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CHAPTER 1. Introduction

1.1 Motivation

MEMS (Micro Electro Mechanical System) devices abOS (Complementary
Metal Oxide Semiconductor) circuits [1, 2] are ttimhally fabricated on rigid substrates with
inorganic semiconductor material such as silicomwelver, it is highly desirable for
functional elements like sensors, actuators or anfltridic components to be fabricated on
flexible substrates for a wide variety of applicas. A number of approaches to make
flexible sensors or electronics have been develapent the past two decades. The most
straightforward approach is the direct fabricatimnfunctional components on a flexible
substrate, such as the widely used flexible primieclitry technology [3] and the thin film
transistor (TFT) technology [4-6] on flexible sutases. Various flexible sensors and
electronics have been developed as wearable headthitoring devices and medical
implants[5]. This direct fabrication of function@lements on flexible substrate has the
advantages of simple fabrication process and lost.cbarge area flexible sensors or
electronics can be fabricated economically using thethod. However, due to the flexible
substrate, the process temperature is limited badrtaterial properties are not optimized.
This temperature limit makes it almost impossillartonolithically integrate CMOS circuits

and many MEMS transducers to the flexible substrate

A flexible skin technology based on silicon islarefructure has also been

demonstrated. The basic structure of the flexikla & arrays of silicon islands sandwiched
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by two layers of polymer. The advantage of thiswtedogy is its compatibility with MEMS
and CMOS since MEMS devices and CMOS circuits carfabricated on the silicon wafer
before the formation of the flexible skin. The mimim bending radius is determined by the
size the of the silicon islands. Based on thisrietidgy, flexible shear stress sensor skins [7],
the integration of CMOS with the flexible skin [&nd intelligent textiles [9], have been

demonstrated.

Recently an innovative “transfer printing” methaa make flexible electronics has
also been demonstrated [10-13]. More specifical§nsistors and other devices are fabricated
first on SOI (Silicon-on-Insulator) wafers and theeleased by sacrificial etching and
transferred to flexible substrates by a methodlamo “printing.” Many exciting applications
have been demonstrated [14-16]. On the other hiduigl transfer printing step is a yield-
limiting step, especially when the device densitgréases. In addition, the releasing step is
generally incompatible with commercial CMOS proesssTherefore, this method cannot

fully take advantage of the mainstream CMOS teabmol

In order to address the above mentioned drawbadkexwsting technologies,
alternative methods have been developed in ouovab the last a few years. We proposed a
novel technology based on Xefxenon difluoride) isotropic silicon etching andrplene C
conformal coating, which is able to monolithicailhgorporate high temperature materials and
fluidic channels. This technology has been appted variety of applications which are

discussed in the following chapters.
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1.2 Review of flexible electronics

A common method to make flexible devices is thedifabrication of components
on flexible substrates, such as the widely usedildle printed circuit board (PCB)
technology and the thin film transistor (TFT) teology on flexible substrates. Various

electronics devices has been developed utiliziegatbrementioned technology.

Another popular method to make electronics flexildedirect mounting of ICs
(integrated Circuits) on a flexible printed circas$ demonstrated in Figure 1.1. Polyimide,
PEEK or transparent conductive plastic films afeva of the materials commonly used as
the flexible substrate in electronic industry. Osliynple metal traces to interconnect IC
components are required to be fabricated on thebfie substrate, leading to very simple
fabrication process. This flexible PCB technologgngicantly reduced the development
cost since the technology used to make rigid PGBbeadirectly applied to make flexible
PCB such as metal etching and silver screen pgntiFlexible PCB can be found
everywhere in our daily lives. For example, it lh@en widely used in laptop computers as
interconnects between motherboard and displayk&nkie conventional rigid PCB, flexible
PCB allow the designer to bent and flex the PCR t®rtain degree which gives us much
needed freedom to integrate electronics into 3[2epaAs consumer electronic devices are
getting smaller, flexible PCB becomes a necessityestablish interconnects between

modules.
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Figure 1.1 Flexible PCB inside an Olympus Stylus cameraonkr Steve Jurvetson

http://flickr.com/photos/44124348109@N01/2265519.

One drawback of the flexible PCB technology is thia¢ bulky packaged IC
significantly reduces the overall flexibility of éhdevice. The design of the electronics is
limited by the availability and form factor of th€ used. To overcome this drawback, the
thin film transistor (TFT) technology has been ismpkented on flexible substrates.
Transistors, the most fundamental elements in imgldCs, are traditionally fabricated on
rigid substrate like silicon wafers. In order to keatransistor on flexible substrate, low
temperature semiconductor material has to be dpedld-or example, in references [17, 18],
a flexible organic transistor with extreme bendistability has been developed as
demonstrated in Figure 1.2. A flexible polyimideesh was used as the substrate for the
fabrication of transistors in this case. Low pracesnperature material such as organic self-

assembled monolayer (SAM) was chosen to be thedyelectric layer. Note that only low
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temperature material and processes are compatitthe this technology. Thanks to the
organic material used here, the maximum procespdgature is limited to be less than

100°C

Source and drain contacts (Au)

Organic
semiconductor

SAM

Planarization layer / b

(polyimide) Polyimide substrate

Gate electrode (Al)

Figure 1.2 @) Photographs of a 1218n thick polyimide substrate with functional organic
TFTs and organic complementary circuits[17] . Theay has an area of 75x75mn{(b),
Schematic cross-section of the TFTs.

Without the bulky ICs used in flexible PCB techrgyo thin film transistor (TFT)
technology on flexible substrates makes the dekighly flexible. As seen in Figure 1.2,
successfully fabricated low-voltage organic tratmsgs which were placed at the neutral
strain position, were folded into a bending radisssmall as 100 pm without damage to the
device. This technology opens a wide range of dppdres for electronic applications that
require a high degree of mechanical flexibility.lIgk of efforts have been dedicated in the
research community to directly integrate low tenapgne organic materials onto flexible

substrate with an intention to reduce the costsamglify the manufacturing processes.

www.manharaa.com




One drawback is that organic and low temperatuaterals used in TFT technology
normally are not very stable and lack the perforteanompared with high temperature
materials like silicon. Conventional silicon semmdoctor devices still perform much better

and are required by many applications.

There are technologies developed specifically tegrate silicon devices on flexible
substrate. In reference [9], a novel intelligentite technology based on the integration of

silicon flexible skins has been reported.

Diffused silicon strain gauges Oxide

a b

1. Grow/pattern 0.5pm thick thermal oxide and diffuse with boron
Parylene C
AUGE Wl

e T —

2. Deposit and pattern Auw/Cr; deposit 7um parylene C on the frontside.

Silicon islands

| —

3. Etch through the wafer from backside using DRIE; deposit another
parylene C layer on backside.
Stitching holes Bonding pad  Parylene C

4. Open bonding pads and stitching holes using oxygen plasma.

Figure 1.3.(a) Picture of a folded skin; (b) Simplified prosdtow of the flexible skin with
integrated strain gaugées.

As demonstrated in Figure 1.3 (b), simple strainggs (can be replaced by MEMS
devices or ICs) have already been fabricated ositivten substrate, the first step of the skin

development is the fabrication of functional elentc components on a silicon wafer. High
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temperature processes are allowed since therecapwlgmer materials introduced at this
stage. Then a polymer layer is coated on the fsafe-of the wafer. Afterwards, the polymer
layer is patterned to expose metal pads. Thersilicen wafer is thinned down and etched
through from the back to form the arrays of siliastands by deep reactive ion etching
(DRIE). Finally, another layer of polymer is coated the backside to encapsulate silicon
islands. The basic structure of the flexible skirairays of rigid silicon islands sandwiched
by two layers of polymer. A great advantage of tieishnology is the compatibility with
MEMS and IC fabrications. However, due to the lastieon island used here, the minimum
bending radius is limited by the size the of thécen island. In addition, stress
concentration between the flexible polymer anddrgjlicon has to be addressed to make the

whole system more robust.

In addition, other approaches to make flexible tetexics without the compromise of
high temperature materials have also been developedthe past few years. For instance,
functional electronic components are first fabrechbn a SOl wafer and then transferred
onto a flexible substrate via a stamping methoddi@hal low temperature processes like

the metallization of components are performed tliyemn the flexible substrate.
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Figure 1.4. (a) Optical images of the selective transfer ofSissnto a PU/PET sheet;
(b)Schematic illustration of selective transfer wd-Si onto PET plastic substrate using
patterned hard PDMS [13].

In reference [13], a printing-based approach toertagh-performance single-crystal
silicon transistors on flexible substrates was regab As demonstrated in Figure 1.4, a SOI
wafer consisting of silicon device layer, burieddexlayer and handling silicon layer were
used in the process. The silicon devices (us-Sreviest fabricated on a SOI wafer by
patterning the silicon device layer. A controllexide etch was performed to remove the
majority of the underling oxide layer. Only a smpdirtion of the oxide layer was left to
temporarily hold the ps-Si in position. A specifigadesigned and patterned PDMS stamp
was used to contact the selected ps-Si. Due tsttbeg adhesion between PDMS and ps-Si,

ps-Si can be easily peeled off and transferreshodheer PET substrate.
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Due to the fact that the remaining oxide layer waaaoved by physical forces, it will
destroy part of the us-Si. Therefore, this riskgnsfer printing step is a yield-limiting step,
especially when the device density increases. Iditiad, the oxide etching solution
(hydrofluoric acid) used in the releasing step nsakbBe process incompatible with
commercial CMOS processes. Therefore, this metlathat fully take advantage of the

mainstream CMOS technology.

The technology developed in our lab does not suffem the aforementioned
limitations. Both transfer printing method and ooethod are able to integrate single crystal
silicon devices. However, unlike transfer printingethod, our method does not need a
transfer step and thus has a higher yield. We hle @ release the device layer off the
handling silicon wafer by an innovative method whwill be discussed and presented in the
following chapters. Furthermore, our method is @@&1-CMOS compatible, which allows us

to utilize commercial foundry and saves a lot ofelepment time and cost.
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1.3 Review of the key material and processes

1.3.1 Parylene C chemical vapor deposition

Parylene also known as poly(p-xylylene) is a paymommonly used as structure
material, moisture and dielectric barriers in MEM& electronic devices[19-21]. There are
many more benefits associated with the the paryleoe example, parylene film exhibits
strong chemical resistance and thus is consideyedgood barrier for organic and inorganic
media, acids and caustic solutions and gases.dii@d parylene’s biocompatibility has also

been proven and been utilized in many biomedicpliegtions [22-24].

