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ABSTRACT
Medical implants have been around for thousands of years. However, the idea of
biodegradable medical implants, for use as coronary stents or bone plates, is more recent. The
corrosion properties of magnesium, along with the fact that it is already needed in the human
body, make it a good candidate for a biodegradable implant material. However, pure magnesium
corrodes too fast, so this material needs to be alloyed.
Varying weight percent additions of titanium were alloyed with magnesium to create a
spectrum of physical vapor deposited Mg-Ti alloys. The alloys are electrochemically tested using
open circuit potential, polarization resistance, and EIS experiments to determine the specific
corrosion rates in vitro. The in vitro corrosion rates allow the varying alloys to be compared, to
determine the best corrosion rate. As much as the in vitro corrosion rate provides information
about how the alloy will act in a corrosive environment, in vivo corrosion data is needed. A
method for measuring the in vivo corrosion rates needs to be created.
An implantable microelectronic device with a working, counter, and reference electrode
on a micro-sized scale can solve the problem of how to measure the specific in vivo corrosion
rate. Currently, there are still issues to the specific processing in the manufacturing of said device,
such as the lift-off process of the working electrode. Further research will solve this problem,
since the implications of in vivo corrosion data can implemented in biodegradable coronary stents
and bone plates.
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Chapter 1

Magnesium, Implants, and Microelectronic Devices
Inventions are going towards a “greener” direction, becoming more environmentally
friendly. People are shying away from the plastics that seem to last forever and are instead using
chip bags and egg cartons that can degrade on their own. This same idea can be applied to
medical implants, specifically magnesium medical implants. They are implanted, but then
breakdown on their own, without any harm to the environment.
Magnesium is an alkaline earth metal that is the eighth most abundant metal in the earth’s
crust. It is not found in its pure state however, since it reacts with other elements (like oxygen) to
form a protective layer [1]. This protective layer actually aids in making the magnesium more
corrosion resistant. It is this property, the ability to improve the corrosion resistance by the
addition of other elements, which will be exploited for medical purposes.
The idea of metal medical implants is not new – the 17th century saw iron, bronze, and
gold being utilized for plates, sutures, and dental implants [2-3]. Today artificial heart valves,
knee replacements and hip joints, made from metals, ceramics, and polymers, are all being
implanted. The idea of biodegradable implant though, is relatively recent. A biodegradable
implant is one that will be implanted into the body, complete the necessary task, and then corrode
away. Magnesium is an excellent choice for this – it is the fourth most abundant mineral in the
human body [4]. However, this metal corrodes too quickly in order to complete the necessary task
of holding open a blood vessel for a few weeks.
The next step is to alloy the magnesium with a metal that is more corrosion resistant. This
new alloy needs to be tested in vitro, to determine the corrosion rate. However, the in vivo (inside
body) corrosion rates are orders of magnitude slower than the in vitro (outside of body) corrosion
rates. The aspects of in vivo corrosion testing need to be further researched; specifically, the
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actual corrosion rates need to be obtained. An implantable device that is a tiny corrosion
experiment will be able to provide the exact corrosion rate of the sample. The device, on the
micro scale, needs to measure the corrosion rate, in real time, while still implanted, so that
corrosion data can be collected over the entire time of implantation. The main focus of this thesis
is the design and implementation of such a device so that in vivo corrosion rates can be collected
for this magnesium alloy to be utilized in future medical implants, like stents, bone plates, and
screws.
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Chapter 2

Literature Review
As mentioned previously, metal implants have been utilized previously. Specifically,
magnesium as a corroding metal and as a biodegradable material (and stent) has been explored by
other researchers [5 – 7, 9 – 21]. The Shaw research group has also completed previous research
into the use of magnesium as a biodegradable stent [22 – 25].

Magnesium
Magnesium is an ideal matrix metal as an implant due to its specific properties. For
instance, magnesium has a high mechanical strength [5, 6] and fracture toughness [6]. Humans
have roughly 30 g of magnesium in their body. Most of this can be found in their bones. In fact,
the daily recommended dosage of magnesium is 420 mg for adult males and 320 mg for adult
females. Side effects with magnesium supplements are also rare [6]. The primary issue with the
use of magnesium in the body is that pure magnesium corrodes too quickly [5 – 7].

The Specific Reactions
The experiments to test the corrosion rate of the magnesium samples, specifically for the
use of medical implants, are run in Hank’s Balanced Salt Solution (HBSS), a simulated body
fluid (SBF). The recipe for creating the HBBS can be found in Appendix A. As stated by the
name, simulated body fluids attempt to replicate the natural salts and viscosity of human fluids, to
try to provide a similar environment for the experiments.
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Once submerged in the SBF, electrochemical reactions occur on the metal surface. For
corrosion to begin, four items need to be present:
1) an anode
2) a cathode
3) a electrochemical connection between the anode and the cathode, and
4) an electrolyte
A battery set-up, like the one shown in Figure 2-1, is often imagined for this set-up.

connection

Anode

Cathode

electrolyte
electrolyte

Figure 2-1: Set-Up for a basic battery or corrosion experiment
Medical implants differ from this set-up in the fact that the anode and the cathode are
actually on the same surface, the surface of the implant. A simple schematic set-up is shown in
Figure 2-2.

5

Anode
Cathode
connection

electrolyte
electrolyte

Figure 2-2: Set-Up schematic for a sample that is both the anode and the cathode
Magnesium is a reactive metal; when exposed to air, the oxygen forms a quasi protective
layer. When immersed in water, the overall reaction, along with the anodic and cathodic reactions
are shown below:
𝑀𝑔 + 2𝐻2 𝑂 → 𝑀𝑔(𝑂𝐻)2 + 𝐻2
𝑀𝑔 → 𝑀𝑔2+ + 2𝑒 −
2𝐻 + + 2𝑒 − → 𝐻2

Equation 2-1
Equation 2-2
Equation 2-3

The corrosion rate of magnesium in distilled water is 0.6 mpy (mils per year, with 1 mil = 0.001
inch), which can be converted to 1.5 x 10-2 mm/yr [8].

Alloying Magnesium
Different elements can be alloyed with the magnesium in order to produce a more
desirable corrosion rate since magnesium has such a high corrosion rate. These alloys need to be
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solid solution alloys, not magnesium with an alloy precipitate. The precipitate will only increase
the corrosion rate of the magnesium.

Titanium, Aluminum and Yttrium as Alloying Elements
The purpose of alloying an element with magnesium is to improve its surface oxide film
– like what occurred when magnesium was exposed to air and a quasi protective film was formed.
The Pourbaix diagram for magnesium is shown in Figure 2-3.

