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ABSTRACT

Pressure and temperature are parameters essential for brain monitoring. Currently, the
intracranial pressure (ICP) and intracranial temperature (ICT) are measured by the separate
sensors/catheters in clinic. Although integrated ICP and ICT sensors with low cost and minimal
damage to brain is highly favored, the integration of the sensors involves complicate assembly
and packaging process, and also increases the diameter of micro-catheters. Researches have been
done to develop integrated pressure and temperature sensors on the same platform, especially on
flexible substrate, to minimize the damage to brain caused by the device implantation. However,
the developed sensors are either merely prove-of-concept or difficult to be manufactured due to
the complicate and costly process.

This work proposes and explores novel approaches to develop the integrated flexible ICP
and ICT sensors with low cost and simple process. High quality polysilicon thin film was
directly grown on flexible substrate as the sensing material for both ICP and ICT sensors with
simple, fast, and low cost aluminum induced crystallization (AIC) process. The polycrystalline
structure of the film was characterized and verified with XRD, SEM, TEM and EDS
measurements. The results showed a continuous P-type polysilicon film with the crystals’
average size of 49 nm. Based on the polysilicon thin film, a flexible thermistor array was
designed, developed and characterized for brain temperature monitoring. The developed
polysilicon thermistors achieved good in vitro performance with a sensitivity of -0.0031/°C,

response time of 1.5 s, resolution of 0.1 °C, thermal hysteresis less than 0.1°C, and long term



stability with drift less than 0.3 °C for 3 days of continuous operation in water. /n vivo tests of
the polysilicon thermistor showed a low noise level of 0.025+0.03 °C and the expected transient
temperature increase associated with cortical spreading depolarization.

In addition, polysilicon based flexible pressure sensor was developed and characterized
for ICP measurement. The gauge factor of polysilicon thin film was characterized with a value of
10.316. The dimensions of the flexible piezoresistive pressure sensor were designed and
optimized with COMSOL multiphysics simulation to achieve high sensitivity and linearity. The
developed flexible pressure sensor showed a sensitivity of 6 x 10™ / mmHg, resolution of 1
mmHg, and hysteresis of less than 1 mmHg for the pressure range of 10 to 20 mmHg, which
totally met the requirements of ICP monitoring. Finally, a 1 x 4 integrated flexible pressure and
temperature sensor array was developed for monitoring the temperature and possible pressure
vectors in the traumatic brain injury (TBI). The real-time measurements of pressure and
temperature were performed in an immolated brain model for monitoring any pressure vectors or
gradients. The preliminary experiment results showed that the developed sensor array had high

enough sensitivity to detect the pressure differences or gradients in brain if any.

In conclusion, this work has proposed, developed and fully characterized innovative
polysilicon-based flexible temperature and pressure sensors for ICP and ICT monitoring. The
development of polysilicon thin film on flexible polyimide with simple, low cost and high yield
has been shown. The polysilicon-based temperature and pressure sensors have meet requirements
the ICP and ICT monitoring with high sensitivity, high resolution, fast response, and low

hysteresis, and can be very beneficial to brain monitoring.
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CHAPTER 1

INTRODUCTION

Traumatic brain injury (TBI) monitoring

Traumatic brain injury (TBI) is an epidemic. In the US each year, 1.7 million people
experience TBI; 52,000 die and 275,000 require hospitalization'. Severe TBI (sTBI) is
commonly defined as coma despite initial resuscitation, and occurs in approximately 10 % of
hospital admissions® . Of patients who survive sTBI, only 31-53% experience favorable
functional outcome by 6 months > * and more than three-quarters are left with some form of
functional disability’. However, the severity of the initial injury alone is a poor prognostic
marker'".

Survivors of a severe primary injury require care in an intensive care unit (ICU), where
secondary brain injuries play an important role in determining outcomel'. Neurological
deterioration occurs in 27 % of patients, which increases the TBI-associated mortality from 9.6
% to 56.4 %'%. Pharmacological neuroprotective agents have so far failed to demonstrate a
statistically significant effect when given after TBI and there is currently no clinically proven
means to improve neurological recovery after TBI'”. Current management strategies are
therefore directed towards providing an optimal physiological environment in order to minimize

secondary insults that can cause additional neurological injury and further compromise the



. 14,15
regenerative processes

. Monitoring the brain after acute injury is central to the practice of
neurocritical care for patients with a wide range of disorders including TBI, ischemic and
hemorrhagic stroke. It is critical that safe and accurate means of monitoring the key
physiological parameters are available to facilitate prompt intervention when necessary.