There are three major parylene polymers referegayrlene C, parylene N and
parylene D. Parylene N provides higher dielectiiergyth and more stable dielectric constant.
parylene D will maintain its physical strength aelkéctrical properties at slightly higher
temperatures compared with parylene C the mospopnathnt type of parylene. Parylene C is

used for almost all types of applications, inclydour process as well.

Density | Young's modulus Tensile strength Dielectric constant
(g/cm) (Gpa) (Mpa) (at IMHz)

Parylene C  1.289 68.9 2.95
Polyimide 1.42 3.2 70-90 3.5

Table 1.1 Lists of selected properties of paryl€rend polyimide
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To better understand the physical properties aoflpae C, a comparison between

polyimide and parylene C used in our process isgmed in Table 1.1. Both polyimide and

parylene exhibit very similar mechanical properties many applications parylene can just

simply replace polyimide. One major difference bstw those two materials is the coating

process. Polyimide is normally dissolved in solvantl then applied to the substrate via spin

coating. Thickness of the coated film is determibgdhe spin speed and the viscosity of the

dissolved solutions. On the other hand, a procasdcChemical Vapor Deposition (CVD)

[25] is used to deposit parylene film on the swdistrA simplified block diagram of parylene

deposition system is demonstrated in Figure 1.5

para-xylylene
(Monomer)

Di-para-xylylene
Dimer)

VAPORIZATION  PYROLISYS
175°C 690°C

Figure 1.5.A common setup flow of chemical vapor depositiompafylene

D),

Poly(para-xylylene)
(Polymer)

Samples
LN

DEPOSITION
25°C

COLD TRAP

VACUUM
PUMP
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Parylene coating is a room temperature CVD proc€hs. parylene dimer is first
loaded inside the vaporization chamber. The vacpump will bring the entire system under
vacuum condition. Under the vacuum condition Then&i begins to vaporize once this
vaporization chamber reaches the temperature of °C75The vapor passes through the
pyrolysis chamber to undergo a thermal decompasipoocess and breaks down into a
monomer at 690C. When the monomer reaches the sample in thesdigmochamber at
room temperature, it will conformally coat the ematexposed surface and cross-linke to form
a parylene film. Excessive monomer will then bgped by the cold trap to prevent damage

to the vacuum pump.

A great benefit of CVD is that the deposition igltily conformal. As schematically
illustrated in Figure 1.6, the coating materiallwgiét inside a feature with steps and undercut
cavities to encapsulate the entire surface. Ttatufe is not feasible using the conventional

spin coating process.
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Flat Surface Step Coverage Feature with Undercut

Figure 1.6. Schematic illustration of conformal CVD coating.

1.3.2 XeF, isotropic silicon etching
Another important etching procedure called XéKenon difluoride) [26] isotropic
silicon etching has been utilized in our procedss Tsotropic gaseous etchant for silicon, has
been widely used in the semiconductor industryfi@darly in the production of MEMS

devices [27, 28].

The etching mechanism is actually very simple aasl¢o implement. First, the XgF
molecule dissociates to xenon and fluorine when ghe reaches the surface of silicon.
Fluorine then reacts with silicon and forms anotigass-phase byproduct. The reaction

describing the reaction process is listed below:

2 Xek + Si— 2 Xe + Sik
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Unlike other plasma etching process, XeF2 hasadively high etch rate and does not
require ion bombardment or external energy sout@estch silicon. A simple illustration of

etching apparatus is shown in Figure 1.7.

ﬁ

- v Si samples

Vacuum Pump

XeF; Cylinder

Vacuum Chamber

Control Valves

Figure 1.7.Schematic of Xefisotropic silicon etching apparatus.
First, highly concentrated Xeletching gas is contained in a pressurized corntafne

needle valve is placed between the gas cylindenarithg chamber which functions as a
buffer to prevent gas from coming out too fast. Sample to be etched is then placed inside a
vacuum chamber and pumped down to 50 millitoprgBls is used here to purge the chamber

to eliminate any residual moisture. %ab highly reactive and will react with moisturedan
produce highly corrosive and dangerous HF as itelichy the formula presented below.

2Xek + 2H,0 — 4HF + Q +2 Xe

After the removal of the moisture, the vacuum pusngtopped and leakage is checked
before opening the valve after mixing chamber. Bu¢he nature of the reaction, pressure
inside the vacuum chamber will rise up to aroun@ ollitorr in our particular setup before

closure of the valve from the mixing chamber. Tiwiactice gives us better control over the
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amount of the Xefthat gets inside the etching chamber. Vacuum ceamtessure will keep
rising up to around 800 millitor before all of tk@F2 gas is consumed. A complete etching
loop is complete at this point. Additional loops aepeated to control the amount of the

etching.

XeF,; silicon etching process is highly selective. Aiear of material can be used as
masking layer which include but are not limitedpfootoresist, parylene, metals and silicon
dioxide. Another key characteristic of this gas ggthetching process is that the process is

highly isotropic. As demonstrated in Figure 1.8géwndercut can be observed after just a

few loops of XeE silicon etching.
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Figure 1.8. Under cut observed after few loops of Xedicon etching. A circular hole is
opened in parylene C layer which functioned as sking layer.

The amount of the XeFgas that gets inside the etching chamber is fixetveen
etching loops. The etch rate of X%dE a function of the exposed silicon area. A goay to
control the etching process is to unload the samafe a few loops and observe the etching

rate under microscope, and then adjust the prowpsisne accordingly.

1.3.3 Deep reactive-ion etching
Another important MEMS fabrication process usedour technology is deep
reactive-ion etching (DRIE) [29, 30]. Unlike XgEilicon etching process, DRIE is a highly
anisotropic plasma etching process primarily usedculpture silicon devices. The process
can create deep and steep side walled featurasaltypwith very high aspect ratios. This

technology has been heavily utilized to develop ME§evices.

The most common method of DRIE is referred as B@sobess which is a patented
process developed by Bosch Inc. Fluorine based islrées are normally used to etch
silicon. However, they all exhibit some degree swtiopy. In order to achieve anisotropic
effect and etch nearly vertical walls for high adp®tio structures, two separate steps are

used in Bosch process as demonstrated in Figure 1.9
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First of all, Sk plasma etching is performed to isotropically etgposed the silicon
for a short period of time normally less than 10os®ls to prevent the undercut. Then SF6
gas is replaced with C4F8 which will form a Teflibke substance in plasma and coat the
entire chamber and surface. Note that The SF6 doiestch the polymer on the side walls
but will attack the coating on the bottom and topface. The previous etched sidewall is
protected from the SF6 isotropic etching. The coration of both the etching step and

passivation step makes a very deep vertical streictu

Mask
Etch
Silicon
Etch
Passivation

Figure 1.9.A simple demonstration of deep reactive ion etdnewich using Bosch process
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The figure bellow illustrates that the process walises ripples or scallops in the side

walls due to the nature of the isotropic silicochétg steps utilized.
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Figure 1.10.Scallops of a silicon structure created using tbedB processSource: Wikimedia

Figure 1.11. Different DRIE recipes to create different slopaylas[31]. (a) Trench with a

positive slope. (b) Trench with a negative slope
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Another important parameter of the DRIE etchinghie ratio between etching and
passivation steps. By modifying the ratio betwdsrsé two steps, different side wall angles
can be achieved. As demonstrated in Figure 1.1th positive and negative slopes can be
created in the DRIE process. This technique iszetll in the process of developing our out-

of-plane parylene microneedle device which is dised in detail in Chapter 2.
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1.4 Dissertation Organization

In Chapter 2, the technology we developed over phst few years is first
implemented in the creation of flexible out-of-pdaparylene microneedle arrays [32] that
can be individually addressed by integrated flexibilicro-channels. These devices enable
the delivery of chemicals with controlled temparal spatial patterns and allow us to study

neurotransmitter-based retinal prosthesis.

In addition to the fabrication of micro-fluidic cqgranents, other great functionalities
can be achieved by integrating otherwise sacrifgilecon wafers to be a part of the device.
A hybrid silicon-polymer platform for self-lockingind self-deploying origami [33] is

demonstrated in Chapter 3.

The ability to incorporate high-temperature maierinto flexible substrate is also
highly desirable. The technology is further exptbran Chapter 4 by adopting the
conventional SOI-CMOS processes[34]. High perforoeaand high density CMOS circuits
can be first fabricated on SOI wafers, and then lmanntegrated into flexible substrate.
Currently, the best electronics are still made ibyas based CMOS technology. Therefore,
it is highly desirable to have a flexible skin tactogy that is compatible with both MEMS
and CMOS processes. Flexible p-channel MOSFET4aMxide-Semiconductor Field-
Effect-Transistors) and high performance silicamistgauges were successfully fabricated

and tested.
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In Chapter 5, the development of a smart tube[38} mtegrated pressure and flow
sensor is presented. The ability to monolithicaligorporate electronic components and
micro-fluidic structure is highly desirable. Thistegration is able to bring additional
functionality, higher performance, simplified pagkay, reduced size/weight and cost to the

flexible sensors.