Figure 2-3: Pourbaix diagram for magnesium [8]
Pourbaix diagrams show over the range of pH’s and potentials that a metal will corrode,
be passive, or be immune to the surrounding environment [8]. Over the range of pH that is found
in the body (near a neutral pH of 7), magnesium is shown to corrode. When selecting an alloying
material the important factor centers around this pH range. A material that is passive in this

7
region would be most desired, like titanium. Current work in the Shaw Corrosion Group is based
on magnesium alloys containing varying levels of titanium, between 2 and 8 percent, by weight.
Titanium is a low density and good mechanical strength metal that is resistance to most
organic acids and chloride solutions. It is considered physiologically inert [26]. Titanium has
been utilized in other medical implant, like screws and hip joints.
Other metals that could improve the corrosion rate in magnesium, besides titanium, are
aluminum and yttrium. Aluminum is a silver-white metal that is light, generally non-toxic, nonmagnetic, and non-sparking. It is malleable and easily cast [27]. Yttrium is found in lathanoid
rare-earth minerals. It is silvery-metallic in color [28].
The issue of cytotoxicity also needs to be researched before any implantation to test the
in vivo corrosion rates can be completed. The rare earth elements, like yttrium, do not have much
cytotoxicity research. Frank Feyerabend and et al. [29] completed experiments into the
cytotoxicity of magnesium alloyed with rare earth elements.

In vitro versus In vivo
Witte [7] mentioned that similar alloying magnesium samples produced different
corrosion rates based on an in vitro (outside of body) or an in vivo (inside body) experimental
setting. The difference is mentioned as being close to four orders of magnitude. This comparison
was made between in vitro corrosion rates and synchrotron-radiation based microtomography
images to determine the volume loss of the implanted specimen.
However, the corrosion rates for in vivo experiments rarely are put into specific numbers.
This ultimately means that in vivo corrosion experiments will need to be conducted, to insure that
the corrosion rates obtained in vivo are similar or on the same scale as the in vitro experiments
conducted for the past few years within this corrosion group.
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Other research groups; however, have conducted in vivo corrosion experiments. Heublein
et al [9], produced magnesium alloy (AE21, which contains 2% aluminum and 1% rare earth)
stents, which were later implanted into domestic (German) pigs. The goal of this experiment was
to see, through histographic images, like the one shown in Figure 2-4, the degradation of the
stent. The white in the figure is the magnesium stent. The pink is the domestic pig coronary
artery. The target was to have 50% weight lose by the sixth month mark. The conclusion that was
drawn stated that magnesium alloyed stents were “a realistic alternative to permanent implant:
[9].

Figure 2-4: Histographic image of a magnesium stent in a vessel, 35 days after initial
implantation [9]
Xu and et al [10] examined magnesium alloys coated with calcium phosphate through a
phosphating process by an in vivo corrosion test. A magnesium rod sample was implanted into the
femur of a rat. Histographic analysis and residual area calculations provided percent degradation
of the sample. The byproducts of the corrosion reactions were carefully examined and recorded
throughout the experiment, and it was discovered that the calcium phosphate coating actually may
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have promoted early bone growth at the interface between the bone and magnesium alloy [10]. It
was also noted that magnesium was an excellent candidate for bone implants because the material
properties of magnesium were similar to bone [10 - 11].
Zhang and et al researched the degradation of the magnesium alloy, the response of the
bone to the magnesium alloy, and the blood composition (since the magnesium will degrade)
[12]. Using light microscopy and scanning electron microscopy, the samples showed differences
in the rates of degradation between implants in the marrow channel and implants in the cortical
bone. The samples that were in the marrow channel degraded faster. It was also observed that
bone started growing around the magnesium alloy at around six weeks, and though there was a
change in the blood composition, there was no disorder in the liver or kidneys [12].
Witte and group [13-21] researched into the use of magnesium in bone implants. In one
experiment, four different magnesium alloys (AZ31, AZ91, WE43, and LAE442) and a control
polymer rod were implanted into the femura of guinea pigs. After six and eighteen weeks,
histomorphologic images were generated. The corroded samples were analyzed through SEM
images, element mapping and X-ray diffraction to determine the degradation of the samples. The
conclusion of their experiment was that high magnesium concentration could lead to bone cell
activation, since the bone closest to the magnesium alloys had a higher bone mass [13]. In another
experiment, also by Witte [14], the specific magnesium alloy LAE442 (4% weight lithium, 4%
weight aluminum, and 2% weight rare earth metals) was tested by being implanted into the
medial femur condyle of adult rabbits. Non-coated LAE442 rods and rods coated in MgF2 were
investigated. The deductions from these trials were that the LAE442 magnesium alloys had low
corrosion rates, reacted favorably in a bioenvironment, and that samples coated in MgF2 had even
lower corrosion rates than uncoated samples [14]. Figure 2-5 shows the images of the actual
samples and then a reconstructed image (through synchrotron-radiation-based micro-computed
tomography (SRμCT)), which illustrates the pitting corrosion seen on this sample.
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Figure 2-5: LAE442 magnesium sample (a), after 12 weeks in vivo (b), reconstructed from
SRμCT images [14]

One problem that Witte [15] had to overcome was the fact the in vivo corrosion rates
were challenging to calculate. Pictures were taken throughout the experiment in order to see the
magnesium alloy corrode [15]. Figure 2-6 shows a titanium pin, by a histographic image, and an
in vivo image taken through optical coherence technology [16].
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Figure 2-6: Pin with surrounding tissue (top), Optical Coherence Tomography (OCT) B-Scan
images of magnesium sample and surrounding tissue [16]
Witte also completed extensive research into the use of magnesium of a medical
biomaterial [17 – 18]. The biocompatibility of magnesium was seen when magnesium wires were
used as ligatures to stop bleeding vessels in 1878 [17]. Since then, various experiments have
determined that it is the salts in blood increase the corrosion rate of the magnesium compared to
the corrosion of magnesium by water, and that thickness and location of the magnesium
determine the corrosion rate. Magnesium samples placed in areas with high blood flow had
higher corrosion rates and it was noted that corrosion rates were different across species and
tissues. It was also seen that magnesium corrosion products were hydrogen and nitrogen gas (in
vivo) that appeared inert and were gradually absorbed [17 – 18].
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The experiments discussed previously, by groups such as Heublein [9], Xu [10], Zhang
[12], and Witte and group [13-21] prove that magnesium is a feasible biodegradable material. The
issue is that magnesium’s high corrosion rate needs to be lowered; one way to accomplish the
lower corrosion rate is to alloy the magnesium. However, future research into the specific in vivo
corrosion rate would provide further insight.