Intracranial pressure (ICP), the physiological parameter measured the most for TBI
patients, is the pressure inside the skull that fills in around the brain and spinal. Its value,
conventionally referenced to the atmospheric pressure and expressed in millimeters of mercury,
is maintained in a range between 7 and 15 mmHg for adults, 3-6 mmHg in children, and 1.5-6
mmHg in term infants'®. An increase in ICP usually happens in sTBI because of resistance to
cerebrospinal fluid (CSF) flow between intracerebral compartments secondary to brain swelling
or expansion of intracranial mass lesions, or because CSF outflow is obstructed'’. A number of
studies have shown that high ICP is strongly associated with poor outcome. Data suggests that
elevated ICP impacts outcome: each 10 mmHg of ICP recorded < 48 hours from TBI increases
the odds of death threefold'® and elevations to 20 mmHg for just 30 minutes increase the odds
for poor functional outcome by fourfold'’.

All current clinical available methods for ICP monitoring are invasive. Catheters of
various mechanisms such as intraventricular catheter®’, air pouch balloon catheter (Speigelberg)
2! Fibreoptic catheter (Camino) ** and Silicon pressure sensor-tip catheter (Codman) > have been
used. Among them, the intraventricular catheter with CSF drainage function is considered as the
“gold standard” of ICP monitoring but bears infection problem. Silicon pressure sensor-tip
catheter has shown comparable performance to that of intraventricular catheter and can be

another good option®*.



In additional to ICP, intracranial temperature (ICT) is another critical parameter used to
monitor patients subject to intensive neurosurgical monitoring. ICT is different from the body’s
core temperature and largely dependent on the metabolic activity of brain tissue®. It has been
shown that, in cases of trauma, the brain is extremely sensitive and vulnerable to small
temperature variations>®. Soukup et al. reported poor outcome at 3 months in patients with TBI
who showed extremes of brain temperature’’. Brain temperatures within the range of 36.5 °C to
38 °C during the first 24 hours were associated with a lower probability of death (10-20%).
Brain temperature outside this range was associated with a higher probability of death and with
poor 3-month neurological outcomes*. Evidence for the adverse effects of a small increase in

: 2 . 1
brain temperature on secondary neuronal damage” and mortality®"*

is now extensive. Both
non-invasive and invasive methods are clinically available for brain temperature measurement.

MRI* and CT?’ technologies have been popular for non-invasive measurement; while invasive

brain temperature measurements are usually based on thermistor and integrated with ICP

34,35 36,37

(Camino, Neurovent) or partial oxygen pressure (Licox, Codman) measurements.
Although having the advantage of being non-invasive, MRI and CT measurements are less
accurate than the invasive ones and can only measure brain temperature discontinuously.
Currently, the ICP and ICT are measured by separate sensors on different platform. The
integration of the sensors to develop multi-functional micro-catheters involves wiring, assembly,
and packaging processes which have been regarded as some of the most challenging tasks due to
their high complexity and manufacturing cost. In addition, the diameter of micro-catheters
increases with sensor’s integration®®. Thus, the development of integrated ICP and ICT sensors

with minimal crosstalk on a single platform using simple process with low cost is quite attractive.

Flexible substrate can be a good choice as the platform to minimize the damage caused by the



device implantation as well as fit to the non-flat structure of tissue. Furthermore, it is ideal that
the ICP and ICT sensors can be easily integrated with other biosensors and electrocorticalgraphy
microelectrodes to obtain a profound insight of the pathophysiological status and evolvement of

brain injury.

Previous work

Numerous works have been done to develop flexible pressure and temperature sensors for
biomedical applications. Flexible temperature sensors are usually developed with resistance
temperature detector or thermistors. It is relatively simple to develop flexible temperature as
sensing material such as metal can be easily developed on flexible substrate to meet the
requirements of ICT measurement without concerning about processing temperature limit>” .

However, it is difficult to develop flexible pressure sensor, especially in low pressure range (<10

kPa), due to the lack of available high sensitive pressure sensing material on flexible substrate.