Finally in Chapter 6, some of the additional exagsglke the smart yarn device and
micro pH sensor developed by this technology amesemted. A few important future

applications are also discussed.
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CHAPTER 2. Parylene microtube arrays

2.1 Introduction

The technology discussed in this thesis is firsplemented in making flexible
parylene microneedle arrays with integrated midnanmels for retinal prosthesis study.
Many groups have been working toward the developroEretinal prosthesis systems that
can provide artificial vision to the blind [36-38Rn effective retinal prosthesis would
improve the lives of hundreds of thousands of patievith Retinitis Pigmentosa (RP) or
millions of blind patients with advanced Age-Retht®lacular Degeneration (ARMD),
depending on its effectiveness. Designs for theestlpetic devices have been based upon
the success of electrical stimulation in the comhienplant. Prostheses based on electrical
stimulation of the retina have been under develoyproeer the past two-decades as well. In
fact, vision is our greatest bandwidth sensory inpbich requires prostheses to have a
neural interface with high spatial and temporabheson. Testing in acute human studies
has demonstrated limited success in providing lisagion. Retinal implant based on
electrical stimulation has limitations such as &tebe corrosion, water hydrolysis, and
generation of toxic radicals due to the large skation current. The more naturalistic
chemical stimulation is able to effectively addréssse limitations. This chapter describes
the development of parylene microneedle arrays taat be individually addressed by

integrated microchannels for neurotransmitter-bas#adal prosthesis.
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Microneedles can be classified as in-plane or éytane, and solid or hollow. For
retinal prosthesis, out-of-plane hollow micronesdee required. A variety of out-of-plane
hollow microneedle arrays have already been deeeldpr drug/chemical delivery and
other applications. Chun et al. developed ;Siicrocapillary arrays for the injection of
DNA into cells by growing thermal oxide in deep é®letched by DRIE [39]. Hollow
silicon microneedles were also developed by StoabdrLiepmann using a combination of
DRIE and isotropic etching [40]. Gardenier et atveloped hollow silicon microneedles
with sharp beveled tips using a process combiniR$H) conformal thin film deposition and
anisotropic wet etching [41]. In order to addrelss potential problem of being clogged
during the insertion of needles, Griss and Stemmeeldped hollow out-of-plane silicon
microneedles with openings in the shaft insteadtdle tip [42]. Kim et al. reported hollow
metal microneedle arrays based on backside expafuf&U-8 and electroplating [43].
Hollow metal microneedles have been developed ussgr-micromachined polymer mold
[44]. Zhu et al. reported another method of falinnga hollow metal microneedles using
PMMA molds formed by silica needle template [45]olldw microneedles with sharp
beveled tips have also been developed using thé t&Ghnique by taking advantage of its
capability of fabricating high-aspect ratio struets [46, 47]. Fluid access to the out-of-
plane microneedles is usually made from the badke@fwafer by forming a drug reservoir
using a wafer bonding method. Consequently, theggoneedles are not individually
addressable. For retinal prosthesis, however, thwoneedles have to be individually

addressed due to the requirement of spatial resolut
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Individually addressable out-of -plane micronedus been developed in our lab as
described in the following section. DRIE high agpeatio silicon etching process is used
here to form the molds of the needle arrays. Xesbtropic silicon etching process is
employed here to form the accessing microfluidiarotels to the needles. Another key
process used here is conformal parylene C coalagylene C polymer will conformally
deposit on the walls of the holes and trencheseetddly DRIE and XeF2 forming hollow

needles and fluidic channels.

2.2 Design and fabrication

The fabrication was carried out on double-sidegh@d 350um thick silicon wafers.
The thickness of the wafer will determine the olldraight of the microneedles. First, ash
parylene C layer was deposited on the front sideadér using SCS PDS2010 coating system.
Due to the nature of parylene C coating, both sidine wafer were coated with parylene C.
Back side of the wafer went through ffllasma to remove the deposited parylene and expose
the silicon layer. Next, through-silicon vias of @ in diameter were formed by DRIE from
the backside of wafer as shown in Figure 2.1(a)teNbat the recipe of DRIE has been
modified to create a slightly slanted side wallgtee the vias pointy shape. Those vias will
function as a shape mold to make hollow needlefter Ahe backside etching, 200 nm Al
layer was evaporated on the frontside after trgatire parylene C layer with a mild,O
plasma to improve the adhesion. This Al layer e patterned and subsequently used as
an Q plasma mask to open 8-um wide windows on the paeylayer as shown in Figure

2.1(b). In the next step, XeFan isotropic gas phase silicon etchant, was tgefibrm
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trenches in the silicon substrate through the wivsl@pened in the parylene layer. The
trenches created have an undercut of approximajen2%rom the parylene openings. Note
that the trenches were connected with the througiois vias as seen in step (¢). Then the
parylene microchannels were formed and sealed pgsitng another 1@m thick parylene

C layer.

¥

Parylene C~ Through via —»

(a)

)

(c)

Figure 2.1. The fabrication process of the microneedles wittegrated microchannels(a)
deposit a parylene C layer; etch through-silicoasvirom the backside of the wafer using
DRIE; (b) pattern the parylene layer; (c) etchshigon substrate using XgHd) coat a thick
parylene layer to seal the channel; (e) patternfitbetside parylene; (f) DRIE from the
backside of the wafer using Al mask; (g) removermddsk and continue DRIE to release
Parylene cable. Out-of-plane microneedles also geder
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The parylene deposition is a very conformal procéserefore, parylene layer was
able to deposit on the inside surfaces of the trescforming sealed parylene channels [48].
The cross-sectional view of the sealed parylenenmélais demonstrated in step (d).
Simultaneously, hollow microneedles were formedHhsy parylene film deposited inside the
through-silicon vias (step (c)). The frontside ypane layer is then patterned with a thick
photoresist (AZ4620) mask and the parylene is etche G plasma as shown in step (e).
Next, as shown in step (f), DRIE was carried outl@nbackside using an aluminum mask to
selectively thin down the wafer. When the remagnivafer thickness reached about 100,
the aluminum mask was stripped away. Then DRIE icoatl on the backside until the
parylene channels were exposed. Simultaneoustpuse the etch rate of payrlene in DRIE
is much slower compared with that of silicon, pang microneedles embedded in silicon
emerged and protruded above the silicon surfacete Mhat the height of needles protruding

above the silicon surface can be increased byiaddItDRIE etching.
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2.3 Results and discussion

2.3.1 Fabricated device

Figure 2.2 (a) shows a fabricated mcironeedle @ewih flexible parylene cable.
The overall length of this device is about 20 mieadnsists of two silicon islands connected
by a flexible parylene cable embedded with microcieds. The left silicon island carries 4
slender beams which facilitate the coupling of mdeé tubings to on-chip microchannels.
Figure 2.2 (b) shows the SEM image of a microchhmbet on the tip of the coupling beam.
As shown in Figure 2.2(c), the right small siliastand hosts a 2x2 microneedle array. These
parylene microneedles are about 80 um high, ankl ant outer diameter of 35 um and an
inner diameter of 15 um. It is worth noting tha height of microneedles can be adjusted by
controlling the DRIE loops in step (f) and (g). €lim-plane parylene microchannels are also
visible in Figure 2.2(c). These channels connecth® out-of-plane microneedles at the
bottom surface of the silicon island. Each miceatle can be individually addressed by the

inlet ports on the left silicon island.
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Polyimide Tubing 5mm

(b)

X X

Sealing-groove

(d)

(e)

Figure 2.2.(a) A Polyimide Tubing coupled microneedle devicghwe.5 cm long flexible

parylene cable. Epoxy is used to seal the coupimgrface; (b) SEM image of the
microchannel inlet port on one coupling beam; (EMSimage of the small silicon island on
the tip of the parylene cable; (d) cross-sectionalv of a micrchannel embedded in the
parylene cable; (e) magnified view of the 2x2 mieredle array on the small silicon island.
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The cross-sectional SEM image of a parylene chaaméledded in the parylene cable
is shown in Figure 2.2(d). Note that this charwa$ formed using two columns of openings.
The groves resulting from the sealing of the twluems of openings can be clearly observed.
The marks due to the isotropic XeF2 etching froja@eht openings can also be seen from
the parylene channel walls. This device enablegvio animal study. Namely, the small
silicon island containing the microneedle array banimplanted into the eye of an animal
(e.g., cat or monkey). Neurotransmitters suchlatugate can be ejected to retina through

the flexible parylene channels.

Rigid needle arrays have also been developed faitnim retinal stimulation study as
seen in Figure 2.3. In order to improve the robessnof our device, rigid devices integrated
with 4x4 microneedle arrays have been fabricatéd 4x4 microneedle array locates in the
center of the device and covers an area of 500 |5@0xum. The dimensions of these needles
are same as those on flexible devices. The 4xf#omeedles can be individually addressed
by 16 microchannels whose inlets are distributeh@lthe 4 edges of the 1.2 cm x 1.2 cm

square silicon chip.
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@) (b)

Figure 2.3.(a) Photograph of a rigid microneedle device. daeice carries 16 slender
beams, each of which contains one microchanndl il SEM image of the 4x4
microneedle array located in the center of the ,ohifich can be addressable by 16
microchannels.

To investigate the connection between the needidshannels, silicon of the rigid device
was completely dissolved by TMAH (Tetramethylammoni hydroxide). It has been
demonstrated previously that parylene C is notkété by TMAH [49]. Figure 2.4 (a) shows
the SEM image of the resulting pure parylene devite tapered shape of microneedles was
formed by adjusting the parameter of DRIE during #tching of through-silicon vias. The
parylene microchannels previously embedded in theos substrate now can be clearly
observed. It can also be observed how the outaewfepparylene microneedles are connected
to in-plane parylene microchannels in the magnifieav shown in Figure 2.4 (b). Note that
XeF, at step (c) also attacked through-silicon viasweher, XeF only enlarged the bottom

part of the vias as evidenced by the donut strastat the bottom of microneedles shown in

Figure 2.4. (b).

www.manharaa.com




32

(a) (b)
Figure 2.4. (a) SEM image of the pure parylene device by dissgl away silicon. (b)
Magnified SEM image of the connection between dyttane microneedles and in-plane
channels

2.3.2. Fluidic injection test

In order to test the connection between the miardlgeand microchannel, fluorescent
dyes were injected to one microchannel under aspresup to 8 psi. The resulting fluorescent
image is shown in the inset of Figure 2.5(b). Thenection between the circular area, which
is the bottom of the microneedle, and the in-plameochannel can be clearly observed. The
flow rate of a microchannel was measured usingd@ianized) water. Polyimide tubing (with
an inner diameter of 620 microns) was coupled ®rtlicrochannel and then sealed using
epoxy as demonstrated in Figure 2.2 (a). A prograbiensyringe pump and a pressure sensor
were used for dispensing liquid and measuring pressThe flow rate as a function of
pressure applied was measured and plotted in Figuséb). Figure 2.5(a) shows the

micrograph of a water droplet emerged from onénefrhicroneedles.
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@)

Pressure(PSI)
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Flow Rate(uL/min)

(b)

Figure 2.5.(a) Optical micrograph showing a water droplet egim&y from one microneedle.
(b) The measured relationship between the applredspre and flow rate. The inset is a
fluorescent image of the microchannel and donuictire at the bottom of the microneedle
(the channel was filled with fluorescent solution).
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2.3.3. Preliminary in-vitro retina test
In addition to the fluidic tests done in our labe tfabricated device was sent to our
collaborator Dr. Paul Finlayson for a preliminanpvitro retina test. A retina tissue was
removed from a rat and cultured in a small contaioetesting. Then our microneedle device
was placed in close contact with the retinal tissloeg with a small electrode placed next to
the needle outlet for neural activity monitorings Ahown in Figure 2.6., chemical based
neurotransmitter was delivered to the retinal #ssia a 10 PSI pressure pulse. Retinal

tissue’s prompt neural response can be clearlyrebden the form of electrical spikes.
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Figure 2.6. Neurotransmitter ejection pressure pulse and thgltireg neural spikes. Source:
Dr. Finlayson.