Previous Research within the Shaw Research Group

Thin Films and Vapor Deposition
Previous research has shown that the corrosion rates of bulk magnesium, even bulk
magnesium alloys, are too high. One way to slow down the corrosion rate is by vapor depositing
the specific materials onto a wafer. The process of physical vapor deposition allows the alloying
element to be scattered through the metal (magnesium) matrix. This extends the passivityenhancing element further into the matrix, thereby enhancing the corrosion resistance of the alloy.
The corrosion rate benefits of using physical vapor deposition (PVD) magnesium as opposed to
bulk magnesium were extensively research by Wolfe [22], Petrilli [23], and Van Pelt [24].
Wolfe noticed that the “microstructure and surface morphology of the magnesium alloy
on the silicon wafer was modifiable during physical vapor deposition process through the
variation of evaporation power, pressure, temperature, ion bombardment, and the source-tosubstrate distance” [22]. Petrilli also looked into the better corrosion rates, specifically of the
magnesium alloy WE43, and the in vitro cytotoxicity [23]. Van Pelt [24] looked more specifically
at the magnesium-aluminum alloys (AZ series). Magnesium alloyed with aluminum had a lower
corrosion rate than pure magnesium, though it is noted that the corrosion rate was also improved
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from a bulk sample by the PVD process. The method of PVD also allows for higher
concentrations of aluminum to be alloyed with the magnesium [24].
For the thin films utilized by this group, the process of physical vapor deposition (PVD)
is done through electron beam evaporation [30]. Electron guns are aimed at the feed-stock
materials in a vacuum chamber. The materials (specifically magnesium and titanium) are heated
until they evaporate. The materials then condense on the silicon single crystal wafer positioned in
the top of the chamber. The wafer is continuously rotating, so that an even surface of condensed
magnesium and titanium can grow upon the said wafer. Figure 2-7 shows a schematic of the dual
gun electron beam physical vapor deposition (EB PVD) machine used to deposit the alloys in this
thesis. Several of the important elements in this figure are labeled.

Rotating substrate holder

Crucibles for holding
materials

Roughing pump

Cryopump

Figure 2-7: Physical Vapor Deposition (PVD) set-up schematic [23]
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Determining the Corrosion Rates of Samples through Experiments
The corrosion rates of the magnesium and titanium alloys deposited upon the silicon
wafers can be found through the electrochemical techniques of polarization resistance and
electrochemical impedance spectroscopy. During polarization resistance experiments, the
resistance of the sample to corrode is measured, as the potential of the sample is forced through
the open circuit potential (from anodic to cathodic).
During polarization resistance experiments, the potential of the magnesium is forced
away from the corrosion potential (OPCP). The OCP is the equilibrium voltage of the material
when it will corrode. This then causes current to flow between the electrodes and drives the
electrochemical equations. The polarization resistance (Rp), or the resistance of the metal to
corrosion, can then be found using the following equation:
∆𝐸
∆𝑖 ∆𝐸→0

𝑅𝑝 = � �

Equation 2-4

where ΔE is the change in the applied potential around the corrosion potential and Δi is the
resulting polarization current density.
The current density during the reaction is based upon the kinetics of the corrosion
reaction and the diffusion of the reactants towards and away from the electrode. This
phenomenon can be written as the Bulter-Volmer equation:
𝑖 = 𝑖𝐶𝑂𝑅𝑅 �𝑒

�2.303

𝜂
�
𝑏𝑎

−𝑒

𝜂
𝑏𝑐

�−2.303 �

�

Equation 2-5

where i is the measured current density, iCORR is the corrosion current density , ba and bc are the
Tafel slopes, and η is the overpotential, which can be written as:
𝜂 = 𝐸 − 𝐸𝐶𝑂𝑅𝑅

Equation 2-6

where E is the applied potential and ECORR is the corrosion potential. The corrosion current
density and the Tafel slopes are obtained from the experimental data [31 - 32].
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For overpotentials close to the corrosion potential, Equation 2-5 can be rewritten as:
𝑏𝑎 𝑏𝑐
1
�� �
𝑏𝑎 +𝑏𝑐
𝑅𝑝

𝑖𝐶𝑂𝑅𝑅 = 2.303 �

Equation 2-7

Using Faraday’s Law, the corrosion rate can then be calculated:
𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 = 𝐾

𝑖𝐶𝑂𝑅𝑅
𝐸𝑊
𝜌

Equation 2-8

where ρ is the alloy density [g/cm3], EW is the equivalent weight [g/equivalent], iCORR is the
corrosion current density [µA/cm2], and K is the constant for converting units [32 - 35].
In electrochemical impedance spectroscopy (EIS) experiments, a small amplitude AC
current is applied to the sample. This method can provide information about the corrosion rate,
along with electrochemical mechanisms, reaction kinetics, and can detect localized corrosion
[36]. Localized corrosion is where the corrosion occurs at a specific (localized) small area.
The polarization resistance, Rp, can be found using the Nyquist plot produced from this
experiment. An example of this plot can be found in Figure 2-8.

RΩ

Figure 2-8: Nyquist plot for 1 mm/year corrosion rate [36]

RΩ+ Rp
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From the graph, RΩ is the resistance of the solution, and Rp is the polarization resistance. The
polarization resistance that is found experimentally can then be utilized in Equations 2-7 and 2-8
in order to determine the corrosion rate of the sample.

Previous Implantable Microelectronic Device Research
The issue between the in vitro and the in vivo corrosion rates needs to be addressed, to
ensure that at least the experiments performed in vitro have some bearing on the actual corrosion
rates in vivo. The fact that some research groups have found differences of four orders of
magnitude [7] causes some concern.
Specific in vivo corrosion rates are not listed. Therefore, the only way to actually
determine the in vivo corrosion rates is to perform corrosion experiments while a sample is
physically in a host. This is to be completed by implanting miniature three-electrode devices into
a rat, and running the polarization resistance and EIS experiments on the samples. Pytel [25]
developed a set of three masks and a manufacturing process that created this microelectronic
implantable device.
The purpose of the microelectronic implantable device is to run corrosion experiments
and to be able to collect the same data as from the macro sized experiments. This means that the
same set-up needs to be present. The reference electrode, which the corrosion of the alloy is
compared back to, is platinum. The counter electrode, also known as the auxiliary electrode, is
also platinum. The counter electrode is the cathode to the samples’ anode.
Platinum is an inert material in terms of corrosion [37]. A simple reference electrode was
needed for the microelectronic implantable device, so it is being explored as a possible reference
electrode. The fact that platinum is very inert makes it an excellent reference electrode. Since the
corrosion rates will be based on the platinum electrode, the circuit potential of the platinum must
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remain steady. In fact, this circuit potential must remain steady for long periods of time, since if it
is utilized as the counter reference on the device, it needs to last for at least a few weeks. De
Haro, et al. discovered that platinum with good adhesion was crucial to low corrosion rates [37] –
a property that is necessary to maintain a steady circuit potential.
Pytel [25] worked on the mask set and the manufacturing process of the microelectronic
implantable device. The microelectronic implantable device needs to be finalized so that in vivo
corrosion rates can be measured. The device will be implanted into the skull of a rat, to measure
the in vivo corrosion rate. This will provide needed corrosion rates of specific magnesium alloys
that can be utilized for biodegradable stents, bone plates, and other medical implants.
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Chapter 3

Experimental Design and Methods

In vitro Corrosion Experiments
As mentioned previously, alloyed magnesium samples show promise in being
biodegradable materials for medical implants. The weight percentage of specific alloying
element(s) to create the precise magnesium alloy with the desired corrosion rate still needs to be
found. This can be done by experimenting, in vitro, with various magnesium alloys; the in vitro
data will provide general guideline for the in vivo corrosion rate.
The samples being tested are crafted from 99.98% pure magnesium and commercially
pure titanium, with varying alloying additions of titanium. Table 3-1 shows a listing of samples
utilized in the electrochemical experiments and their weight percentage of titanium in the alloy
that was deposited on a wafer.