Rigid silicon piezoresistive pressure sensor was tried to bond to flexible substrate with
flip-chip bonding method*'. However, the process with assembling and wire bonding was very
complicated, time-consuming, and costly. Some early work also tried to use metal alloy as
sensing material for flexible pressure sensor. . Lichtenwalner et al developed a temperature and
strain sensor array using thin film Pt as resistance temperature detector (RTD) and NiCr as the
piezoresistive pressure-sensing material*?. However, the low gauge factor of NiCr (~1.7)
prevented it from developing high sensitive and resolution pressure sensor. Another pioneer
work was done by Someya et al by developing a conformable, flexible, large-area network of

4



pressure and thermal sensors with organic transistor active matrixes on polyimide substrate**

* As shown in Fig. 1-1, Graphite-containing rubber was used as the piezoresistive sensing
material for pressure sensor, and organic diodes were used as sheet-type thermal sensors. The
organic transistors were integrated with sensor layer to read the data from sensors. However, for
pressure sensing, the resistance of the rubbery sheet was changed with the resolution of 10 kPa,
and for temperature sensing, the results showed a resolution of 10 °C. The resolution for both

pressure and pressure sensor is too low to realize functional biomedical measurement.

To achieve high sensitivity of pressure sensor, sensing mechanisms such as capacitance
. .. . 45-4 . .
and piezoelectricity have been extensively explored” . Bao’s group has done lots of pioneering

45,4 .
>4 styrene-butadiene-

work in this filed. By microstructuring polydimethylsiloxane (PDMS)
styrene (SBS) *’ elastomers as dielectric layer, flexible capacitive pressure sensors with high
sensitivity in medium and low pressure regimes, fast response and relaxation time were
developed. A resonant circuit was also developed by integrating the high sensitive capacitive
pressure sensor with antenna to realize wireless measurement. An in vivo ICP measurement test
was demonstrated as shown in Fig. 1-2. Akiyama et al developed flexible piezoelectric pressure
sensors using oriented aluminum nitride thin films prepared on polyethylene terephthalate (PET)
8 Human pulse wave form was measured by holding the sensor between the thumb and middle
finger. Li et al developed flexible dual-mode (capacitive and resonant mode) pressure sensor for
ICP measurement using piezoelectric PVDF-TrFE polymer diaphragm *°. The capacitive and

piezoelectric pressure sensors can fulfill the sensitivity requirement for ICP monitoring.

However, piezoelectric sensors require complex support electronics for sensing real static



pressure. Furthermore, the sensors with AC signals may induce severe cross-talk and noise to

other integrated sensors during multimodal measurement.

0 5 -10 -15 20
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240 80
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Figure 1-1. Flexible, large-area network of pressure and thermal sensors with organic transistor
active matrixes on polyimide substrate: graphite-containing rubber was used as the sensing
material for pressure sensor, and organic diodes as sheet-type thermal sensors. Pressure sensor
showed a resolution of 10 kPa, and temperature sensor with a resolution of 10 °C, which were

too low to for ICP and ICT measurement* *.
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Figure 1-2. Flexible capacitive pressure sensors with microstructured SBSs elastomers as
dielectric layer showed high sensitivity in medium and low pressure regimes, with demonstration

. 4
of In vivo ICP measurement *’.

To achieve high sensitivity, simple signal process, and easy integration with other sensors
with minimal cross-talk, in recent years, many researchers have been working on the

development of high sensitive piezoresistive material on flexible substrate. Composite material

50, 51 52,53 54,55 .

of nanoparticles™ ', nanowires™™ ™, and nanotube is one of the main trends. Harada et al
developed fully printed, multifunctional highly sensitive e-whisker arrays as a proof of concept
to integrate highly sensitive strain and temperature sensors. As shown in Fig. 1-3, a carbon
nano tube (CNT)-Ag nano particle (NP) film was printed for pressure sensing by measuring the
resistance change, and the printed poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS)-CNT composite film was used for temperature sensing. Gong et al’> demonstrated

7



that an AuNWs-impregnated tissue paper sandwiched between a blank PDMS sheet and a
patterned PDMS sheet with interdigitated electrode arrays, leading to a superior wearable
pressure sensor with a sensitivity of 1.14 kPa™'. However, most of the developed devices are still

under prove of concept, and have difficulty for in vitro/in vivo tests. The characterizations in

liquid have not been reported yet.
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Figure 1-3. Fully printed, multifunctional highly sensitive e-whisker arrays were developed as a

proof of concept to integrate highly sensitive strain and temperature sensors on flexible

substrate™.