www.manaraa.com



35

2.4 Summary

We demonstrated a novel microfabrication technolo@yut-of-plane individually
addressable microneedle arrays with integratedgragymicrochannels. Two different types
of devices, rigid devices for in-vitro retina stitation study and flexible devices integrated
with parylene cables for in-vivo study have beeweligped. The fabrication takes advantage
of the conformal coating of parylene. The moldspafylene, including the trenches and
through-silicon vias, are formed by Xe#tching and DRIE, respectively. Microneedles and
microchannels are formed by coating parylene comédly inside the vias and trenches. The
functionality of the device has been demonstrateédjbcting water through microneedles. A
simple perfusion chamber is being built on the adghe rigid chip for the in-vitro retinal
stimulation study. The flexible device allows i study by implanting the small silicon
island containing the microneedle array into the efyanimal (cat or monkey) and injecting
neurotransmitters such as glutamate through thebfee parylene channels. Our device

enables the delivery of drugs to the desired siifs high spatial resolution.
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CHAPTER 3. Hybrid silicon-polymer platform for self-locking

and self-deploying origami

3.1Introduction

Origami, traditionally the art of paper folding, shdbeen applied to a variety of
engineering applications based on its principlerefting three-dimensional (3D) structures
from two-dimensional (2D) sheets through a highrdegf folding along the creases. The
applications of origami ranges from space explora{e.g., a foldable telescope lens[50]), to
automotive safety (e.g., airbags), and biomediealads (e.g., heart stent[51]). Materials like
shape memory alloy [52] in forms of coil and thitit plates has been developed to achieve
effective bending motion for origami structure. §koorigami devices are fabricated by
precision machining or laser micromachining [53]More traditional microfabrication
methods such as photolithography have also beahasevell [54-56]. The employment of
microfabrication will potentially allow the mondiiic integration of electronics and MEMS
sensors with origami. We developed an origamifgiat based on microfabricated silicon
island arrays. This Silicon-polymer hybrid platfoakes the advantages of the excellent
rigidity of silicon substrate and combines the iftelity of polymer technology to make
flexible devices. Not only it renders the whole idevreasonably flexible, it also can be
employed to achieve functions like actuation[57heTtechnology presented in the previous
chapter has been adopted to develop our origartfiopta CMOS electronics and MEMS

devices can be first fabricated on the silicon waff7, 8, 58]. Then low-temperature
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processes are carried out to form silicon islamdyarand the parylene balloon creases. Such
an origami platform, with its capability to inte¢ggaCMOS circuits and MEMS sensors, self-

lock and self-deploy, will be of great interesthe fabrication of some 3D devices.

The proposed origami device and operation principteself-locking and self-
deployment is schematically illustrated in Figurel.3 The discrete silicon islands are
connected by a parylene balloon at the creasegratesl with a metal heater and filled with
paraffin wax. Of cause, other materials exhibitagghchange at low temperature can be used
as well. Paraffin wax was chosen in this experimé&he paraffin wax can be melted by
applying electric current to the heater and retorthe solid state by turning off the heater.
To fold the origami, the wax is melted first, maiithe balloon flexible. Then the device is
folded by external forces. While the device istkeghe folded state, the heater is turned off.
The wax solidifies and the origami is locked in floédded state. For the deployment, the
heater is turned on to melt the wax to the liquates Thus the folded origami can return to
its original flat state when the heater is on duehie elastic restoring force of the parylene

balloon.

Figure 3.1. Schematic of the silicon island origami with a pang balloon crease for self-
locking and self-deploying functions.
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3.2 Design and fabrication

The simplified fabrication is illustrated in FiguB2. A 500um thick silicon wafer
was used for the fabrication. First the wafer wasdughly cleaned and deposited withrg
thick parylene C layer as shown in Figure 3.2(d)e as show in Figure 3.2(b), a layer of
25/200 nm Ti/Au layer was deposited and patteroefdtm the micro heaters, bonding pads
and corresponding connection traces. Ti was used teeimprove the adhesion between
parylene C and Au. Next, an array ofii x 20um parylene openings was etched via O
plasma. In the next step, through the parylene i@dows, the silicon substrate was
selectively etched by isotropic gas-phase etchast s illustrated in Figure 3.2(c). The
depth of the undercut was measured to be 50 phmsrcase. Larger depth can be achieved by
increasing the exposure time to %edr using DRIE to deepen the openings before XeF2
etching. These cavities define the shape of pagylealloons. Another thicker layer of
parylene C film was conformally deposited on thétdra and side walls of the cavities as
shown in Figure 3.2(d). This parylene C layer dtameously sealed the perforated top
parylene C film and encapsulated the metal hea®sg/gen plasma was then used to pattern
the parylene layer to define individual devices arngdose the contact pads as shown in Figure
3.2(e). Finally the backside of the wafer were graid and etched via DRIE to form the
silicon islands and release the flexible paryleaiobn creases as demonstrated in Figure
3.2(f). Note that the balloons extend into thean islands. This actually provides cushions
between the metal traces and the rigid edge dafosilislands, significantly reducing stress

concentration as demonstrated in our previous 8k
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Figure 3.2.Simplified fabrication process of the Origami devic

Figure 3.3(a) is a micrograph of a fabricated deviSince the present work is to
demonstrate the self-locking and self-deployinguiess, the testing device only contains two
silicon islands that are connected by 3 paralleylpae balloons. The integrated heaters can
be accessed by the bonding pads placed on thgideft Polyimide tubes were glued for the
injection of melted wax. The detail of the integhheater can be observed in Figure 3.3(b).
More details of the parylene balloon can be founthe front side and back side SEM images
shown in Figure 3.4. Note that the parylene balla@s cut in the middle using a razor blade

in order to observe the cross section.
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|

(b)

Figure 3.3.(a) Front side micrograph of an actual fabricatecrorhinge structure with thre
individual Paraffin wax filledparylene balloon hinge; (b) micrograph of tmetal heater
integrated on thegrylene balloon
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SEI WD44mm  SS29

SEI  25kv WD43mm  $S29

(b)

Figure 3.4.(a) Front side and (b) backside SEM images of gl@ae balloon cut to show its
cross section. The inset shows the enlarged vieiweoballoon.
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3.3 Device testing and characterization

The balloons need to be filled with paraffin wax fihe self-locking and self-
deploying functions. This was achieved by pladimg whole device on a hotplate with the
temperature set at 68C, above the melting point of the paraffin wax (322, Sigma-
Aldrich). The melted wax was then simply injectad & syringe. The filling was stopped

once excessive wax was observed on the outleeatlibnnel.

The stiffness of the parylene balloon with melted solidified wax was measured.
The test was carried out by using a needle to pgsinst one silicon island while the other
island was clamped. The distance between needentphe center of the balloon was about
4.3 mm. A load cell (GS0-10 from Transducer Techag) was used here to measure the
force. The displacement was controlled by a lireauator with resolution of 5 pm in step
size. In order to characterize the effect ofrla parylene balloon, the other two balloons
place outside were removed during the experimimt measurements were carried out when
the heater was turned on and off, respectivelye rBEisults are plotted in Figure 3.5. It can be
observed that the stiffness of the parylene ballth solid wax is more than four times of
the one with melted wax. In order to verify our exmental result, COMSOL Multiphysics
4.3b was used for a finite element simulation. eé\tbat the Young’s modulus of the paraffin
wax can range from 1 to 4 GPa depending on its ositipn. In the simulation, in order to
have 4 times increase in stiffness, a value of GBa was used, which falls within the
expected range of Young's modulus of paraffin wako have a large stiffness increase, a

thicker parylene balloon can be used.
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Figure 3.5.Stiffness measurements of the parylene balloon satid and melted wax.

In order to estimate the temperature when the heatmn, the temperature coefficient
of resistance (TCR) of the gold heater was charae and found to be 0.003211@).
When the heater was turned on by applying a cohstatage, the resistance of the heater
was simultaneously monitored. Then the temperatfitbe heater can be derived based on

TCR.

The self-locking and self-deploying tests were iedriout under a stereo microscope
and recorded by a video camera. First, the heatsrturned on and a micromanipulator was
used to push the device into the folded state.nThe heater was turned off while the device
was kept in the folded state by the micromanipulatoAfter about 30 seconds, which is
longer than the thermal time constant of the syg@mout 10 seconds), the micromanipulator
was removed. Since the wax was solidified, thdifg state was locked as shown in the O

second snap shot of Figure 3.6. Then the heatetwaed on, melting the paraffin wax filled
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inside the parylene balloon. The device returmedst original position due to the restoring
force of the parylene balloon. Figure 3.6 shovgeres of snap shots of the device when the

heater was turned on at O second.

Os 1s 2s 3s 4s 5s 6s 78s 16s Original position
V2NN 2 2R 2 A 2 2 2

Figure 3.6. Snap shots of the device during a self-deployingcgss after the heater was
turned on at 0 second.

For the present device, the metal heater failedwthe bending angle is greater than
45°. This angle can be easily increased by usingdohglloons or serpentine shape balloons.
The silicon island and parylene balloon structuas Bnother advantage of self-folding by
utilizing the volume expansion of wax inside thdldian. In fact, in Fig. 1 there are additional
wax reservoirs on the silicon islands. The reserfwath heater) on the right island is used to
provide additional volume expansion during actuatimhe small reservoir (with heater) on

the left island is actually a venting valve to gohthe pressure of the crease balloon. This
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paper, however, focuses on the self-locking antidegloying, and the self-folding feature

will be implemented in our future work.

