel geometry

The displacement micropumps are typically used to deliver the fluid with the flow rates

between 10 pL/min and several milliliters per minute. For flow rates less than 10 pL/min,

alternative dynamic pumps or nonmechanical pumps are needed [99]. In this research, the

dynamic delivery of fluid was done with PZT deflection in order to fulfill the flow rate

requirement of 100 pL/min. In order to deliver the accurate amount fluid, the two PZT discs

were designed to work simultaneously, as shown in Figure 5.8. The inlet aperture is connected

with a syringe, which is applied adjustable pressure to maintain the flow toward the

microneedle. In the middle chamber, a valve is designed to forbid the back-flow of the drug

through microneedle.
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Figure 5.8 Schematic of cycle of PZT actuation

Since the fluid is driven by the external syringe into the pressure chamber and finally injected

into targeted tissues, two PZT actuators have to be synchronized to work collaboratively in

order to inject dose precisely. As indicated in Figure 5.8 (a), a cycle of injection consists of four

steps. In Step 1, PZT-2 deforms downward and opens the valve. Due to the external pressure

generated by the syringe, the medicine could flow through the valve and fills up the pressure

chamber. In Step 2, PZT-1 deforms downwards to allow more doses flowing into the pressure

chamber, as the valve keeps open. During Step 3, the valve closes as PZT-2 deform upwards

and block the flowing channel. In the last step, the glass membrane deforms upwards and

injects the medicine into tissues. Due to the close valve, the drugs can only be injected and

would not flow backwards into the syringe. The synchronization of the PZTs is demonstrated in

Figure 5.8 (b). It is worth noting that, in Step 2, due to the PZT-1 downwards deformation and

consequent pressure drop in the pressure chamber, the medicine already injected into tissues
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would have flow back into the pressure chamber if there was not external syringe. The external
syringe applies a constant pressure and only allows the medicine to flow in the direction of the

injection, when the valve is open.

The exact volume of flow in the chamber would be pumped out corresponding to the deflection
of glass membrane caused by the deflection of the PZT from an applied voltage. The membrane
displacement distance could be measured by a Michelson interferometer [112][114]. Figure 5.9
shows the deflection of the PZT and glass membrane. The stroke volume would be estimated

with the analysis of the deflection.
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Figure 5.9 Schematic drawing of PZT and glass membrane deflection

The membrane deflection is assumed to follow the deflection function of a thin circular plate.

Figure 5.10 shows the membrane deflection.
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Figure 5.10 Schematic drawing of membrane deflection

The deflection function is presented in the equation as follow:

5 2
dr)=d,,, {1—(%} } E-5.10

The volume of flow in every stroke was approximately calculated by the deflection in equation
E-5.10. According to the deflection schematic in Figure 5.9, the approximate stroke volume

would be presented in the equation as follow:

2R P\ ’ 27 z
AV =2x [ [day 1-(-) rdrdp=="=d . R* == AZ*Dg* E-5.11
o0 R 3 6

where AV is the volume flow per stroke, AZ is the deflection in a stroke, Dg is the diameter of
glass member. The diameter of glass membrane was designed at 6 mm. The thickness of glass

membrane was designed at 200 um. At low frequency of £, the flow rate O could be estimated

by the equation: AV * f.

The stroke deflection AZ is caused by the deflection of PZT, which is linearly dependent on the
applied voltage U. For the circular shape with vibration along perpendicular axis, the deflection
of stroke AZ can be approximately estimated as the deflection of PZT [115] . Equation 5.12

reveals the deflection under the applied voltage.
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dy *U * D;
AZ ~ 31 - PZT E-5.12
8% tpzr

where ds; is the piezoelectric constant, Dpzr is the diameter of PZT, and tpzr is the thickness of
PZT. Equation 5.11 was rewritten by substituting AZ using equation 5.12. Hence, the volume
flow per stroke can be estimated using the fluid pumped out by the deflection of PZT and glass
membrane.

7ds, *U*DIZJZT *Dcz;

AV 5
48* tpzr

E-5.13

Table 5.1 lists the parameters of the actuator design. A PZT with high piezoelectric constant is
typically used in pumping systems to achieve sufficient deflection in the membrane. In order to
estimate the volume flow per stroke, the parameters of properties for a PZT disc were selected
from common applied materials, as list in Table 5.2. The piezoelectric constant was selected at

250E-12 C/N.