Table 3-1: List of samples, with weight % of titanium
Sample (Wafer) Number
144
145
146

% wt. Titanium
2.84
3.97
7.44

The corrosion rates are based upon the polarization resistance and electrochemical
impedance spectroscopy (EIS) experiments. The physical set-up for both polarization resistance
and EIS are the same. However, before the experiment can be conducted, an electrochemical test
sample needs to be made.
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Creating the Alloyed Magnesium Samples for In vitro testing
The samples for the in vitro testing are made using a dual gun electron beam physical
vapor deposition process. Figure 3-1 shows the specific machine that is utilized to create the
samples.

Figure 3-1: EB-PVD machine utilized to create the thin film magnesium alloy samples

The thin film is created by evaporating the metals, held by crucibles at the bottom
chamber. The evaporated metals condense on the surface of the wafer, which is rotating at the top
of the chamber. The EB-PVD process creates many layers of tiny grains of the solid solution
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metal alloy. In the case of Mg-Ti alloy, it improves the corrosion rate. The magnesium alloys are
deposited on silicon wafers, as shown in Figure 3-2.

Figure 3-2: Magnesium alloy on silicon wafers, reflecting the Penn State logo [28]
The magnesium-titanium alloy deposited wafers are stored in a desiccator until use. The
entire wafer cannot be used for just a single electrochemical experiment since only a couple of
wafers can be processed in a day. Therefore, the wafer is cleaved into pieces; experiments can be
tested from the same deposit. Some pieces are also utilized for ICP (inductively coupled plasma),
so that the composition of the magnesium sample can be found. Other samples are utilized for
SEM imaging, so that the morphology of the deposit can be determined.
The remaining part of the wafer was cleaved into samples and processed for
electrochemical testing. An electrical connection (a wire) attached, so that there is an electrical
connection between the working electrode (the sample that will be corroded) and the potentiostat,
so that electrochemical data can be collected during the experiment. A common coated electrical
wire was attached to the alloy using a conductive sliver epoxy (EPO-TEK® H22). This step
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provided an electrical connection to the magnesium alloy and allowed for the sample to be safely
connected to the potentiostat. A safe and reliable connection to the potentiostat, via alligator clips
and cables, is needed to collect electrochemical data during the experiment. Figure 3-3 shows the
attached wires bonded to the PVD magnesium alloy on the silicon wafer.

Figure 3-3: Coated wire connection to the working electrode, for in vitro experiments
Since a known area is needed for proper electrochemical testing, an area of the sample
was left unmasked. The silicon wafer, the wire, and the edges of the wafer and the magnesiumtitanium thin film also need to be protected. Smaller test areas are better, since there is a lower
likelihood that major defects in the thin film are present.
The electrochemical sample was masked with PMMA. PMMA, poly(methyl
methacrylate), is a transparent thermoplastic. The masking ensures that the silicon wafer and the
electrical connection would not interfere with the experiment. The alloy that was to be tested was
not coated. The PMMA is also coated up over the electrical connection, onto the wire, and over
the coated section of the wire (approximately 3-4 cm from the epoxy connection and at least 1 cm
up the insulated wire coating), to ensure there is no interaction from the metal wire. Five coats of
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PMMA ensure that all of the areas that cannot be affected by corrosion are completely covered.
Figure 3-4 shows what the future working electrode looks like after five coats of PMMA.

Figure 3-4: Working electrode with an area masked for electrochemical testing, after five coats
of PMMA [38]
Figure 3-5 shows a schematic of how the sample will be immersed in the simulated body
fluid electrolyte. The silicon wafer and the edges of the PVD magnesium alloy are now protected
from corrosion, and a finite test area is open to the electrolyte.

Figure 3-5: Schematic of the future working electrode immersed in an electrolyte
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Running PR and EIS Electrochemical Experiments
The set-up for both the polarization resistance and electrochemical impedance
spectroscopy experiments is the same. The samples are run in simulated body fluids (Hank's
Balanced Salt Solution) at body temperature (37°C) (recipe for HBSS can be found in Appendix
A). All of the experiments are conducted in this electrolyte at this temperature, to mimic the
actual biological environment.
The three electrodes are the working, the counter, and the reference electrode. The Mg-Ti
sample is the working electrode; platinum foil is the counter electrode; the saturated calomel
electrode is the reference electrode. A thermometer measures the temperature of the electrolyte.
The metal thermometer is kept in a glass vial so that the metal of the thermometer does not
interact with the corrosive electrolyte. Figure 3-6 and Figure 3-7 show this set-up, with the
connections to the Gamry potentiostat and its computer controller.
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SCE
(reference
electrode)

Magnesium
sample
(working
electrode)

Platinum
(counter
electrode)

Figure 3-6: Set-up for electrochemical experiments, with labels for the different electrodes

Temperature Probe

Hot plate, for
temperature control

Figure 3-7: Another angle of the set-up for electrochemical experiments, with labels for hot plate
and temperature probe
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The data collected from the electrochemical experiments is then used in equations 2-4 through 28 to determine the corrosion rate of the magnesium alloy. The polarization resistance in these
equations can be obtained from either a linear polarization experiment or an EIS experiment.