3.4 Summery

In conclusion, the self-locking and self-deployifeatures of an origami platform
based on silicon island arrays and parylene balltre been demonstrated. These features
are made possible by wax filled parylene balloozases. For proof of concept, only metal
heaters are integrated to control the solid/liqphdses of the wax. Of cause, high temperature
silicon devices like CMOS circuits and advanced MEMevices can also be directly
integrated as well [60] . For example, silicon istrgauge and CMOS control circuits can be
directly integrated to provide feedback signalgoecision control of the bending angle. The
microfabrication process is post-CMOS and post-MEM8patible, enabling the monolithic
integration of electronics and sensors on the arigaibstrate (i.e., silicon islands). Such an
origami platform will be desirable for the fabricat of 3D devices. There are still more
work needs to be done in the future. For futureettgpment, the design will be optimized to
achieve larger bending angles and higher structgidity. The self-folding mechanism will

also be explored.
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CHAPTER 4. SOI-CMOS compatible technology to make

flexible electronics

4.1 I ntroduction

Flexible sensors or electronics are believed toehggnificant impacts on wearable
health monitoring, medical implants and many otggplications. In reference [4], a flexible
large area position sensitive detector was develdpe depositing amorphous silicon on
Kapton polyimide substrate. In reference [5], axifde multichannel sieve electrode for
interfacing regenerating peripheral nerves wasidated on polyimide film by using a silicon
wafer as a support for a much better dimensionrobrSimple MEMS structures on plastic
substrates, such as amorphous silicon air-gap agsan have been demonstrated as well [6].
Simple process flow and low cost are two main athges of direct fabrication on flexible
substrate. Large area flexible sensors or eleasordan be fabricated in this way
economically. However, since the process temperasuimited due to the flexible substrate,
high temperature processes are ruled out and therialaproperties are not optimized.
Moreover, due to this temperature limit, it will lzdmost impossible to integrate CMOS

circuits and many MEMS transducers to the flexgabstrate monolithically.

The chapter discusses a simple SOI-CMOS compatblaology which can be used
to fabricate flexible electronics without the liatibns of the conventional techniques. The
most unique part of our technology is the releasteg. All the electronic components of our

device, including metal interconnects and discigbeon islands can be fabricated right
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before the final releasing step. The releasing sielndes two parylene C film depositions.
The first parylene layer is used as a mask to seléhe devices and a supporting layer for
released devices. The second parylene layer fursctas an encapsulation layer for the
devices. XeF2 isotropic gas phase silicon etchanised here in the releasing step to etch
away the bulk silicon in the handle wafer. Paryl€hés selected as the flexible substrate
because parylene C deposition is a stress-freeowuaf process, and parylene C possesses
excellent properties such as chemical inertness;obmpatibility, as well as small leakage
current and low gas permeability. We have previpusilized XeF2 isotropic etching and
parylene conformal deposition to fabricate micrauieds and individually-addressable
microtubes [32, 61]. In order to demonstrate tbacept of the new flexible electronics

technology, silicon strain gauges and MOSFETs viiesefabricated.

4.2 Design and fabrication

The fabrication process started with a SOl waféhwi2 um n-type device layer and a
buried oxide (BOX) layer of 0.5 pm. As shown in tiig 4.1 (a), the Si device layer was
selectively doped at source and drain regions grbdiffusion (1100C, 15 min). Thermal
oxide was used as a diffusion mask here. The meguioron oxide layer from the diffusion
was subsequently etched away by HF (HydrofluoriedpcThe oxide diffusion mask was
removed simultaneously. Next, a @& PECVD oxide layer was deposited and patterned as
the gate oxide. Then as shown in Figure 4.1(b)sl&nds were patterned and the exposed
BOX layer were removed sequentially. Aluminum tisaeed contact pads were then sputtered

and patterned as shown in Figure 4.1(c). A singestep at 450C was carried out to form the
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ohmic contact between Al and the silicon (sourad dmain). It is worth noting that at this step
the aluminum traces and pads were in direct contédbtthe handle silicon substrate, leading
to short circuits. However, these short circuitgevieemporary since the handle silicon layer
would be undercut later. It can be observed thatellbctronic components can be fabricated

via standard CMOS process up to this point sineeetiis no temperature limit of fabrication

process.
Thermal Oxide Doped Si |ayer BOX
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Figure 4.1. Simplified process flow: (a) Boron diffusion; (bagerning the device layer and
removing the exposed BOX layer; (c) Al depositionl gatterning to form traces and pads; (d)
1st 3 um parylene deposition; (e) patterning the paryl@penings and etching away
underneath metal traces; (f) XeBtching to release the devices; (g) 2ndub® parylene
deposition; (h) patterning the parylene layer aidasing the device.
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Next, a few more steps were performed to transésficeés from Si substrate into
flexible parylene C substrate. First, a 3 Im thpekylene C layer was deposited as illustrated
in Figure 4.1(d). Next at step (e), arrays of smatidows (8um x 25um) 60um apart were
opened in this parylene layer using O2 plasma. Naethese openings were also formed on
all the wide metal traces/pads and silicon islafiden at step (f), XeF2, an isotropic gas
phase silicon etchant, was used to completely untiehe silicon underneath through the
windows formed in the previous step. Note thaftceili islands, including MOSFETs and
strain gauges, were protected by the parylene @erop and BOX on the bottom. At this
point both functional silicon device layer and nhdétaces/pads were supported by a free-
standing perforated parylene C membrane. Next,canskparylene C layer (10m) was
conformally deposited to encapsulate the devicesmeatal traces/pads and simultaneously
seal the etching windows as shown in Figure 4.10xygen plasma was then used to open
bonding pads on the front side and cut the outhhthe flexible device. Finally the flexible
device can be simply peeled off from the Si substrBlote that there are two physically
separated parylene C layers after step (h). Depgnain the application, we can choose to
either keep or remove the scalloped bottom pary@rayer by simply modifying the final
parylene etching mask. Because these two paryletey&®s formed an enclosed space by
keeping the bottom parylene layer, we could easitggrate functional microchannels,
microtubes, or diaphragms in the system. Herehferflexible MOS- FETs and strain gauges,

the bottom parylene layer was removed.

www.manaraa.com



50

A fabricated flexible device is shown in Figure 4avhich is handled by a pair of
tweezers. The flexibility of the device can be digabserved. In order to facilitate the
subsequent testing and calibration, contact padgdlsquare pads seen in the picture) are
made fairly large about 1mm by 1mm in size. Al tevices and metal traces (except

contact pads) are encapsulated by con- formalltedo@ansparent parylene C films.

Figure 4.2.A bent flexible device held by a pair of tweezers
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Figure 4.3.Cross sectional SEM image of the flexible device

Figure 4.3 shows the cross section of the flexddeice. The relative position of the
device layer in the parylene C film can be observesidescribed in the process flow, there
was an initial parylene film (1st parylene C layaibpve the device layer. During step (g), the
2nd parylene C layer was deposited to reseal ajcholes. The 2nd parylene layer was
conformally deposited on the bottom side througthiegy holes as well and simultaneously
coating the sides of the 1st parylene layer. 2mgi@ae layer will stop coating the bottom
side once the holes have been sealed. It estintlé&daround 4um thick parylene will be
deposited on the bottom side andul@ parylene will be deposited on top side. Thereftire

device layer was below the middle plane of the lgawgy C layer. The relative position can be
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easily adjusted by thinning down either top or twitside of the parylene C film via O2

plasma after the device has been released frosuthsrate.

4.2.1 Fabricated MOSFETSs

Figure 4.4.Optical micrograph of four MOSFETSs with differeritannel widths.

Figure 4.4 is the optical micrograph showing dstail four MOSFETSs with different
channel widths. The 2-D arrays of re-sealed etchiolgs can be clearly observed as well

(which appears to be dotted lines). Note that tbkieg holes were also formed on the silicon
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islands and wide metal traces. The location ofefohing holes are specifically designed so
that these holes facilitated the undercutting dican underneath without affecting the

functionality of the devices.

SEI WD10mm  SS50

Figure 4.5.SEM image of a MOSFET integrated on the flexiblbstrate.

Figure 4.5 is a SEM image of a single MOSFET faigd on the parylene flexible
substrate. Note that the MOSFET and metal tracessandwiched between parylene thin
films. They can be observed in SEM because of éighth variation. The sealed etching holes
can be observed with more details in this SEM imadmte that the original width of the
etching holes was @m wide. The second 10m parylene C deposition was more than
enough to completely seal these holes to make gletenfilm and enhanced the mechanical

strength of the flexible substrate.
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The fabricated flexible MOSFETs have been prelimip&haracterized. Figure 4.6 (a)
plots the Isd-Vsd curves of one PMOS device wiffedent Vsg. It can be observed that the
threshold voltage Vth of this PMOS is less thav:-F-igure 4.6 (b) illustrates the change of
the Isd-Vsd curves when the de- vice was bent witlixed Vsg of 15 V. The increased
current is due to the increase of charge carridsilitppwhen the MOSFET channel is strained.
The strain sensitivity is mainly because the MOSHEThot at the neutral plane of the
substrate. The MOSFET can actually be used asstiserflexible strain gauge in this case.
It will become even more sensitive if we selectvdlin down the bottom side of the parylene
C film and thus move the device layer further aweym the neutral plane. For other
applications, the device layer can be positiongdtron the neutral plane to minimize strains

by reducing the thickness of the top parylene @daya O2 plasma.
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Figure 4.6.(a) Isd-Vsd curves of one PMOS device with différgsg; (b) shift of Isd-Vsd
curves of one PMOS device when the device was ohefdr(Vsg is fixed at 15V)

4.2.2 Fabricated Strain Gauges

The magnified view of two perpendicular strain gesigan be found in Figure 4.7. In

this figure, both narrow metal traces and wide grated metal traces can be observed. Note

that metal traces or device narrower thamB0(the spacing between rows of etching holes)

can be designed to be a complete device withotirggdholes embedded inside the feature.
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Wide metal traces and devices wider thanueOwill have etching holes embedded inside the
feature. Wider metal traces make our device momalde and they are also required for
contact pads. Note that arrays of small dimpleschvhare resealed parylene C windows after

second parylene C deposition, can be observedeosutiiace as shown in Figure 4.7

p. ¥~ Strain gauges

‘ : Wide perforated metal trace

i
|
4
!
|
|

Figure 4.7.Optical icrograph of two perpendicular strain gesig

In order to test the performance of the flexibleist gauge, conductive epoxy was
used to connect the testing wires to the exposddlmentact pads. A simple experiment was
carried out by pushing the flexible device in theditudinal direction (to induce buckling) as

illustrated in

Figure 4.8. The displacement was controlled using a precisiooro-manipulator.
The resistance change of the strain gauge as adomaf displacement was recorded. The
experiments were repeated 10 times and the avela@gepoints with standard deviation are
plotted in Figure 4.9. If the gauge factor is 1@ heavily doped n-type silicon), the strain
experienced by the strain gauge is 0.387% for 1lmsplatement in the experiment