Table 5.1 Design of the actuator

Material of membrane glass
Material of actuator PZT
Membrane diameter Dg (mm) 6
Membrane thickness tg (mm) 0.1
PZT Disc Diameter Dpyr (mm) 3
PZT Disc thickness tpzr (mm) 0.2
Operation voltage Range U (V) +100
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Table 5.2 Properties of common PZT [99]

Material | d3; (10"*C/N) ds3 (10"2C/N) Relative Permittivity €,

PZT -60~-270 380-590 1700
Deflection and “olume flow Vs, Applied voltage
—e— Deflection —s—“Yolume flow per stroke
5.00E-0& 7.00E-07
.
£ O0E-05 /f 5.00E-07
1 5.00E-07
= 400E06 . =
= Deflection =
= " 1 4.00E-07 =
= 3.00E-06 =
E ’/F{/ Vplume flgw per 4 3.00E-07 E
U-‘ strokg =
S 2 00E-0G = 2
=" ] 200807 ©
0.00E+10 0.00E-+D0
ov 10% 20 30w 40N B0Y BOY YOW  BOY S0 100Y
Yoltage V)

Figure 5.11 Estimated membrane deflection and flow rate per stroke

The deflection of membrane and the volume flow are both linearly dependent on the applied
voltage. Figure 5.11 shows the qualitative values of the volume flow and deflection vs. applied
voltage. The estimated maximum deflection of the membrane is 5.6 um. The value is
reasonable for the designed dimensions of the actuator. The maximum deflection of a
membrane is required to be less than one percent of the PZT thickness for a PZT pumping

system [99].
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Figure 5.12 Actuated frequencies vs. applied voltages during the variation of flow rate

To obtain the designed flow rate using the microneedle array, the volume flow per stroke (AV),
pumping frequency (f) and flow rate (Q) need to satisfy the relation: Q=AV*f. There are
innumerable solutions of this equation. Figure 5.12 shows the variation of the frequency along
the applied voltage. For example, when the applied voltage was set at 50 V, the volume flow per
stroke was 2.18 E-7 L at the designed flow rate 1.67 pL/s. Corresponding to this voltage and the
volume flow per stroke, the frequency needed to be set at 5 Hz. The frequency dramatically

decreases with the increased voltage, as shown in Figure 5.12. The PZT may not work properly
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at a low applied voltage because a high frequency could cause an incomplete deflection of a

membrane [112].

5.2 Experimental Methods

The microsystem consists of two parts, a hollow microneedle array fabricated on a silicon
wafer and a reservoir and channels etched in a Pyrex glass wafer. Each part was fabricated

individually, and the two components were bonded together using anodic bonding.

5.2.1 Microfabrication Process of Hollow Microneedle Array

The isotropic etching in inductive coupled plasma (ICP) etcher and DRIE were combined to
achieve arrays of microneedles with high aspect ratio structures. The isotropic etching process
with SF¢/O, gases in high density plasma etching was conducted in silicon etching to form the
structure of needle tips. With the combination of isotropic and anisotropic dry processes,
hollow microneedle arrays with high density and relatively minor base dimension was

achieved.

The overall hollow needle fabrication process is shown in Figure 5.13. Four-inch p-type
double-side polished silicon wafers with 450~500 um thickness and (100) orientation were
used in the microneedle array fabrication. The fabrication procedure for the hollow needle array

is illustrated in Figure 5.13 (a) - (s). Isotropic silicon etching was conducted using SF¢/O, gases
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in the STS inductively coupled plasma (ICP) etch tool with a photoresist mask patterned in
standard photolithography process (Figure 5.13 (a)-(c)). A silicon oxide layer with thickness of
2 um was thermally grown on the wafers (Figure 5.13 (d)) in a thermal oxidation furnace at
1050 °C after the removal of photoresist from the isotropic etching structure. A photoresist layer
(AZ9260, 1500 rmp) was coated onto the structural surface (Figure 5.13 (e)), and arrays of dots
were patterned aligning with the former isotropically etched structure (Figure 5.13 (f)). The
patterned photoresist layer was used as a sacrificial layer to pattern the silicon oxide layer
which was etched away in RIE with CF,/O, gases (Figure 5.13 (g)). The patterned photoresist
was then removed in acetone and rinsed in DI water.( Figure 5.13 (h)) Silicon dioxide layer on
the backside of wafer was patterned with the exposed squares area in standard photolithography
with alignment to the topside array of dots(Figure 5.13 (i)-(k)). Subsequently, another
photolithography process was carried out to define inner holes beginning at the coating of thick
photoresist (AZ 9260, 1000 rmp) in the front surface. Both the photoresist and silicon oxide
layers were patterned in this photolithography process (Figure 5.13 (1)-(m)). With the double
layer masks consisting of photoresist and silicon oxide layer, the DRIE was carried out to etch
lumen in silicon substrate using BOSCH process (Figure 5.13 (n)). The photoresist mask was
removed when the desired depth of the lumen was reached ~300 um (Figure 5.13 (0)).
Therefore, the outside shape and lumen were etched simultaneously with the only oxide mask
in the DRIE process, resulting in the formation of hollow needle arrays (Figure 5.13 (p)).