Instead of exploring new piezoresistive materials on flexible substrate, Roger’s group are
dedicated to develop high sensitive pressure sensor with traditional single crystal silicon material

by transferring silicon nanomembrane or nanoribbons on flexible substrate, and has done lots of



. 56-58
pioneer work

(Fig. 1-4). Multifunctional sensors have been developed based on single
crystal silicon-nanomembrane for simultaneous sensing of both intracranial pressure (ICP) and
intracranial temperature (ICT) . In vivo tests were conducted for wireless pressure and
temperature monitoring in the intracranial space of rats. And the results showed comparable
results between the developed sensors and the commercial ones. By far, it is one of the most
promising and suitable devices for in vivo multimodal brain monitoring and integration of

multiple sensors. The only disadvantage lies in the complicate and expensive process of

developing and transferring the silicon nanomembrane/nanoribbon.
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Figure 1-4. Multifunctional sensors have been developed with single crystal silicon-
nanomembrane transferred on flexible polyimide for simultaneous sensing of pressure and

temperature®.



Research Motivation

The clinical significance of brain monitoring, specifically multimodal monitoring has
triggered a considerable interest and demand for developing integrated ICP and ICT sensors with
minimal invasion and crosstalk. Current clinical available catheters which simultaneously
measure ICP and ICT are developed by -integrating individual ICP and ICT sensor together, and
thus have the problems of complicated assembling, wiring process, and large diameter caused by

the integration.

It is ideal to develop ICP and ICT sensors on the same platform. Flexible substrate, as a
platform has the advantage of inducing minimal tissue damage. Flexible pressure and
temperature sensors have been explored extensively in recent years. However, most newly
developed high sensitive flexible pressure sensors are based on capacitive or piezoelectric
principles which tend to cause cross-talk when integrating with other sensors and induce high
frequency noises. To minimize crosstalk between sensors, high sensitive piezoresistive materials
have been extensively explored. Nano composite materials are popular nowadays but they are
still under prove-of-concept, and the characterization in liquid environment has not been reported
yet. Flexible single crystal silicon nanomembrane based piezoresistive pressure sensor is by far
the most promising approach, but has limitation of practical application because of the

complicate and costly microfabrication process.
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This work has utilized a method to develop polysilicon thin film directly on flexible
polyimide, and applied the developed polysilicon thin film for the development of flexible ICP

and ICT sensors.

The development of polysilicon thin film on flexible polyimide substrate is based on
aluminum induced crystallization (AIC) process. This simple process enables the crystallization
of silicon at low temperature suitable for polyimide substrate with high uniformity, low cost and
fast process time, which leads to a high throughout and yield of high sensitive ICP and ICT

Sensors.

Polysilicon thin film was used as the sensing material for both flexible ICP and ICT
sensors. The mechanism of pressure sensing is based on the piezoresisitivity of the polysilicon
film and temperature sensing is based on the temperature coefficient of resistance (TCR) of the
film. Both ICP and ICT sensors measure the resistance change. The DC signal driven nature
ensures simple interface circuit for signal processing and readout, , and minimal interference to

other sensors.

Scope of work

In this work, the development of polysilicon thin film on a flexible polyimide substrate
and the applications of the developed polysilicon thin film for flexible ICP and ICT sensors have

been explored and researched.
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AIC has been proven to be able to decrease the crystallization temperature of amorphous
silicon and form polysilicon thin film. However, direct formation of the polysilicon thin film on
flexible substrate and further exploration of gauge factor, TCR properties of the polysilicon film
for developing pressure and temperature sensor haven’t been reported yet. In this work, high
quality polysilicon thin film was developed on free standing polyimide substrate with the low
cost, simple, and fast AIC process. The gauge factor and TCR of the polysilicon film were

characterized for further design and development of flexible pressure and temperature sensor.

The design, microfabrication, and characterization of the flexible pressure and
temperature sensors and sensor array based on polysilicon thin film are presented. The test
results show that the developed sensors have high sensitivity and can meet the requirements of
ICP and ICT measurement in brain. In addition, the DC driven sensors and sensor array have the
advantage of simple signal processing, minimal interference and are suitable for the multiple

sensors integrated for the multimodal brain monitoring.