(corresponding to a bending radius of ~3 mm). Thisdtually a sensitive flexible strain
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gauge because the silicdevice layer is not at the neutral plant will become even mor
sensitive if we selectively th down the bottom side of ttparylene C film and thus move t
device layer further away from the neutral plaf®r other applications, the device layer
be positioned right on the neutral pleto minimize strains by regting the thickness of tt

top parylene C layer via O2 plasm

\ Conductive Epox ’

Strain gauge position

)

Micromanipulator moving directic Fixed Stag

Figure 4.8.Testing setup with two moving stages to controldisplacement
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Figure 4.9. A simple experiment records the resistance chargke the device bends when
we applied the displacement in the longitudinag¢diion
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4.3 Summary

In conclusion, a simple SOI-CMOS compatible flegil@lectronics technology has
been demonstrated. This technology has advantagbesimg simple and compatible with
commercial SOI-CMOS processes. High-density ant-pgyformance CMOS circuits can be
first fabricated using SOI foundry (by slight modifg the layout rules) and readily
transferred to flexible substrates. The post-CMQ@&@ss only requires two masks, one is
used to form etching holes and the other to openntletal pads and shape the outline. In
addition, the lamination of the electronics betwganylene films offers protection against
moistures from the environment. By eliminating tinensfer printing process, the device
density and yield can be increased significantlprébver, the electronics or sensors can be
positioned at either neutral plane or any otheeaetl planes by simply modifying the
thickness of the top or bottom parylene C via G&spla, and therefore allowing more design
flexibility. It is also worth noting that this tenblogy is post-MEMS compatible in some
sense and thus allows the integration of variousviEsensors and microfluidic components

on the flexible substrate.
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CHAPTER 5. A parylene smart tube technology compatible with

high-temperature solid-state materials

5.1 Introduction

The ability of our technology to make fluidic desgcand integrate CMOS elements
has been demonstrated in the previous chaptersabitiey to monolithically incorporate
electronic components and micro-fluidic structusehighly desirable. This chapter will

discuss a smart tube device enabled by our tecpolo

Smart tube devices could be used in various bioddgnd medical applications. Li et
al. developed a lab-on-a-tube device targeting oraanitoring of patients with traumatic
brain injury [62]. Smart catheter flow sensor fealtime continuous cerebral blood flow
monitoring has been developed as well [63]. Theiricks were developed by spirally rolling
a flat cable integrated with multiple sensors. a8nube or cannula devices can be used for
intraocular pressure measurement or ocular drugedtgl[64, 65]. Smart tube device can also
be used for 3D cell culture or tissue engineeriogmeasure the local parameters such as
pressure, flow, pH, O2 concentration, voltage amds [66, 67]. Neural prosthesis can be
benefited from smart tubes as well, for the cajtgbdf measuring local physicochemical,
mechanical and biological microenvironments [68-70] this chapter, we present the
development of a parylene smart tube technologypatiimle with high-temperature solid-

state materials. Namely, circuits and sensorsbeafirst fabricated on silicon wafers using

www.manaraa.com



61

mainstream CMOS and MEMS processes without the éeatypre limitation. For the purpo

of proof of concept, a pressure sensor and a fevs@ are integrate

5.2 Design and fabrication
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Figure 5.1. Simplified process flow: (a) Boron diffusion; (bpgerning the Si island c
device layer and removing the exposed BOX laygrA{adeposition and patterning to m
traces and pads;(d) 1st 3 yoarylene deposition; (e) patterning the pang openings ar
etching away underneath metal traces; (f) , etching to relase the devices; (g) 2nd 10 |
parylenedeposition; (h) patterning ttparylene layer and releasing the device.

The fabrication was carried out on a SOl wafer watlum r-type device layer c

resistance around 1-10 ohem. First, the Si device layer was selectively dbpéth a
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diffusion mask grown and patterned prior to theidgpas seen in Figure 5.1 (a). Next, Si
device layer was patterned and the exposed BOX {age also removed subsequently. Note
that two silicon devices were placed perpendicidagach for better illustration of our process
even though the actual fabricated devices wereegdlatthe same direction. Then as shown in
Figure 5.1 (b), a 0.5 um PECVD oxide layer was dépd and patterned to cover both top
and side wall of the Si devices except the dopgibns. Aluminum (Al) traces was then
sputtered and patterned to make electrical comteitte doped Si regions as shown in Figure
5.1(c). It can be observed that the electronic comepts and sensors can be fabricated via
standard CMOS and MEMS processes up to this poioeghere is no temperature limit of
fabrication process. Next, parylene C layer wasodiépd and then patterned with arrays of
small windows (8 um x 25 um) 60 um apart as dennatest in step (d) and (e). Note that
these openings were also formed on metal tracesrih@n 60 pm such as contact pads. The
exposed Al traces were also etched away in this Stieen at step (f), XeF2, an isotropic gas
phased silicon etchant, was used to undercut licersto form continuous trenches. Note that
the silicon devices were not attacked since theye\peotected by both parylene C on the top
and BOX on the bottom. At this point the devicesravaupported by a free-standing
perforated parylene membrane. Then a second paryetayer (10 um) was conformally
deposited to encapsulate the silicon island andilmetces/pads as shown in step (g). The
parylene windows patterned previously were alsd¢edeat this point and formed a complete
parylene membrane. Finally the outline of the smidring device can be defined and all the

devices can be simply peeled off from the substrate
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5.3 Results and discussion

Figure 5.2(a) and (b) are optical images and SEM picture t#dbaicated smart tuk
device. The whole devices imade out of conformal coat¢parylene C which makes tt
device highly transparent. The pressure sensoodatéd on thearger square diaphragn
composed of four siliconi@zoresistor: The flow sensor, which is based on thermal prim
and is made of a silicameatel[71, 72} is placed further down to the neck re¢ of the tube.
The 2D arrays of white dotsre the sealed etching holes oaryene. Total of three met
traces were used to access both sensors. Theidmand cross-section&EM image of the

device is illustrated in Figure® The scallopshape is the result of isotropic etching of Xe

SElI  25kV WD40mm  SS50

(@) (b)

Figure 5.2.(a)Optical image of the fabricated device includinghbpressure sensor and fl¢
sensor; (b) back side and SEM images of the d; the inset is the optical image of the se
device where the front sidensorcan be observeithrough transparent parylene bottom la
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SElI  25kv WD40mm  SS50 x430 50um

Figure 5.3.Cross-section SEM images of the tail section ofdénace

To better understand the operation of our pressemeor, a white-light interferometror
(ContourGT InMotion 3D Optical Microscope, Brukeaib Inc) was used to measure the
deformation of the square diaphragm under pressushiown in Figure 5.4. The deformation
of the diaphragm can be clearly observed as the tmidergoes 55kPa air pressure generated
by a syringe pump. The maximum deflection of thapdragm as a function of the
differential pressure is plotted in Figure 5.5. Tdeta shows that the deformation of the

diaphragm becomes nonlinear when the pressurege. la
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Figure 5.4. Surface profile of the diaphragm without (left) amdgth (right) differential
pressure applied.
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Figure 5.5. Cross-sectional surface profiles of the pressune@ediaphragm under different
pressures.
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In order to calibrate the pressure sensor and #ewsor, testingapparatus was
constructed to perforrihe testing othe integrated gssure and flow sensors on parylene
tube in liquid environment. As schematically ilieded inFigure 5.6 the smart tube devic
was sealed into a chamber meout of glass slides. This chamber is essed by two 2
gauge polyimide tubings. Note that the tip of earart tube where sensors are located
placed inside the inlet polyimide tubing and thi& saction of our smart tube was plac
outside of the chamber for electrical access. Tiprebes were used to access the electt
contact pads located on the tail section of therstube. In addition, the accessing fat the
tail endof the smart tube was not sealed which makes ttterbcside of the pressure sen

diaphragm exposed to atnpbeere

Figure 5.6. Schematics of our testing set The sensing tip of the smart tube device
placed inside the inlet polyimide tubing which elegbus to characterize the flow sen
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Both piezoresistors and heaters are made of sibgwhare sensitive to temperature.
The resistance of the sensing resistor as a funofitemperature was measured. Based on the

data, the temperature coefficient of resistanceR)l@as calculated to be 0.0028 (oC-1).

The pressure characterization was carried outilbggf the chamber with liquid
solution, IPA in this case, into the chamber vigyange pump. A pressure sensor was also
coupled in the system to measure the chamber peedastead of pressurizing the smart tube
device, negative chamber pressure was generataglitbgirawing liquid inside the sealed
testing chamber using a syringe pump from the buyttdyimide tubing. A differential
pressure was generated across the diaphragm.eS$iséance change of the piezoresistors was
measured when the differential pressure increasea Zero and returned to zero, as shown in
Figure 5.7. Some hysteresis was observed due tfathdahat our sensor was made out of
polymer material. It can be observed that the mgste was smaller at lower operation
pressure range. When the pressure range is 0-15tK@aysteresis is less than 3.8% of the
full range. Nonlinearity was also observed, whisltonsistent with the surface displacement
data measured by white light interferometer. Thesgure sensitivity of the integrated flow
sensor was also measured. It is observed thatdewgor exhibits a very low sensitivity to
the pressure change. Therefore the pressure igariafll have minimum impact on the

operation of the flow sensor.
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Figure 5.7.Measured relationship between differential presapgied and resistance change
at room temperature. Colored lines are measurad freessure sensor at different pressure
settings which shows the hysteresis of the systeata in black indicates the resistance
change of the flow sensor under pressure.