Finally, the reservoir was etched using the BOSCH process with a blank wafer glued onto the
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side of fabricated needle as a support substrate in the STS ICP etcher (Figure 5.13 (r)). After
removing the residual silicon oxide in HF, the fabricated hollow needle array with reservoir was

complete (Figure 5.13 (s)).
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Figure 5.13 A schematic draw of fabrication process used in making the hollow microneedle array.
The process consists of (a) spin-coating of photoresist (b) patterning in the
photolithography (c) isotropic etching of outside shape for needle tips by STS ICP
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equipment with mask patterned in photolithography (d) thermal growth of a silicon
oxide layer after removal of photoresist mask (e) spin-coating of thick photoresist (f)
patterning of the photoresist layer (g) patterning of top silicon oxide layer in outside
shape of needle in RIE (h) remove of photoresist in acetone (i) spin-coating on the
backside of silicon wafer (j)pattern the photoresist in squares (k) etching back oxide
layer for fabrication of reservoirs (I) coating of a photoresist (m) pattering of the inner
channel on the photoresist and oxide layer (n) lumen etching by DRIE (o) removal of
photoresist (p) outside shape of needle and lumen etching by DRIE after removal of
photoresist (r) backside reservoir etching by DRIE (s) removal the oxide layer
resulting in the fabricated hollow needle array.

5.2.2 Microfabrication Process of Glass

A 500 pm thick Pyrex glass wafer was used to fabricate microchannels and the pressure

chamber. The glass wafer was isotropically etched in concentrated HF solution to fabricate

structures on the substrate. A differential double-side etching technique was applied in the

process to etch both side of wafer with different depths. The outlet and inlet apertures were

drilled after the fluidic channels and pressure chambers have been etched in the glass. The

fabrication procedure for the glass structure is illustrated in Figure 5.14 (a) - (h). A 500 nm thick

polysilicon was deposited onto the glass surface by LPCVD. (Figure 5.14 (a)) The standard

photolithography was then carried out and the pattern in mask was transferred to the photoresist

layer. (Figure 5.14 (b)) Reactive ion etching was conducted to etch the top polysilicon layer

using CF4/O, (Figure 5.14 (¢)) followed by the wet etching of glass in concentrated HF solution

to fabricate the membrane (Figure 5.14 (d)). Wet etching continued until a depth ~300 um was

reached. Subsequently, the wafer was rinsed and baked in a pressure chamber and fluidic

channels were etched from the backside of the glass wafer using polysilicon as the mask layer.
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The patterns of chamber and channels were transferred onto the photoresist layer in
photolithography (Figure 5.14 (e)). The polysilicon layer was then etched with RIE (Figure
5.14 (f)). After the polysilicon mask was patterned, the HF wet etched was carried out to etch
double side opening areas including the pressure chamber, fluidic channel and the membrane
until the depth of the etched chamber was 50 um (Figure 5.14 (g)). Finally, the polysilicon layer

was removed in KOH solution, resulting in the fabricated glass component (Figure 5.14 (h)).
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Figure 5.14 A schematic draw of fabrication process used in etching Pyrex glass (a) deposition of
polysilicon (b) pattern of photoresist (c) RIE etching the polysilicon layer (d) HF wet
etching of glass (e) pattern of photoresist on the backside of wafer (f) pattern the
polysilicon layer (g) HF wet etching of glass channel and pressure chamber (h)
removal of polysilicon in KOH.

5.2.3 Combination Process of Isotropic Etching and Deep Etching

In Chapter 3, the SF¢/O, isotropic etching was conducted to fabricate solid silicon microneedles.

The height of the isotropically etched microneedle highly depends on the pattern dimension of a
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mask and the etching parameters. In the experiments of characterization, the maximum height

of microneedles is ~120 pm under the square mask with the dimension of 80 um. To achieve

high aspect ratio microneedle structure, the process which combined isotropic etching and

anisotropic etching was developed to fabricate microneedles. The shapes of the needle tips

were generated using isotropic etching with SF¢/O, gases excluding the passivation step in STS

ICP etcher. The BOSCH process was used to fabricate the erratic structure of needles. The

microneedles with high aspect ratio were fabricated with the combination of isotropic etching

and anisotropic etching in the STS ICP etching tool. A microneedle with ~ 300um in height was

achieved using a mask of 80 pum in diameter [116]. Figure 5.15 shows the fabricated

microneedle arrays using the combined process. The depth of the deep etching process

determined the height of microneedles. The depth of anisotropic etching in BOSCH process

was controlled by the etching time. Figure 5.15 (a) and (b) show the SEM pictures of

microneedle structure fabricated in combination process with different deep etching time. The

time of deep etching was 40 minutes and 100 minutes in Figure 5.15 (a) and in Figure 5.15 (b)

respectively. The height of isotropic etched tips was ~50 um.

Asilicon oxide layer instead of photoresist layer was used as mask in the fabrication because of

the isotropic etching would etch away the photoresist layer as well. Theoretically, the BOSCH

process etch depth is limited by the wafer layer. However, a small percentage of microneedles

was etched off when the etch depth exceed 400 um, and the oxide masking layer was found
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partially pilled off during the deep etching. Therefore, etching depth of the microneedle was
designed as 300 um at maximum. With the isotropic etched tips, the microneedles would

require less insertion force than the pillars fabricated in BOSCH process during insertion.