Implantable Microelectronic Device
Running corrosion experiments in vivo requires three electrodes and will be on the micro
scale. Current nanotechnology manufacturing processes allow for precise multilayered structures
to be manufactured, which is necessary for creating a three electrode, implantable microelectronic
device for measuring the corrosion rate of implantable metals. A more detailed recipe for the
manufacturing of the implantable microelectronic device is listed in Appendix B.
There are three masks needed to create the implantable device, using photolithography
processing. Figure 3-8 shows the three individual masks, along with all three masks juxtaposed.
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MASK 1

ALL 3 MASKS

MASK 2

MASK 3

Figure 3-8: LEdit drawings for the three initial masks, along with all three overlaid each
other(scaled in mm) [39]

Mask 1: Platinum-Titanium Layer (Reference and Counter Electrodes)
Mask 1 allows for a pattern of platinum and titanium to be deposited on the wafer. This is
done by spinning a photoresist assist (LOR2A) and a photoresist (S1813) onto the six-inch
oxidized silicon wafers. The photoresist assist allows for complete lift-off of the photoresist, and
subsequently the platinum and titanium layers on top, which is necessary to insure that no
platinum or titanium remains except in the desired areas.
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A Karl Suss MA/BA6 was utilized to align the mask and the wafer, and to also expose
the photoresist-covered wafer to UV light. The UV light breaks the chemical bonds between the
polymer chains in this positive photoresist, making the areas exposed to the light soluble. The
exposure tool did not have the correct mask holder size necessary for the complete exposure of an
entire wafer, so the wafers were divided into quarters. Processing of the devices will be
conducted by each quarter wafer from this point onward. The wafers were then soaked in a
developer tool (CD-26) to remove the exposed photoresist. Figure 3-9 shows a wafer after the
photoresist has been exposed. The darker portion of the wafer is the exposed photoresist.

Figure 3-9: Wafer, after the photoresist has been exposed

The Kurt J. Lesker CMS System at the Materials Research Laboratory (MRL) sputtered
thin layer of titanium and platinum onto the wafers and the patterned photoresist. The wafer is
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placed in an ultrasonic acetone bath and cleaned until the platinum-titanium layers were removed
from the substrate. Figure 3-10 shows the platinum-titanium layer during the lift-off process.

Figure 3-10: A platinum-titanium layer that has been partially lifted-off

Mask 2: Magnesium-Titanium Layer (Working Electrode)
The purpose of mask 2 is to create the working electrode. The PVD process mentioned in
“Thin Films and Vapor Deposition” section in chapter 2 is the method used to deposit the Mg-Ti
alloy upon the wafer.
After the Mg-Ti alloy has been vapor deposited on the wafer, photoresist (S1813) is spun
on top. Mask 2 is aligned, and the photoresist is exposed to UV light. Once again, the exposed
resist is placed in a developer bath (CD-26) to remove the resist that was altered by the light.
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The wafer was then placed in a HNO3:H2O bath to remove the unwanted magnesiumtitanium. Acetone and IPA were used to rinse the wafer, to insure that the wafer was cleaned and
the unwanted magnesium-titanium was removed.

Mask 3: Parylene Coat
Mask 3 insures that all of the electrodes are exposed, and that the rest of the device is
coated in parylene-C (only one chloride group, is approved for biomedical applications) for
protection from the HBSS (for in vitro testing) and blood (in vivo testing). Parylene is vapor
deposited onto the wafer, in order to achieve at least a coating thickness of 0.5 μm for protection.
Photoresist (S1813) is spun onto the wafer, exposed, and then developed (CD-26). An oxygen
plasma etcher (PT720 machine) was then utilized to remove the parylene. The areas that were not
exposed to light were protected from the plasma by both parylene and photoresist. The plasma
was 90% O2 and 10% Ar. The wafers were etched in 30 second intervals, until the parylene was
removed.
The wafer still needs to be cleaved into individual devices, and the edges need to also be
coated with PMMA. The final product is an implantable device, which has a parylene coating,
with exposed electrodes and partially exposed leads.
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Chapter 4

Results and Discussion

Implantable Microelectronic Device

Initial Three-Electrode Device
A silicon wafer of microelectronic devices, with magnesium-titanium working electrodes,
was created, in order to start in vitro testing. However, after the wet etching of the working
electrode (mask 2), it was seen that the magnesium-titanium alloy was already significantly
corroded.
Figure 4-1 is an optical microscope image of the device wafer revealing that overetching
of the Mg-Ti working electrode exposed a thin layer of underlying platinum at the edge of the
Mg-Ti layer. The exposure of platinum creates a galvanic cell between the Mg-Ti alloys and the
Pt. This in essence results an unwanted battery where the Pt is the cathode and the Mg-Ti
becomes the anode. The wet etch step in with the original masks is a fatal flaw in the processing
and necessitates the redesign of the masks.
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Mg-Ti
working electrode

Pt

Figure 4-1: Initial three electrode device with Mg-Ti working electrode that looks like swiss
cheese [images courtesy of Anthony Nacarrelli]

Redesigned Three-Electrode Device
In addition to correcting the fatal flaw, the masks were improved in several other ways to
make the device smaller and allow for easier electrical connection. Adding tolerances around the
outside of mask 2 and mask 3 were used to address the over etching issue. This will mean that the
edges of the working electrode will now cover the platinum underneath the working electrode and
the protective parylene coat will make sure to cover the edges of the working electrode. Figure 42 shows the front edge of the device (the cross section through the device), using the initial set of
masks. It can clearly be seen in the eighth image in this figure, how the platinum layer was
exposed under the magnesium-titanium working electrode. Figure 4-3 again shows the front edge
of the device (the cross section through the device), with the redesigned masks. In the eighth
image the working electrode layer now extends over the platinum underlayer. The mask sets were
designed using LEdit and were created at the Pennsylvania State University.
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Figure 4-2: Front edge of the device, with the initial set of masks
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Figure 4-3: Front edge of the device, with the new, redesigned set of masks
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Figure 4-4 shows the redesigned mask layer set, also created using LEdit. Figure 4-5 shows the
new set of mask (each individual masks, along with all three juxtaposed), with a dimension
legend to show the relative size of the microelectronic device. Figure 4-5 labels the different
electrodes of the redesigned device.
MASK 1

ALL 3 MASKS

MASK 2

MASK 3

Figure 4-4: LEdit drawings for the three redesigned masks (scaled in cm), along with all three
masks overlaid

Mg-Ti
working electrode
Pt reference
electrode
Electrical
connection pad

Pt counter electrode

Figure 4-5: Implantable microelectronic three electrode device with key features labeled
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After the redesigned set of masks was completed, it was discovered that the filament on
the second gun in the physical vapor deposition chamber was broken, which meant that only one
metal could be deposited at a time. This provided the opportunity to test the design of the three
electrode device with a more forgiving working electrode, a material with a low corrosion rate
that is commonly utilized in the body. Titanium replaced a magnesium-titanium alloy as the
working electrode.
Since titanium was used, a hydrofluoric acid, rather than nitric acid, was employed to
remove the excess working electrode. The third mask, which is the parylene coat, was left off due
to time constraints – instead, for testing, the individual devices were cleaved and then coated with
PMMA to cover the edges, back, and between the electrodes of the wafer. Figure 4-6 shows the
uncleaved and uncoated new device wafer, with titanium as the working electrode.