The flow sensor was first characterized by I-V asyvfrom which temperature
changes versus power consumption relationship wésned. A temperature sensitivity of
0.58°C /mW was observed. Our sensor was encapsulatpdrigiene C which has a melting
temperature of around 29C. A fixed bias voltage (2.5V in this case) waplaal to the
sensor and current passing through the resistorrea@sded when different flow rate was
generated by syringe pump. Based on the TCR vHiaayorking temperature of the thermal
resistor was estimated to be around®60which is a safe value for both parylene and tiqui

content we were measuring. The measured poweruogri®on of the flow sensor as a
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function of flow rate is shown in Figure 5.8. Ndteat the thermal convection around the
sensor is a function of the flow rate. More hedl e dissipated at higher flow rate which in
turn reduce the temperature of the thermal resi§€tonsequently the resistance decreases and
the power consumption increases with constant geltmode. It is observed that the flow
sensor exhibited relative large fluctuation. TlEsmainly because the device was suspended

in the liquid and became instable when flow ratedszero.
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Figure 5.8. Measured power consumption with various flow speed
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5.4 Summary

Smart tube devices with integrated pressure seredsflow sensors have been
demonstrated. Our new technology has the advambgeing compatible with CMOS and
MEMS processes. High-temperature solid-state naddecan be integrated, significantly
increasing the performance and functionality of grhge devices. By eliminating any post-
fabrication bonding and packaging processes, higbughput and more reliable devices can
be fabricated. The chemical resistance and bioatibifity of the parylene C makes our
device suitable for a variety of biomedical appii@as. It is worth noting that other types of

sensors and microfluidic components can be reauigrated.
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CHAPTER 6. Additional applications and future work

6.1 Smart yarn devices

6.1.1 Introduction

Intelligent textiles, variously known as smart fiaby electronic textiles, or e-textiles,
have attracted considerable attentions worldwide tdutheir potential to bring revolutionary
impacts on human life [9, 73]. Various functionarys based on optical fibers, conductive
polymer, metal filaments, or even carbon nanotub@ge been developed for intelligent
textile applications [74-77]. However, the aforetm@med smart yarns do not have
sophisticated electronics or sensors and requibeichyassembly of external circuits/sensors
which render the system less flexible, and alse fesctionality in many cases. The ability to
incorporate electronics and sensors into yarns iithiwally and invisibly is highly desirable
in order to reduce the complexity and increaseflgability/functionality of the system. In
addition, due to the temperature limitations, sitidbased sensors and CMOS circuits cannot
be integrated. Our SOI-CMOS compatible technology fabricate flexible electronics
introduced in the previous chapters enables us dweldp intelligent textiles. This
compatibility allows the integration of high penfileance CMOS circuits by taking advantage
of SOI-CMOS foundries. To prove the concept, weehdemonstrated the integration of

silicon strain gauges and MOSFETSs.
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6.1.2 Fabrication

The fabrication process our smart yarn device impatible with the processes
described in the previous chapters. CMOS compalilgh temperature processes including
thermal oxidation and Boron doping are performerpto any parylene C deposition as
demonstrated in Figure 6.1. All of the functionlatronic components are made at this stage
followed by the metallization of the interconnedces. After the first layer of payrlene C
deposition, arrays of Oplasma etched parylene C openings are specifipédiged to avoid
silicon devices and metal traces to expose theraedéh silicon handling silicon layer. XgF
gas is then used to etch away the underneathrsidtoch forms the cavity at the same time
based on our design. Second layer of parylene € layconformaly deposited to encapsulate
the cavity and seals the parylene C openings atdhee time to form a complete channel. As
indicated in step (h), the smart yarns with intégplastrain gauges and MOSFTEs were
outlined and patterned along the parylene tubesOdaplasma. Then the whole string of
devices can be simply peeled off from the silicabsirate. The device at this stage was
flexible and subject to kinks as it only consistshollow parylene tube. PDMS, a silicon-
based organic polymer, were simple injected frora end of the smart yarn as described in

step (j). When the PDMS cures the device transfantosa solid fiber structure.
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(&)
(h)
(i)

M Thermal Oxide WM Device Silicon Il BOX
I PECVD Oxide Handling Silicon Metal Traces

B Doped Silicon I Parylene C B PDMS

Figure 6.1. Simplified fabrication process: (a) Thermal oxidask was used here for Boron
diffusion; (b) Si island on device layer was pateetf and the exposed BOX layer was
removed; (c) Al deposition and patterning to famaces and pads; (d) 1stuBn parylene
deposition; (e) patterning the parylene openingsexposed metal traces; (f) Xegtching to
completely undercut the handling wafer, making deviee standing; (g) 2nd 1@n parylene
deposition to seal the previously opened parylemelows; (h) patterning the parylene layer,
open the contact pads and releasing the deviceD@JS was injected as a supporting core.
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6.1.3 Results and discussion

Figure 6.2shows a fabricateparylene smart yarn which measures 7.5 cm in le
and around 100 pm in diameter. The diameter ofspoart yarn is comparable to that
human hairs which vary from 17 180 um. Note that we are able to controlwidth of our
device by simply modifying the numbef columns of @rylene etching windowand the
spacing between goylene columns. In addition, overall diameter afr alevice can b
controlled by modifying thedlepth of Xel, etchingbased on the number of etching lc.
Excellent flexibility can also be observed and thevice can be easily handlbetween

fingers thanks to its reinforcing PDMS coiThe bright reflectionobserve in the picture

bellow is the reult of metal interconnect
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SEl 25kV WDA17mm  §540 x1B0 100pm  —

SEI 25kV WD14mm 5S40 x180 100pm

Figure 6.3. Cross-sectional SEM images of our parylene fib@sFiber filled with PDMS;
(b) Hollow fiber without PDMS core.
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To better understand the benefits of the reinfgréDMS core, two devices with and
without PDMS core were prepared for comparisonos€issectional SEM images of these two

samples were shown in Figure 6.3.

It can be observed that the device on the leftrhae rounded profile compared with
the device without PDMS. The parylene C tube resairessurized during PDMS injection
and curing process. Moreover, we have put thosesamaples under extreme bending test to
better understand the benefit of having a reinf@atore. As shown in Figure 6.4 (a), the
results clearly demonstrate that our device wititMxore is almost kink-free under extreme
deformation. A bending radius of 0.5mm has bedmneaed. In comparison, Figure 6.4 (b)
shows the kinked device without PDMS core. Any gnéded electronics/sensors will be
prone to damages as extreme strain and stresbengenerated at kinked regions. The PDMS
core not only functions as a reinforcing layer aiso helps to reduce the strain on electronic

components when the smart yarn is under deformation

www.manaraa.com



77

SEl  25kV WD21mm  SS40 500pm  e—

SEl  25kV WD20mm  SS40 500pm  e—

Figure 6.4.(a) SEM image of a kir-free knot made by PDMS filled ygrthe inset picturis
an optical image of the actuPDMS filled yarn; (b) SEMmage of a kinked knot made |
parylene fiber without PDMS cor
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To prove the concept, simgsilicon strain gauges and MOSFETSs were first integr:
as seen in Figure 6.3he whole device is highly transparent even wiiltsd with PDMS. It
allows us to visually inspect any damages causeexbgssive force. In order to electrice

access those devices, conductive epoxy was usmzhteect the exposed cact pac

Figure 6.5.Optical images of a strain gauand a MOSFET integrated in tparylene yarn.

6.1.3.1 Bending test of the integrated strain gauge

Silicon strain gauge of 30 um by 1mm was embedded in thgitledinal directiorof
the yarn A simple bending test was carried out to evaluategrated strain gauge
demonstrated in Figure 6.6lhe testing was performed under an enclosed chard
eliminate ambient air flow which will cause uns&béading from the gauge. The total len
of the clamped smart yarn was 21mm with the strain gauggtipned in the middle. ,
moving stage with atep resolution of 5 um was used to displace odeoéithe smart yarr

Total displacement of 3mm was achieved during tbkite that the smart yarn in t
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schematic was the actual device bent at maximupiatisment. The resistance change of
strain gaige as a function of displacement was plotteFigure 6.7as we moved the sta
forward to its max displacement athen backwardo its original position. Hysteres was

observed due to th@asticity oithe PDMS core and outside parylene stieting the te.

y N\
V4 N
S ™Y
e
Moving stag Fixed stage

Figure 6.6. Experiment setup: thparylenefiber was secured at two stages with strain g
positioned at the center. Tharglene fiber was flat at initial position. Theretetage move
to the right to a maximum displacement of 31
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Figure 6.7.The resistance change of the strain gauge

6.1.3.2 Electrical characteristics of MOSFET

MOSFETs are building blocks for electronics whicte aised for amplifying or
switching electronics signals. A simple p-chann@$FET has been built into our smart yarn
and also been preliminarily characterized. TheVLy curves of the p-channel MOSFET
device with different \; are plotted as seen in Figure 6.8. It can be sbdethat the
threshold voltage ¥ of this p-channel MOSFET is less than -10V. THaitation process of
our MOSFETs was not optimized for the performancteur prototype development. The

purpose of this work was to demonstrate the abitityour technology to incorporate

MOSFETSs.
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6.1.3.3 Implementation of the smart yard device to blood pul se measurement

The smart yard device with integrated sensors edably our technology will bring

significantly improvements to a variety of wearaldeplications. For proof-of-concept

purpose, we utilized the integrated strain gaugewrflexible yarn for wearable blood pulse

monitoring application. The implementation of suahwearable device is very straight-

forward. Our smart yarn with strain gauge was weabp@round the wrist with a slight

pressure. The blood pulse correspondingly creatiesss pulse on the strain gauge. As

demonstrated in Figure 6.9., the stress pulse earidarly observed in the form of measured

voltage. This preliminary data proves that our rodtis valid and our device is capable for

wearable blood pulse measurement.
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Figure 6.9. Blood pulse measurement d.

6.1.4 Conclusion

In conclusion, a SOEMOS compatible technology to fabricate smart ydras beel
successfully demonstrated. MOSFETs and < gauges can be first fabricated us
commercial SOIEMOS processes and readily integrated into smamsyaBased on th
amount of the undercut from X; etching, the size of the yarn is only limited by thafer
thickness. Note that the reinforcing PDMcore will significantly increase the robustnes:
the yarn and prevent kinks when under deformatidepending on the applications otl
types of reinforcing cores are also under invesitiga It is also worth noting that ol
technology is posMEMS comjatible which means various MEMS sensors and C)
circuits can be integrated with slight modificatiof our fabrication process which w
further expands the functionality of the smart yatavice. The smart yarns can |
incorporated into fabrics, leadi to wearable sensors or electronics. Wearable h
monitoring systems based on smart yarns are higgdyrable due to their convenience

non-invasive nature.

www.manaraa.com



83

6.2. Micro PH sensors

6.2.1. Introduction

The pH sensor has served as an indispensable dodloth biology and chemistry
industries. The conventional glass tube pH sensar Imitations for a wide variety of
applications due to its bulky size. With the helipnaicro-fabrication techniques, various
micro-scale pH sensors have been developed. Amanigus materials, IrO2 which can
provide a rapid and stable response in differentlitons, became a superior material for pH
sensing [78]. However, most of the thin-flm micptd sensors do not have Ag/AgCI
reference electrode[79-81] which significantly caomise the sensing performance and long

term stability.