XZ58 188mm DBBB

(a)

Figure 5.15 SEM micrograph of microneedle array fabricated in combined process

5.2.4 Glass Deep Wet Etching

The glass deep wet etching was investigated to fabricate glass component of the microchip.
The etching conditions including etchant and mask layers, and etching results (including
etching rate and surface roughness) were characterized in these experiments. 4-inch Pyrex glass
(Corning 7740) and soda lime glass wafers were used in these experiments for the
characterization of etchants. The initial value of surface roughness for the tested glass wafers
was less than 1.5 nm. The wafers were cleaned in piranha solution (H,SO4: H,O, 2:1) at 120 °C
for 20 minutes. After rinsing in DI water and spin-drying, the wafers were baked in an oven, at

120 °C, in a N, environment for 30 minutes. The highly concentrated HF (49%) and HC1 (37%)
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were used for glass etching with photoresist (AZ9260), Cr/Au, PECVD amorphous silicon, and
LPCVD polysilicon masks, respectively. The wet etching process was performed in a Teflon
container using magnetic stirrer. The roughness of the surface was analyzed using a

profilometer (Alfa-step KLA Tencor) and AFM (PSIA XE-100).

Four types of etchants including concentrated HF and HF mixed with HCI at the volume ratio
0f 10:0.5, 10:1 and 10:1.5, were investigated in these experiments. Two types of glasses (Pyrex
Corning 7740 and Soda Lime), which are widely used in MEMS field, were used. Glass is a
mixture of oxides with various types and percentages. The main properties of glass are mostly
decided by the added the oxide components. Table 5.3 shows the composition of the Pyrex
7740 and soda lime glass. The concentration HF etchant is typically used for glass etching.
Some oxides such as CaO, MgO or Al,O; generate insoluble products in HF solution during the

etching.

CaF, 5 Ca*" +2F, MgF, 5 Mg> + 2F, AlF; S A + 3F,
g g

These insoluble products would be deposited on the generated surfaces and act like a masking
layer. As a result, after etching, the surface became non-planar with a lot of defects. By adding

HCI, the insoluble products would become soluble products:

Can_' Cac12, Mng_’ MgClz, A1F3_' A1C13
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Theoretically, by adding HCI, the quality of etching process can be improved. Therefore the
etchants, HF solution with different amount HCI, was mixed to investigate the surface property

and etch quality of glass.

Table 5.3 Composition of Pyrex Corning 7740 and Soda lime

Glass Composition

Pyrex 7740 SiO, 81%, B,03 13%, Na,0 4%, A1,0; 2%

Soda lime Si0, 72.3%, Na,0 13.7%, CaO 8.8%, MgO 4%, Fe,05 0.12%, A1,0; 0.1%

The masking layer is a big issue in deep glass etching because the defects such as pinhole and
mouse bit often occur in the HF wet etching. Certain masking layers could not resist long
exposures to concentrated HF etchant. Four masking layers were tested in the etchants for glass
deep wet etching in the experiments for characterization of etching time. The masking layers
were photoresist (AZ9260), Cr/Au, PECVD amorphous silicon, and LPCVD polysilicon.
Channels and cavity were patterned to characterize the etching time and quality. Thick
photoresist AZ9260 (from Clariant) was used as masking layer. The thickness of the layer was
7.5 um. A Cr/Au layer with thickness of 50 nm/800 nm was deposited by E-beam evaporator
(CHA). The PECVD amorphous silicon layer was deposited on the PECVD-Technics
equipment at 300 °C, RF power 60 W, using SiH,/Ar gas. The thickness of the amorphous layer
was 0.7 um. The layer was annealed 4 hours at 400 °C for reduction of the residual stress. The
polysilicon layer was deposited in a Tystar furnace at 530 °C, for 2.5 hours in the LPCVD

process. The thickness of the polysilicon layer was 400 nm.
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5.3 Experimental Results

5.3.1 Fabricated Hollow Microneedle Array

Microneedle arrays with a lumen diameter of 30 um, height of ~250 um, and center-to-center
distance of 150 um were fabricated using a previously developed process [117]. Figure 5.16
shows the SEM picture of fabricated microneedle array taken at different positions. The step of
isotropic etching was ~ 15um, which was clearly shown in the Figure 5.16 (c). The height of the
isotropic etching was limited to the second photoresist coating on the structural surface. (Figure
5.16 (e)) In order to carry out the next pattern of inner holes, the photoresist was thick enough
to cover the edge of the isotropic etched structure. However, the thickness of photoresist layer
coating in drop and spin approach was limited by the rotating velocity and the viscosity of used
photoresist. In the experiment, the photoresist used was AZ9260; and coating speed was set as
1000rmp. The thickness of photoresist at the condition was achieved ~ 18 um on the etched

surface.
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Figure 5.16 SEM photos of a microneedle array: (a) a hollow microneedle array (b) plane view of
microneedle array (c) side view of microneedle array (d) backside view of chamber
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5.3.2 Glass Deep Wet Etch Results

The characteristics of microflow in microchannel are significantly different to conventional
channels at large scale. It was found that the surface roughness of channel has high effect on the
earlier transition of laminar to turbulent flow than the predictions by the conventional theory
[118]. Additionally, it has been found that the surface roughness has influence on the properties
of flow friction and heat transfer in microchannels.[119][120] Therefore, researches on 2-D and
3-D simulation have been carried out to investigate the various effects of surface roughness on
liquid in microchannel.[121][122] Those simulation results confirmed that the smooth surface

has high agreement with predictions through conventional theory.