Figure 4-6: Uncleaved and uncoated device wafer, with titanium as the working electrode
Figure 4-7 shows the old device (though unfinished) compared to the new design. As
mentioned previously, there is a difference in size, the new device is about half the size of the
initial three electrode device. In addition there is a tolerance around the working electrode and
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parylene so that the reference electrode is not exposed during the wet etch process and the
electrical contacts have more space between them.

Figure 4-7: Comparison between the old device and the new design
The next stage in the research is to test the new second generation device. Since the
device was completely redesigned, testing needs to show that the corrosion rates measured for the
working electrode on this new smaller device are comparable to results obtained from a macrosized working electrodes.

Electrochemical Evaluation of Commercially Available Titanium Rods
The first set of titanium trials were conducted on commercially pure titanium rods. The
purpose of the titanium rod experiments was to check the open circuit potential against varying
reference electrodes. The rods were sanded by 200 and 600 grit sandpaper before each trial. In
these experiments, the working electrode was the titanium and the reference electrode changed
between each set of trials. This was to insure that the titanium samples exhibited repeatable

36
results (with the saturated calomel electrode) and the results that could be compared with the
device (when platinum was utilized as the reference electrode).
The first set of experiments consisted of measuring open circuit potential versus time
experiments were conducted on the titanium rods, with the saturated calomel electrode as the
reference electrode. The open circuit potential measures the thermodynamic tendency of the
sample to corrode. An example of the plot that was generated is shown in Figure 4-8, which is
specifically for titanium rod sample #1, trial #1 (versus a saturated calomel electrode).
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Figure 4-8: Open circuit potential for a bulk titanium rod in HBSS at 37°C
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Table 4-1 shows the results of the measured open circuit potential (OCP) of commercially pure
titanium rods in HBSS at body temperature. These experiments also provide a basis for future
corrosion testing of the bulk titanium rods against another reference electrode (like platinum foil).

Table 4-1: Open circuit potentials of titanium rods versus saturated calomel electrode (reference)
in HBSS at 37°C
Ti versus SCE
Ti Bulk sample 1
Ti Bulk sample 2
Ti Bulk sample 3

OCP Trial 1 (V)
-0.4391
-0.4285
-0.4719

OCP Trial 2 (V)
-0.4932
-0.5129
-0.5108

OCP Trial 3 (V)
-0.4624
-0.5328
-0.4791

The device is based on a platinum reference electrode; in order to better compare results
across varying reference electrodes, the experiments need to be run against different reference
electrodes. The experiments with the platinum reference electrode showed more variability than
the experiments conducted with the saturated calomel electrode. The experimental results are
shown in Table 4-2.

Table 4-2: Open circuit potentials and corrosion rates (calculated from polarization resistance
experiments) of titanium rods versus platinum foil (reference) in HBSS at 37°C
Ti versus Pt foil
CR Trial 1

Ti Bulk sample 1
Ti Bulk sample 2
Ti Bulk sample 3

OCP Trial
1
-0.5925
-0.3326
-0.6940

OCP Trial
2
-0.7012
-0.1958
-0.5560

mpy
1.31E-01
1.19E-01
3.52E-02

mm/day
9.12E-6
8.28E-6
2.45E-6

CR Trial 2
mpy
1.48E-01
1.40E-01
8.60E-02

mm/day
10.3E-6
9.74E-6
5.98E-6
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For a material to function as a suitable reference electrode there should be a stable
reversible reaction occurring on the surface of the conductor. Platinum is considered a pseudo
reference electrode that in these experiments turned out not to be very stable.
ESEM (environmental scanning electron microscope, Philips XL30 in the Earth and
Engineering Science building) images of the device were taken. Figure 4-9 shows the overall
image of the device, at the lowest magnification possible. The particles spotting the surface may
be dust particles. Figure 4-10 shows some of the corner and edges of the device that were imaged,
along with the location of the specific images. This was an untested device.

Figure 4-9: SEM image of the redesigned microelectronic device, at 20x magnification
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Figure 4-10: ESEM images of corners and edges of a titanium working electrode device sample,
with location of the image shown on the device by the red circle
These ESEM images show that there is either misalignment in a mask or the lift off
process (mask 2) removed too much titanium (working electrode). The end result is that platinum
(reference electrode) was showing. This ultimately means that the corrosion results from these
devices are not valid. Specific results from titanium implantable microelectronic devices will
have to wait until another round of devices is manufactured. Careful SEM images will also have
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to be taken throughout the process, to insure cleanliness between the layers and on the surface of
the device. Another round of the second generation devices will have to be manufactured before
additional SEM images can be taken.

Magnesium Alloy Samples for In vitro testing
Corrosion test samples were prepared from wafers 144, 145, and 146 for in vitro testing
on the specific magnesium alloys. Open circuit potentials, along with the corrosion rate data from
both polarization resistance and EIS experiments were gathered. The EIS experimental results are
shown in the Bode format, which shows the response of the system to the changing frequency.
However, the Rp value was calculated from the Nyquist plot, as shown in Figure 2-8. The
experiments were run using a saturated calomel reference electrode.
Figure 4-11 show the results for sample 144-3 (a Mg 2.84 wt% Ti alloy). The open circuit
potential leveled off at a potential of -1.520 volts after about 200 seconds. The polarization
resistance curve did not pass through zero. Linear extrapolation of the curve provides a
polarization resistance value of 2518 Ω/cm2, which correlates to a corrosion rate of 4.14 mpy. The
EIS experiment provided a polarization resistance value of 2918.31 Ω/cm2, which correlates to a
corrosion value of 3.50 mpy that is in excellent agreement with the value obtained via the
polarization resistance method. Figure 4-12, shows the electrochemical results for sample 144-4
(another specimen taken from the Mg 2.84 wt% Ti alloy wafer), where again the curve does not
pass through zero. Linear extrapolation produces a polarization resistance of 1381 Ω/cm2. The
EIS experiment provides a polarization resistance value of 1479.9 Ω/cm2. While these
polarization resistance values result in higher corrosion rates than those observed on the other
specimen taken from this wafer, the values are still low for a magnesium alloy and within the
range of values needed for a bioasborable implant alloy.
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Figure 4-13 shows the results for sample 145-4 (a Mg 3.97 wt% Ti alloy). The open
circuit potential levels off around 150 seconds at a potential of -1.476 volts, though after a drop in
the potential. The polarization resistance curve passes through zero and the polarization resistance
is calculated to be 217.46 Ω/cm2, while the EIS experiment produces a value of 2487.1 Ω/cm2.
Figure 4-14, the results from sample 145-6 (a Mg 3.97 wt% Ti alloy), has an open circuit
potential that levels off at a potential of -1.473 volts around 150 seconds. The polarization
resistance curve is linear and passes through zero; this provides a polarization resistance value of
294.47 Ω/cm2. A polarization resistance value of 1278.26 Ω/cm2 is produced from the EIS
experiment. Figure 4-15 shows the results for sample 145-7 (a Mg 3.97 wt% Ti alloy). The open
circuit potential appears to level off around 250 seconds at a potential of -1.466 volts. The
polarization resistance experiment provides a value of 175.16 Ω/cm2. The EIS experiment
provides a value of 182.96 Ω/cm2 for the polarization resistance. While there is a difference
between the rates given via EIS and polarization resistance, Petrilli also saw a lower corrosion
rate with the EIS technique [23]. The rates for the three polarization resistance experiments are
fairly similar, though slightly higher than the rates obtained from the magnesium 2.84 wt%
titanium samples.
Figure 4-16 shows the results for sample 146-4 (a Mg 7.44 wt% Ti alloy). The open
circuit potential leveled off to a potential of -1.507 volts around 220 seconds. The current density
passed through zero and the polarization resistance was calculated to be 60.96 Ω/cm2. The
polarization resistance value for the EIS experiment was calculated to be 182.96 Ω/cm2.