To overcome this draw back, we have developedxabfe liquid junction Ag/AgCI
reference electrode for micro pH sensor based an poeviously reported smart tube
technology [35]. Specifically, the reference eledt is constructed by simply inserting a 50
um diameter Ag/AgCI wire into a 100m diameter parylene tube and then sealing the open
end of the tube with porous Gel. To form a compjfgtesensor, Ir@working electrode can

be directly fabricated onto the parylene tube s@fa
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6.2.2. Working principle of a conventional pH meter

By definition a pH meter is an electronics devisedi to measure the pH value of a
liquid solution. The value of pH in a solution istdrmined by the concentration of hydrogen
ion. As indicated in Figure 6., both reference etete and measurement electrode are used in
a commercial pH meter. Reference electrode useslibdrecause a stable electrical potential
is required when measuring different solutions.AgitAgCl electrode is commonly used as a
standard reference electrode which has a relatal@espotential in variety of solutions. Glass
doped with lithium ions will react with hydrogenn® and potential can be measured to

determine the pH value of the solution.

Ag/AgCl wire Ag/AgCl wire
_ Glass bulb doped with
POI‘OlIJS Pot_assmm \& lithium ions to react
Junction & Chloride Buffer Yih hydrogen ions
. -

REFERENCE MEASUREMENT
ELECTRODE ELECTRODE

Figure 6.10.Components of a working pH meter.
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A commercial pH meter which integrates both refeeeelectrode and measuring
electrode in a single package is shown in FiguBe @bviously they are very bulky and

require large volume of sample solution.

Reference Junction

l/ Measurement Junction
&

Figure 6.9.A commercial glass tube pH meter. Source: Cole-Barm

Doped glass used in commercial pH meters are belky and expensive to make.
Other materials have been explored to selectivedgsure the concentration of the hydrogen
ions. IrQ appears to be a very good candidate to be useti isensing application. Our
technology enables us to directly integrate the le@ctrode onto our miniature reference

electrode.
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6.2.3. Design and fabrication
Our technology takes advantage of XaBotropic gas phase silicon etching and

conformal parylene C coating.

(d)

TR

0 I
e EEEEE T,

() ——————————
s T

(8) e e ~
B Ag/AgClwire [ Agar Gel . Metal Traces

"~ silicon Wafer [l ParyleneC

Figure 6.10. Simplified fabrication process: (a) Parylene Ctowpon a silicon wafer; (b)
Metal deposition to form sensing and contact pa@3 patterning the parylene openings; (d)
XeF, etching to completely undercut the handling wafed forms underlying channels; (e)
2nd 10um parylene deposition to seal the previously opgragliene windows; (f) patterning
the parylene layer, open the contact pads and expdke device inlet and outlet; (g)
Backside DRIE etching to release the device frdinasi wafer; (h) Insert the Ag/AgCl wire
and plug one end with Agar gel.
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The process starts with depositing am thick parylene C layer on the top surface of
a silicon wafer. Then a Au layer is thermally eviagted with Ti adhesion layer. This metal
layer is subsequently patterned to form the senaidycontact pads as indicated in step b.
Two columns of parylene C windows are opened ip stéo expose the underneath silicon.
XeFe isotropic silicon etching is used in step d tonfothe tubular shaped cavity as
demonstrated in step d. A second layer ofult® parylene C is conformably coated on the
entire wafer. Due to the conformal coating propetyparylene C, tubular cavity will be
uniformly coated and sealed by parylene C. Thempl@sma is used in step f to expose the
metal pads and shapes the outline of the devicekdg#e DRIE is used in step g to etch away
any unwanted silicon and release the device froenstibstrate. In order to make the device
more robust, a portion of the silicon is left ucketd at the base of the sensor. Finally, a 50
um Ag/AgCl wire is inserted inside the parylene tavel the tube is then capped by agar gel

to form a salt bridge.

Figure 6.11 shows the schematic of the proposeaddidor. Agar gel is used here to
function as the salt bridge for our reference ebetd. A 50um thick Ag wire is electroplated
with a layer of AgCI on the surface by soaking thg wire in 1 Mole KCI solution and
passing current through the Ag wire. As for thesseg electrode, Ir@is proven to be a good
material to be used as pH sensor. The device isruthevelopment at the moment and,IrO
has not been coated on the actual device. In fleniag section, only the part involving the

reference electrode will be discussed.
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Sensing Electrode(Ir02)

gar Gel)

Figure 6.11 Schematic diagram of the proposed device
6.2.4. Device testing and characterization
A fabricated micro pH sensor is presented in Fagud2. IrQ has not been plated on
the sensing tip. Polyimide tubing is used hereaigpte the silicon inlet in order to inject KCI
solution. The tip of the device is narrower to @netvthe gel from being pushed out of the
position. This is achieved by converging two limégparylene windows into a single row for

XeF; etching. Figure 6.13 shows the backside SEM mobdiia fabricated device.
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SEI  15kV WD32mm  SS40 x130 100pum  ‘—

Figure 6.12.(a) Fabricated micro pH sensor place at the finger(bp.SEM picture of the
exposed Au electrode before fr€pating
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SElI  15kV WD28mm  S$S40

Figure 6.13.SEM picture of the micro pH sensor

In order to test the performance of our fabricatei@rence electrode, a commercial
reference electrode is used during the testingh B¢ commercial reference electrode and
our device were submerged into a saturated KClisoluThe measured voltage of our device
against the commercial reference electrode isqalatt Figure 6.14. The data were measured
every 2 seconds. It can be observed that the patteritour electrode against commercial
reference electrode is held very stable for abdwb&rs. After 5 hours, the AgCl layer plated
on the surface of Ag wire was consumed and subséigueur device lost its reference

capability.
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Voltage reading in reference against another commercial
Ag/AgCl reference electrode
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Figure 6.14.Potential measurement against another commerci®lgy) electrode

6.2.5 Summary
The initial testing proves that our device caneptitlly serve as a stable reference
electrode. However, there is still more work todome. First, the AgCI layer electroplated on
our Ag wire has to be thicker for longer periocopkration. Then Ir@has to be coated on top
of the Au sensing pad to achieve the pH sensingtifumality. It is worth noting that most of
the existing micro pH sensors require additiondkypueference electrode for measurement.
Therefore, it is a great advantage that our tedgyknables the monolithic integration of

both sensing electrodes and stable reference atiestr
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6.3 Conclusion and future work

This innovative technology to make flexible eleains/sensors developed in our lab
during my Ph. D. research has been adopted to maakariety of useful devices. The
technology was first implemented in making parylemerotube arrays [32] with integrated
out-of-plan micro needles. The fact that our neeali@ys can be individually addressed
makes our device useful in many applications. Therorneedles device has been used for

retinal prosthesis study which will help to restaigion to the blind.

The ability to integrate microfluidic channels isigue to our technology. Various
medical devices have been made using our technofegyexample, we have developed a
hybrid silicon-parylene neural probe with locallgxible regions [83]. Parylene is a highly
flexible material, 3D devices are made possibldhe help of the simple folding process. A

multifunctional chronic 3D electrode array has bdeweloped based on this principle.

The ability to integrate more complex electroniosl &ransducers [34] is another key
feature in our technology. For example, we demaiesdr the integration of MOSFETSs with
flexible substrates and smart yarns [34]. We ate &bintegrate both pressure sensors and

flow sensors into a micro parylene tube [35].

Silicon devices are still considered to be thé fitgice in the semiconductor industry.
Our technology also relies on the processes otigghtp process silicon wafers. It is vital that
we also make otherwise sacrificial silicon as partour devices. We have developed a

silicon-polymer platform which enables us to ackieself-locking and self-deploying

www.manaraa.com



93

origami[33] as well as deformable silicon solarlgjé0]. The integration of the silicon

structures significantly improves the functionalifyour flexible devices[84].

A lot of efforts have been dedicated to furtheramngbthe capability of our technology
and it has been evolving over the past few yeameNeatures and fabrication processes have
been integrated into developing a variety of dessiceAmong various processes, XeF
isotropic silicon etching process, conformal pangl€C coating process and deep reactive-ion
etching (DRIE) are the most important techniquesius our technology. We have developed
a simple two-mask process to fabricate an in-chammero check valve[82] by only using
the aforementioned techniques. Therefore, this tgpecheck valve can be potentially
integrated. Our technology is very versatile wi possibility to integrate additional MEMS

fabrication processes and other materials.

This technology has inspired us to develop numenoigsesting and useful devices.
The potential of our technology is enormous. Marmarable and implantable devices can be

developed based on this technology.
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ABSTRACT

FLEXIBLE MEMS DEVICES:
A NOVEL TECHNOLOGY TO FABRICATE FLEXIBLE ELECTRONIC S

by

HONGEN TU

December 2014

Advisor: Dr. Yong Xu

Major: Electrical Engineering

Degree:Doctor of Philosophy

This dissertation presents the design and falwitaiechniques used to fabricate
flexible MEMS (Micro Electro Mechanical Systems)ames.

MEMS devices and CMOS(Complementary Metal-Oxidex8enductor) circuits are
traditionally fabricated on rigid substrates withoiganic semiconductor materials such as
Silicon. However, it is highly desirable that fuloctal elements like sensors, actuators or
micro fluidic components to be fabricated on fldgilsubstrates for a wide variety of
applications. Due to the fact that flexible sulistia temperature sensitive, typically only low
temperature materials, such as polymers, metatspeganic semiconductor materials, can be
directly fabricated on flexible substrates. A nladeehnology based on Xgkkenon difluoride)

isotropic silicon etching and parylene conformahtoay, which is able to monolithically
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incorporate high temperature materials and fluachennels, was developed at Wayne State
University.

The technology was first implemented in the depelent of out-of-plane parylene
microneedle arrays that can be individually addrddsy integrated flexible micro-channels.
These devices enable the delivery of chemicals wotftrolled temporal and spatial patterns
and allow us to study neurotransmitter-based rigpirasthesis.

The technology was further explored by adopting ttonventional SOI-CMOS
processes. High performance and high density CMi@lits can be first fabricated on SOI
wafers, and then be integrated into flexible swuef. Flexible p-channel MOSFETs (Metal-
Oxide-Semiconductor Field-Effect-Transistors) wesaccessfully integrated and tested.
Integration of pressure sensors and flow sens@sdban single crystal silicon has also been
demonstrated. A novel smart yarn technology thabkas the invisible integration of sensors
and electronics into fabrics has been developed.

The most significant advantage of this technolmgigs post-MEMS and post-CMOS
compatibility. Various high-performance MEMS dewscand electronics can be integrated
into flexible substrates. The potential of our tealogy is enormous. Many wearable and

implantable devices can be developed based on thtechnology.
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