The surface roughness of glass sample after etching was measured to study the influence of
etchants on the quality of the etched surface. The four etchants, concentrated HF, and HF and
HCI with ratios at 10:0.5, 10:1, and 10:1.5, were set up for the etching of Pyrex 7740 and Soda
Lime glass. The etching time for all the samples tested was 15 minutes. The smallest value of
roughness for both etched Pyrex 7740 and Soda Lime glass was obtained using the etchant HF:

HCI with the ratio10:1 [123].

Figure 5.17 shows the different roughness of the etched Corning 7740 and Soda Lime glass in

four etchants. The observed range of roughness value ranged from 2 to 8 nm for the Pyrex 7740

glass in four etchants. The lowest value of roughness for the etched Soda Lime glass was
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achieved in the solution HF:HCI with the ratio10:1. The surface roughness of the etched Soda

Lime glass in concentrated HF solution was 5 times greater than the surface roughness of the

etched Corning 7740 glass. The highest value of surface roughness was generated in wet

etching using concentrated HF; and the lowest value of surface roughness was achieved in the

optimal solution HF: HCI with the ratiol0:1. The value of surface roughness for Soda Lime

glass etched in concentrated HF was as great as 34 nm, while the value of the surface roughness

is only 8 nm in the etchant HF:HCI with ratio 10:1. It was observed that a rougher surface was

generated at the Soda Lime glass than the glass of Corning 7740. By adding amount of HCI

solution into concentrated HF, the value of surface decreased.
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Figure 5.17 Roughness (Ra) variations in the four types of etchant
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Figure 5.18 shows the etching rates of the Coning 7740 and Soda Lime glass in four etchants. It

was observed that the etching rate in the solution of HF with additional HCL decreased up to

7-8% of that in concentrated HF for the etching of Corning 7740 glass. The etching rate was

insignificantly affected (variation less than 3%) by adding amount of HCI for the Soda Lime

glass. The etching rate of Soda Lime glass was greater than the rate of Coning 7740 in every

etchant.

Etching rates
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op Umimin _a— Soda Lime
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Figure 5.18 Variation of etching rates in four etchants

The variation of roughness in time is another important issue for wet polishing and deep wet

etching of channels. Figure 5.19 shows the variation of roughness for glasses (Corning 7740

and Soda Lime) versus time for concentrated HF and solution of HF: HCI with ratio 10:1. It was

found that the relationship between roughness and time was approximately linear in both
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solutions. With the increased etching time, the surface roughness of both two glasses in the two
solutions increased proportionally. The influence of HCI is more significant on the generated
surface of Soda Lime glass than the surface of Corning 7740. The surface roughness (Ra)
reached 70 nm using the concentrated HF at 40 minutes for Soda Lime glass, while the

roughness decreased to only 20 nm using the improved etchant HF: HCI with ratio 10:1.

Roughness variation in time
--- - Comning 7740 in HF —— Corning 7740 in HF:HCI=10:1
---m-- Soda Lime in HF —a— Soda Lime inHF:HCI=10:1
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Figure 5.19 Variation of roughness with time

Atomic force microscopy (AFM) was used to investigate the surface characters of etched glass.
The images of the Corning 7740 glass surface after wet etching in concentrated HF and in
solution of HF: HCI with ratio 10:1 are shown in Figure 5.20 (a) and Figure 5.20 (b)
respectively. The scan area of these AFM images was 10 um by 10 um. It was found the surface

of Corning 7740 glass generated in the solution HF: HCI with ratio 10:1 was smoother than the
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surface generated in concentrated HF, as shown in the topography pictures of etched glass

surface.

Coming 7740

{a)

Etched in concentrated HF

b e W, T

Etched in solution of HF:HCL 10:1

Figure 5.20 AFM images of generated surface of Corning 7740 ((a) etched in concentrated HF and
(b) etched in the solution of HF: HCI with ratio10:1)

Figure 5.21 shows the AFM images of etched Soda Lime glass surface in the concentrated HF

and solution of HF: HCI with ratio 10:1. The obvious improvement of surface quality was

presented from the typography images. Certain compositions such as CaO and MgO was
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removed in the chemical reaction, leaving holes in the surface, while the insoluble products, for

example, CaF and MgF, were deposited onto the surface forming in bulgy areas. Figure 5.21 (a)

clearly shows the jagged surface generated in concentrated HF. By adding certain amounts of

HCI, the mass of insoluble products would be reduced, resulting in less deposition onto the

surface. The bulgy areas of deposited by insoluble products would disappear, as shown in

Figure 5.21 (b). The microholes left with removal of oxide composition in etching remained on

the surface, while the areas of deposition by insoluble products decreased. These AFM

topography images show that a smooth surface can be generated with the removal of insoluble

products.