Chapter summaries

Following this introduction, Chapter 2 will describe the process and parameters of
developing high quality polysilicon thin film on flexible PI2611 substrate with aluminum
induced crystallization (AIC). The polycrystalline structure and atom content of the film will be
verified with XRD, TEM, SED, EDS measurements. Further sheet resistance measurement of the

polysilicon thin film by transfer length method (TLM) will be discussed to verify P-type nature
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of the developed polysilicon film, which eliminates high temperature doping process for 1
sensors development with the polysilicon film.

Chapter 3 will present a flexible polysilicon-based thermistor array developed with
polysilicon film on polyimide for high spatial, temporal resolution brain temperature monitoring,
as well as investigating the correlation between brain temperature and electrocorticalgraphy
change for injured brain. The design, fabrication process of the thermistor array will be
described. The development of silicon nitride film as extra ion/moisture barrier layer will be
illustrated. In vitro tests to characterize the sensitivity, long term stability, response time,
resolution, hysteresis and the results will be shown. In vivo noise level and correlation between

temperature and ECoG signals results will be presented.

Chapter 4 will introduce a flexible polysilicon-based pressure sensor for the ICP
measurement. Characterization of piezoresistivity for the developed polysilicon film and the
results will be discussed. Based on the measured gauge factor, the flexible pressure design with
the assistance of COMSOL simulation will be presented. The fabrication process of the pressure
sensor and test setup will be described. In vitro tests to characterize the sensitivity, resolution,

and hysteresis of pressure sensor will be presented.

In Chapter 5, a prototype of flexible polysilicon-based temperature and pressure sensor
array will be introduced to measure pressure gradient. The fabrication and in vitro tests of the

sensor array will be presented.

Finally, Chapter 6 will conclude and summarize this work and will provide prospective

on the remaining challenges and future directions.
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CHAPTER 2

POLYSILICON DEVELOPED ON FLEXIBLE POLYIMIDE

Introduction

Being sensitive to both temperature and pressure, polysilicon can be a very good choice
as sensing material for ICP and ICT sensors development. Depending on the developing process
and doping level of polysilicon, the GF and temperature coefficient can be adjusted in a wide
range’®. The production of polycrystalline silicon is normally done by crystallization of
amorphous silicon (a-Si) and solid phase crystallization (SPC) was the first technique employed
to crystallize a-Si. But the crystallization temperature of SPC is too high (~ 600 °C) for flexible
substrate and the time required for full crystallization is ultra-long.

To lower the crystallization temperature of polysilicon and develop it on flexible
substrate, approaches such as PECVD*” | laser annealing®"- ®* have been explored. However,
neutral polysilicon thin film is formed with PECVD process and additional high temperature
doping process is still needed to develop electrical device from the film. Laser annealing has the
problems of non-uniform crystallization and high cost. Another prevalent low crystallization

63-66

process for polysilicon is metal-induced crystallization™ ™. Various metals such as Cu®, Au®™,
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Al1® and Ni® have been used. The general driving force behind metal-induced crystallization is
the reduction of the free energy of the silicon material during the transformation of the
amorphous to the crystalline phase. When a-Si is in contact with certain metals, electronic
screening of the covalent bonding in the Si material occurs according to Hiraki’s screening
model®’. This effect weakens the Si bonds, and therefore, facilitates the inter-diffusion of the
metal and silicon atoms. Among these metals, aluminum has unique advantages of not forming
silicide and the possibility of acting as P-type dopant to avoid further doping process.

Nast et al. ® proposed the technique of Aluminum induced crystallization (AIC), in
which the crystallization process occurred at a temperature under the eutectic temperature of 577
°C. Temperatures for AIC to occur were reported as low as 165 °C °®. Steffen Uhlig et al.
developed polysilicon film on ceramic plates using the AIC process (annealing at 330 to 660°C
for up to 6h)*°. Gauge factors (GFs) of 4.5 to 17 and temperature coefficients of resistance (TCR)

between -0.4 and -0.1%/K were obtained for the developed film. Patil et al. 7>

reported on
piezoresistive properties of polysilicon obtained by the AIC process (annealing at 475 up to 550
°C for 90 min) for tactile sensor applications. A polyimide layer was used as a sacrifice layer to
build the membrane structure for the tactile sensor, and GFs were estimated to be in the range of
6.6 to 11.7 for an estimated strain of approximately 1.5x107 applied on the piezoresistors.
However, to our best knowledge, the research work of developing polysilicon thin film on
flexible substrate using AIC is still lacked, and the feasibility of developing flexible polysilicon-
based pressure and temperature sensor using this process has not been explored and reported yet.