42
-1.50

OCP vs SCE (V)

-1.55

100 Time (seconds) 200

0

300

-1.60
-1.65
-1.70
-1.75
-1.80

Potential vs SCE (V)

-1.53
-2.5E-05
-1.54

Current Density (A/cm2)
-2.0E-05

-1.5E-05

-1.0E-05

-5.0E-06

-1.54
-1.55
-1.55
-1.56
-1.56
-1.57
20

1.0E+04

10
0

1.0E+03

-20

Zphz (°)

Zmod (ohm)

-10

-30

1.0E+02

-40
-50

1.0E+01
1.0E-02

-60
1.0E+00
1.0E+02
Frequency (Hz)

1.0E+04

Figure 4-11: Open circuit potential, polarization resistance, and EIS results for sample 144-3 (Mg
2.84 wt% Ti) in HBSS at 37°C

43
-1.50

OCP vs SCE (V)

-1.55

0

100Time (seconds)200

300

-1.60
-1.65
-1.70
-1.75
-1.80

-1.53
-3.5E-05
-1.53

Current Density (A/cm2)
-3.0E-05

-2.5E-05

-2.0E-05

Potential vs SCE (V)

-1.54
-1.54
-1.55
-1.55
-1.56
-1.56
-1.57
20

1.0E+04

10
0

1.0E+03

-20
-30

1.0E+02

Zphz (°)

Zmod (ohm)

-10

-40
-50

1.0E+01
1.0E-02

-60
1.0E+00
1.0E+02
Frequency (Hz)

1.0E+04

Figure 4-12: Open circuit potential, polarization resistance, and EIS results for sample 144-4 (Mg
2.84 wt% Ti) in HBSS at 37°C
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Figure 4-13: Open circuit potential, polarization resistance, and EIS results for sample 145-4 (Mg
3.97 wt% Ti) in HBSS at 37°C
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Figure 4-14: Open circuit potential, polarization resistance, and EIS results for sample 145-6 (Mg
3.97 wt% Ti) in HBSS at 37°C
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Figure 4-15: Open circuit potential, polarization resistance, and EIS results for sample 145-7 (Mg
3.97 wt% Ti) in HBSS at 37°C
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Figure 4-16: Open circuit potential, polarization resistance, and EIS results for sample 146-4 (Mg
7.44 wt% Ti) in HBSS at 37°C
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Sample Calculations for Corrosion Rate Determination
Equations 2-7 and 2-8 were used to calculate the corrosion rate of all of the samples. An
example calculation for sample 144-3 (Mg 2.84 wt% Ti alloy) is presented in this section. The
Tafel slopes, ba and bc used were 0.100 volts/decade. The polarization resistance, Rp is the slope
of the potential versus current density where the curve passes through zero.
𝑏 𝑏
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𝑐𝑚2

Equation 4-1

The corrosion rate can then be calculated. The constant K is 0.129. The density is 1.738 g/cm3
and the equivalent weight is 12.2 g.
𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 = 𝐾

𝑖𝐶𝑂𝑅𝑅
𝐸𝑊
𝜌

Mils per year can be converted into mm/day:
𝑚𝑚
𝑑𝑎𝑦

=�

0.0254

𝑚𝑚
𝑦𝑟

1 𝑚𝑝𝑦

= 0.129

𝜇𝐴
𝑐𝑚2
𝑔
1.738 3
𝑐𝑚

4.572

(12.2𝑔) = 4.14 𝑚𝑝𝑦
1 𝑦𝑟

� ∗ (# 𝑚𝑝𝑦) ∗ �365 𝑑𝑎𝑦𝑠�

Equation 4-2

Equation 4-3

Comparison of Corrosion Rates and Examination of Surface Morphology
Table 4-3 summarizes the corrosion rates obtained from the data shown in Figures 4-11
through 4-16. The open circuit potential was run for an additional 30 seconds between the
polarization resistance and EIS experiments.
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Table 4-3: Open circuit potentials and corrosion rates (via polarization resistance and EIS
experiments) of various magnesium samples versus SCE (reference) in HBSS at 37°C
Mg sample versus SCE
Sample
#
144-3
144-4
145-4
145-6
145-7
146-4