The investigation of surface roughness and the etched surface topography indicated that the

quality of etched Soda Lime glass is not as good as that of surface of Corning 7740. The

composition of two types of glasses could be an explanation of the different etching quality.

There is only one oxide composition (Al,O3) with a small percentage 2% in Corning 7740 glass

to form insoluble product during the HF wet etch. Small amount of oxide which produces

insoluble product in HF could explain the diminutive variation of surface roughness when HCl

was added in etching solution. In addition, small amount of the oxide would be a reason for the

smooth surface was achieved even though long time HF etching was carried out to fabricate the

structure in Corning 7740. The Soda Lime glass contains a lot of oxides, such as CaO, MgO and

Al,Os, which generate insoluble products in HF with a total percentage weight of 12.9%. It was
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found that the generated surface was highly dependent on the addition of HCI in the etchant.
Based on above analysis, it is found that the composition of glass is an important factor for
achieving a smooth generated surface. The solution HF: HCI with ratio 10:1 is recommended
for Corning 7740 and Soda Lime glasses to improve the quality of surface after etching. The
optimal composition of the etchant must be experimentally verified for the other type of

glasses.

Soda Lime

Etched in concentrated HF

Erched in solution of HF:HCI 10:1

Figure 5.21 AFM images of generated surface of Soda Lime ((a) etched in concentrated HF and (b)
etched in the solution of HF: HCI with ratio10:1)
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There were no significant changes of the properties of main masking layers including Cr/Au,

PECVD amorphous silicon and LPCVD polysilicon layers. It was found that the resistant time

of photoresist reduced to 30 seconds in HF: HCI (10:1) solution as compared to the

concentrated HF. The characterization of resistant time of masking layers in the two etchants

HF(49%) and HF(49%):HCI (37%) with ratio10:1 is shown in Table 5.4.

Table 5.4 Resistant time of masking layers in two etchants

Masking layers Concentrated HF HF:HCI110 :1
Photoresist (AZ9260) 3min 2.5min
Cr/Au(50 nm/800 nm) 13-14min 13-14min
PECVD amorphous silicon (700 nm) >30min >30min
LPCVD polysilicon(400 nm) >50min >50min

5.4 Discussion

5.4.1 Microneedle Based Microsystem

The design of a microsystem allows delivery of an accurate amount of liquid into tissue in a
controlled manner. The optimal diameter of the needle inner channel was determined by the
analysis of flow. The completely analytical flow modeling was established in design of the
microneedle array and glass membrane. The actuation mechanism of a PZT was investigated to
set up the necessary conditions of pumping at the desired flow rate. With the assumption that
the glass membrane has the same deflection as PZT, the deflection of membrane has the linear
relationship with the applied voltage. However, the real time deflection would be complicated

in the dynamic vibration. A Michelson interferometer may be constructed to monitor the
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membrane deflection by measuring the intensity variation of light caused by the displacement

of membrane.

The designed microsystem with the combination of a microneedle array and actuation
components has advantages in terms of the device packaging, because the microchip has the
internal delivery system instead of external pumping components. The precise delivery of drug
could be obtained using the accurate pumping control by the PZT. The PZT actuator provides
the dynamic mode to investigate the delivery behaviors of the designed microchip. The
designed inlet and outlet apertures would provide an alternative approach to operate the
microchip in the static mode by the variation of the hydrostatic pressure in the chamber using a

syringe.

5.4.2 Structure Improvement of the Hollow Microneedle

High aspect ration microneedle structure will fracture at the bottom of the needle during
insertion. Figure 5.22 shows the SEM picture of a fracture microneedle and an intact
microneedle. The long beam structure caused the fracture to occur at the bottom of microneedle
where the tensile stress is at its maximum value. In order to enhance the strength of the
microneedle, one approach is to deposit dielectric layers or coat thin films onto the silicon
surface. The alternate approach is to design support part for the microneedle to enhance the

structure strength. Figure 5.23 shows the design sketch for the support part.
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Figure 5.22 SEM photo of fracture needle after insertion (an intact needle at left and chip off
needle at right left the etched inner hole. Fracture occurs at the bottom of the needle.)

Y

Structure
chancement

Figure 5.23 Sketch of the microneedle design with strength enhancement component

The reaction ion etching lag (RIE-lag) was applied in the fabrication of the designed

microneedles with enhancement structure. RIE-lag in silicon DRIE was due to different

etching rates, which are related to mask open areas, pattern size and pattern geometry [124].

New methods were developed to fabricated high density, out-of-plane, hollow microneedle

array with strength enhancement utilizing RIE-lag in deep silicon etching. The fabrication
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process involves a combination of photolithography, isotropic etching, deep reactive ion
etching and thermal oxidation. SiDeox (silicon deep etching and oxidation) process was used in
this fabrication [125]. Figure 5.24 illustrates the fabrication procedure. First, a circular mask
was isotropic underetched (Figure 5.24 (a)). Second, different etching depths were achieved in
deep silicon etching because of the RIE-lag effect (Figure 5.24 (c)). Third, the thermal
oxidation process was carried out to grow silicon oxide on silicon wafer (Figure 5.24 (¢)). The

oxidation layer was subsequently removed, resulting in the microneedles with a curved profile

e
PO pr
oy

(e) 6]

(Figure 5.24 (1)).

Figure 5.24 Fabrication process for microneedles with curved structure

Concentric donuts with different feature sizes were designed for fabrication of microneedles
with curved profiles. Figure 5.25 shows the designed patterns on mask. The widths of three
open donuts areas are marked in t; t,, t; respectively. Variable t; is less than t,; and t, is less than

t;. Therefore, the open areas, A, A, and A; have the relationship as A; <A,< A3. Because of the
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RIE-lag effect in deep silicon etching, the etch depths d;, d, and d; corresponding to A;, A, and
Aj; would have the relation d;<d,<d;. These uneven etch depths caused by different open areas
were utilized to achieve curved profiles in the fabrication of microneedles. Characterization of
the RIE-lag effect that determined the formation of curved structure was performed using
different feature dimensions of donuts in STS ICP etcher. An etching model was established to
present the variation of etching depths corresponding to different open areas in designed
patterns. The measurement data of etched depths were used to fit the etching model in donuts
etching. Many studies of RIE-lag have been done on trench etching of silicon. Jansen et al
found that the ion angular distribution was the most important mechanism to explain RIE-lag in
deep etching of trench [126]. This etching model, based on ion shadowing, may adequately

account for RIE-lag effect on the donuts etching of silicon.

Figure 5.25 The schematic mask pattern for microneedles fabrication. (t;<t,<ts)

Figure 5.26 shows the SEM picture of the fabricated microneedles. The microneedles with

curved profile, as shown in Figure 5.26 (b), were obtained by the developed process as shown
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in Figure 5.24. Furthermore, characterization and analysis of RIE-lag in designed patterns need

to be carried out to obtain the improvement of the profiles for microneedle fabrication.

(b)

Figure 5.26 SEM pictures of fabricated microneedles with strength enhancement design ((a) after
DRIE, (b) after removal of oxidation)
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Chapter 6 Conclusions and Future Work

This thesis describes the concept, theory, fabrication process, insertion mechanics and flow
design for microneedles in drug delivery. With the purpose of developing novel microneedles
by advanced microfabrication technologies for controlled drug delivery, microneedle with
biodegradable tips was fabricated for transdermal drug delivery, and a hollow microneedles
based microsystem was designed and fabricated to deliver drugs at desired flow rate into

tissues.

6.1 Summary of Results

With the developed isotropic dry etching in ICP etcher, microneedles with the sharp tips of
radius ~500 nm were fabricated using SF¢/O, gases. A silicon microneedle array with
biodegradable porous tips was subsequently fabricated based on the former isotropic etched
microneedles. The method of photoresist reflow was developed for exposes the top part of tip;
and the parameters of anodic electrochemical etching were investigated and characterized to

achieve various porosity tips.

The full factorial factors design method was used in the characterization for isotropic etching

process in ICP etcher. The influence and co-efficiency of etching parameters were clearly

interpreted by their weights of standard effects in the DOE model. This may explain why that
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the random, out-of-order properties of this statistical design method fit the analysis of the

process with correlated and interactional variables.

An analytical model for analysis of the critical loadings based on the square-based pyramidal

structure was derived in the thesis. The analytical model provides quantitatively calculated

results of the loadings on the specific microneedle structure to predict whether the microneedle

could be inserted into tissues without damage.

The results of insertion testing of microneedle into skin confirmed the prediction from the

analytical model. The fabricated microneedles were successfully inserted into the skin with

very few damage in the transdermal testing experiments. The dye was found in the upper

dermis layer after removal of the microneedles. The microneedle with porous tips would load

more particles in the delivery. It is possible to speculate that the porous structure provided a

novel loading method for drug adhesion to the porous tips because of their capillary property.

The microsystem including hollow microneedle array, glass chamber and actuation

components was designed and fabricated. The analysis model of flow design and actuator

mechanics was built to estimate the diameter of inner channel and the work conditions of PZT

actuator. The high aspect ratio microneedle structure was achieved using the combination of

isotropic etching and DRIE process. A hollow microneedle array was fabricated using DRIE,
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SF¢/O, isotropic etching and a series of photolithography processes. Compared to the
microneedle tube fabricated in BOSCH process, the developed microneedle with isotropic
etching tips required a small insertion force. Glass with pressure chamber, fluidic channel was
etched in the improvement etchant. The deep wet etching of glass was carried out in the
improved etchant to generate low roughness surface. The surfaces of etched glass samples

were characterized and compared by analysis of AFM topography images.

6.2 Major Contributions

The major contributions of this thesis are summarized as follow:

o Development of the microneedle with porous tips for drug delivery

The biodegradable material properties of macroporous silicon in the microneedles developed in
this study are of considerable importance in drug delivery since they suggest that drug could be
released in a controlled way accompanying with the dissolution of porous tips. The
biodegradable tips would overcome the inflammation caused by breakage issues of
microneedle insertion. The porous silicon could provide an approach for drug loadings. In
addition, the electrochemical etching results of porous tip formation could be used to achieve

certain pore size and layer depth for fabrication of the other structures such as trench and holes.

e Application of DOE model in process characterization
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The findings on the use of DOE method in characterization suggests the DOE method is

adaptable to analysis of the process whose parameters have co-effects on the process results.