Composition
wt% Ti
2.84
2.84
3.97
3.97
3.97
7.44

PR
OCP
-1.549
-1.545
-1.477
-1.500
-1.472
-1.443

mpy
4.14
7.55
47.95
35.41
59.53
171.04

mm/day
2.88E-4
5.25E-4
33.4E-4
24.6E-4
41.4E-4
119E-4

Rp (Ω)
2708.3
786.95
2487.1
1278.3
2577.7
182.96

mpy
3.85
13.25
4.19
8.15
4.04
56.99

EIS
mm/day
2.68E-4
9.22E-4
2.92E-4
5.68E-4
2.81E-4
39.7E-4

As Table 4-3 reveals, the corrosion rate is dependent on the composition of the magnesiumtitanium alloy. A composition around Mg 2.84 wt% Ti produces the lowest corrosion rates. These
rates (of a couple of mils per year (or on the order of 10-4 mm/day) are comparable to those
obtained by Petrilli [23] for e-beam evaporated magnesium alloys with approximately 2%
titanium. These electrochemical results reveal that the e-beam evaporated magnesium-2.84%
titanium alloy has the desired corrosion rate for a bioabsorable implantable device. However,
some processing issues with the three electrode device still need to be overcome before the
devices will pass in vitro testing and the overall research program can continue into the in vivo
animal testing stage.
SEM images were also taken, prior to electrochemical testing, to examine the
morphology of the magnesium-titanium alloy. Figure 4-17 shows the SEM images of sample
145-3 (Mg 3.97 wt% Ti alloy).
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Figure 4-17: ESEM image of the top of the magnesium sample 145-3 (Mg 3.97 wt% Ti alloy)
prior to electrochemical testing
This image shows what looks like filiform corrosion – a special form of localized crevice
corrosion that occurs under a thin oxide film. It can be recognized by emancipating cracks, which
are fine tunnels worming just beneath the surface [38]. Figure 4-18 shows that this corrosion
product is all over the surface of this particular sample.
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Figure 4-18: ESEM image of the top of the magnesium sample 145-3 (Mg 3.97 wt% Ti alloy), at
a lower magnification, prior to electrochemical testing
However, filiform corrosion is a form of surface corrosion, impacting just beneath the surface
layer. It does not burrow into the entire sample and render the alloy useless. This type of attack
while cosmetically unattractive is relatively harmless (as the corrosion rates in Table 4-3 reveal)
and indicated that a more protective oxide layer is formed on the Mg-Ti alloy than on typical
magnesium. More samples need to be run, after more samples have been created.
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Chapter 5

Conclusions
The use of magnesium as a biodegradable medical implant is viable as the corrosion rates
in Table 4-3 reveal. In vitro testing of the various magnesium-titanium alloys is still underway.
The results of this senior thesis have shown that a magnesium 2.84% titanium alloy has adequate
corrosion resistance to proceed into final in vitro testing, followed by in vivo testing, once a few
small processing issues in the device are fixed.
The microelectronic implantable device can be implanted and utilized as a means of
measuring the corrosion rate. At this current point in time, more in vitro testing needs to be
conducted to insure that the microelectronic device is functioning properly. The specific in vivo
corrosion data can provide valuable insight into the behavior of specific magnesium alloys in the
host body, which can then provide information needed to one day construct biodegradable stents
and bone plates.
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Chapter 6

Future Work
The next step to testing the microelectronic implantable devices is to conduct more in
vitro tests. The experimentally measured corrosion rate of the working electrode of the device
needs to match the corrosion rates of the samples versus sputtered platinum as the counter and
reference electrodes. Once the device proves to be in working condition, then the issue of
connections can be further addressed.
Wire connections will be attached to the electrical pads on the device. However, the wires
are very thin; sturdier wires need to connect to these tiny wires. The studier wires will then be the
wires that emerge from the rat’s skull during the in vivo corrosion experiments. Figure 6-1 shows
the positioning of the device in the rat’s skull and a cap similar to the one that will be used, on a
rat’s head. This cap protects any protruding wires and the incision site from the claws of the rats.

Figure 6-1: Image of a rat’s skull, with the implant location of the microelectronic implantable
device (left), Skull protection cap on a rat
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Current research is also being conducted on the sterilization practices of other implants.
Before insertion, this microelectronic device needs to be deemed sanitary enough for
implantation, based on protocols from the Institutional Animal Care and Use Committee.
The next step is implantation and the running of the corrosion experiments. Open circuit
potential and polarization resistance experiments will be performed. From these experiments, in
vivo corrosion rates can be obtained. These results will provide knowledge into the difference
between in vitro and in vivo corrosion rates, and provide insight into which specific magnesiumtitanium alloy would be best for a biodegradable medical implant. Further projection of this
research leans towards coronary stents and bone plates.
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Appendix A

Simulated Body Fluids Recipe
HBSS Recipe [39]:
Table A-1: Recipe for HBSS, creates 1 L of solution

Component
CaCl2·2H2O
KCl
KH2PO4
MgSO4
NaCl
NaHCO3
Na2HPO4·7H2O
Glucose

Concentration (mg/L)
186
400
60
98
8000
350
90
1000
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Appendix B

Detailed Recipe for Creating Devices
The procedure for creating an implantable microelectronic device was derived from a
master’s thesis titled “Study of Magnesium Corrosion for Biomedical Devices: An Investigation
Involving Microelectronic Processing” by Anna Hartsock. This thesis should be consulted for
more complete details. The procedure that is presented in this thesis is a paraphrased version of
what is contained in the thesis by Anna Hartsock.

Mask One
A photoresist assist (LOR2A) and a photoresist (S1813) are spun onto a six inch wafer.
The phototresist assist was spun for 45 seconds at 3000 rpm and baked at 180°C for five minutes.
The photoresist is spun at 4000 rpm for 45 seconds and baked at 95°C for one minute.
The mask size left large unused area; to make better use of the wafer area, the wafers
were cleaved into quarters. A Karl Suss MA BA6 mask aligner was used to align Mask One. The
wafer is then exposed (hard contact exposure) to UV light at 8 kW/cm2 for ten seconds. Exposure
to UV light will break the chemical bonds in the photoresist, allowing the exposed resist to be
removed easier. The developer to remove the photoresist is CD-26. The quarters were immersed
for about one minute, or until the exposed photoresist was completely removed. The wafers were
then rinsed in DI water and dried with nitrogen.
The wafers were loaded into the Kurt J. Lesker CMS System at the Materials Research
Lab (MRL). First, a cleaning recipe was used to remove any dust particles and phototresist. Then
titanium and platinum were sputtered onto the wafer. Titanium was sputtered for 120 seconds at
100Å and the platinum was sputtered at 1000Å for 400 seconds on top of the titanium layer. The
quarters were then immersed in an acetone bath and ultrasonicated, to remove the platinum and
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titanium that was on top of the photoresist.

Mask Two
The quarters were then transferred to the EB-PVD system at the Earth-Engineering
Sciences Building. The working electrode was deposited on the wafer. Phototresist (S1813) was
spun on the quarter wafer for 45 seconds at 4000 rpm and baked at 110°C for one minute. Mask
Two was aligned and UV light was exposed to the system for seven seconds. The quarter was
placed in a developer bath (CD-26) for about one minute to remove the photoresist.
A bath of HNO3 :H2O (ratio of 20 to 180 mL) was then utilized to remove the exposed
working electrode. The quarter was immersed for roughly 50 seconds. A rinse of acetone and IPA
insured that all of the excess deposited working electrode was removed before the next step.

Mask Three
The quarter wafers were loaded into the deposition chamber of the parylene evaporator.
A recipe for evaporating parylene to obtain a desired thickness of 0.5μm was utilized. Actual
thickness, when tested later, determined that the thickness was not uniform, but was between
0.56μm and 0.67μm. Photoresist (S1813) was spun on at a rate of 4000 rpm for 45 seconds. UV
light was exposed for ten seconds and immersed in a developer bath (CD-26) for about one
minute.
An oxygen plasma etcher was used to remove the exposed parylene coating on the
electrode and the connection pads of the electrical leads. The PT720 plasma machine used an
oxygen plasma composed of 90% O2 and 10% Ar. The quarters were exposed in 30 second
increments until the exposed parylene was removed.
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