The effect of variables and interacted influence on the etching results would be clearly

presented in the design of experiments method. Based on the characterization results, the

process parameters would be adjusted in order of the effect weight on results.

o  Development of analytical model for loading analysis

The analytical model has been demonstrated to be suitable for pyramidal structure and could be

adapted for other cone-tape structures loading analysis using the derived equations in Chapter 4

with modified momentum of cross-section. The analytical model would be use to predicate the

critical loadings for microneedle fracture with substitution of exact value for microneedle

dimensions. The investigation of variation of critical loadings with adjusting the top length and

bottom length would provide the reasonable range of dimension for the insertion requirements,

which is the ability of microneedle to successfully insert into the skin in the transdermal drug

delivery.

e Development of microsystem prototype based on the hollow microneedle

The prototype of microneedle array bonding with glass chamber using PZT actuation system

would apply for delivery of accurate amount of liquid. The model in flow design would be used

for the design of microfluidic channel. The analysis of actuation mechanics would be applied to
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estimate the operated conditions of PZT-glass pumping. The method of two masking layers
with different pattern was developed to fabricate the inner holes and outside shape with
different etching depths. This multilayer masking technology would be used to fabricate
microstructure in 3-D dimension instead of 2-D plane. The enhancement of etchant for glass
deep wet etch would be used for the glass with high percentage of oxides whose products from
chemical reaction with HF are insoluble while the chemical reaction products with HCL are
soluble. The deferent solubility of chemical reaction products with different etchants would
explanation the various roughnesses of etched surface. Furthermore, the microsystem with PZT
pump components can be used in automatic drug delivery in precise dosages by integrating

with microprocessor.

6.3 Suggestions for Future Work

Future work for the microneedles spans a wide range of fields, from material science to
mechanism of microneedle insertion into skin to microelectronics fabrication and packaging to
in vivo studies. The following presents suggestions for future work to address some important

issues in these areas.

o Materials Science

The application of the porous silicon in microneedles was based on the biodegradable material

properties of the nano-structure silicon, which was achieved in electrochemical etching. The
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pore size and porosity of the etched silicon layer highly depend on the etching conditions such

as current density, components of electrolyte and etching protected layers. Chapter 3 clearly

demonstrated the process of porous silicon structure forming in anodic electrochemical etching.

However, it is difficult to draw conclusions about the mechanical properties of the fabricated

porous structure, because the product from the electrochemical etching is not stable due to the

residual stress after etching. Future work in this area should focus on the formation mechanism

of the porous silicon and the effects of the experimental variables. Follow-up investigation

may involve conducting additional experiments with parameter characterization on the residual

stress in the porous layer. The method of indentation investigation [104] could be used for the

stress investigation of porous silicon layer.

e Mechanism of microneedle Insertion into skin

The insertion mechanism of microneedle was limitedly addressed because of the few data for

material properties of skin. Current investigation of microneedle insertion into skin was mostly

measure of insertion force which is based on the geometry microneedle. An intact model of

insertion behavior has not been well developed yet. The analytical model based on the

fabricated microneedle was establishing in this study to predicate the fracture. However, the

investigation of skin deformation would be a better solution to predict the real time force during

the insertion. Hence, the study of the model of microneedle insertion into the skin would be a

further direction for analysis the insertion behavior in transdermal drug delivery.
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e  Microelectronics fabrication and packaging

The structural properties of microneedles are highly influenced by the dry etching process

conditions. The fabrication processes of the HAR microneedle consists of isotropic etching step

and anisotropic etching step. It is necessary to optimize this time multiplex process to achieve

high-aspect-ratio microneedles with sharp tips. The DOE method which was described for

characterization of isotropic etching process in Chapter 3 should be used for optimization of the

combination process to fabricate structure with short processing time.

The packaging of the microneedles is important for their use in real applications particularly in

drug delivery. Microsystems based on microneedles would potentially require the incorporation

of a number of active components such as a battery, a PZT driven device and a microprocessor.

Some of these components are used currently in medical devices; and some companies, for

example microflux®, could provide solution for transdermal delivery using solid microneedles.

However, the microsystem using hollow microneedles would have additional requirements in

the packaging. These include metallization of a conductive layer, location of the PZT driven

disc and interconnection between the microprocessor and driven circuit.

e [nvivo testing
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The test results in Chapter 4 show the microneedles have the ability to deliver drug into model
tissue. For application in human delivery, it must be shown that the microneedles operate in
living system. Therefore, animal testing need to be carried out after the testing of the model
delivery system was done. Later in vivo studies could utilize measurement of delivery rate, total
mass delivery, and concentration vs. time profile in the animal to postulate the type of mass

transport mechanisms for the microneedle based microsystems.
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