In this work, I present the development of polysilicon thin film directly on a flexible

polyimide substrate using the AIC process. The polysilicon film developed on the flexible low-
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stress polyimide PI2611 (HD Microsystems) was fully characterized using XRD, SEM, and

TEM methods.

Aluminum Induced Crystallization (AIC)

In the aluminum induced crystallization (AIC) process, amorphous silicon (a-Si) and
aluminum layers are deposited on the substrate and annealed at a temperature under the eutectic
temperature of 577 °C. During annealing, Si and aluminum atoms inter-diffuse into each other’s
layer and lead to a complete layer exchange with sufficient annealing time. While Si atoms
dissolve into aluminum layer, crystallization happens and forms poly-crystallization silicon film.
Crystallization temperature of polysilicon as low as 150 °C have been reported for AIC.

Numerous studies have been conducted to gain an insight into the actual crystallization
process of AIC”7°. Konno and Sinclair showed that AIC below the eutectic temperature was a
solid phase process’>. It has been suggested that prior to crystallization an extensive intermixing
of Al and Si occurs. The resulting supersaturation of Si in Al is relieved through the nucleation
and growth of Poly-Si. At the beginning Si nuclei grow in all directions within the Al layer until
they are confined between the original Substrate/Al and Al/a-Si interfaces. In the following
phase the Si grains go on growing laterally only when adjacent grains meet and form a
continuous polycrystalline silicon film.

Since Si nuclei are confined between the original Substrate/Al and Al/a-Si interfaces, the
thickness ratio of aluminum and amorphous layer is critical to develop a continuous polysilicon

film. If the Si layer is thinner than the Al layer scarcity of Si material occurs, isolated islands of
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crystalline silicon will grow with the height of original Al layer thickness, and prevent the
formation of a continuous poly-Si layer prior to depletion of the silicon. If the Si layer is thicker
than aluminum layer, a continuous poly-Si layer will be formed with the thickness of the original
Al film. The surplus of Si material resulted in the formation of a Si network, visible after Al
etching. Thus, it can be concluded that to form continuous poly-Si films under steady
temperature conditions, the a-Si layer must be at least as thick as the Al layer, but that thicker a-
Si layers will not give any advantage in the final thickness of the polycrystalline Si layer. The
ideal thickness ratio of Al and Si layer is 1:1.

During the layer inter-diffusion, a small amount of aluminum is left and embedded in the
poly-crystallized silicon film and a fraction of these aluminum atoms are located at substitutional
sites, and therefore, electrically active leading to the P-type character polysilicon film. Thus,
polysilicon thin film developed by AIC are P-type and high temperature doping process for
developing devices can possibly be avoided, which can be very attractive for flexible substrates.

Fig. 2-1 illustrates the diffusion and layer exchange of the AIC process. The overall
process leads to an exchange of layer positions, leaving the poly-Si film on the substrate with the

Al layer on top.
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Inter-diffusion

(b)
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Figure 2-1. Illustration of the diffusion and layer exchange of aluminum induced crystallization
process: (a) amorphous silicon and aluminum layer with the same thickness, (b) silicon and
aluminum atoms inter-diffused into each other’s layer during annealing, (c¢) Silicon and
aluminum layers totally exchange the position and a continuous polysilicon layer is formed

under the aluminum after annealing is done.
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Polysilicon thin film developed with AIC on polyimide

Flexible polyimide substrate

Among all the flexible materials, polyimide is superior because of its biocompatibility,
inertness to chemical etchant to sustain the microfabrication process, high glass transition
temperature, which makes it possible to be used for high temperature process otherwise
impossible for PMMA, PET.

As temperature of 300 ~ 400 °C needs to be applied for aluminum induced crystallization
process, coefficient of thermal expansion (CTE) is another important parameter needs to be
considered. In order to minimize thermal stress induced by the mismatch of CTE during
annealing, the CTEs of substrate and amorphous / polycrystallized silicon should be as close as
possible. While most polyimide have high CTE of ~30 ppm/°C, low stress PI2611 (HD
microsystem) has an ultra-low CTE of 3 ppm/°C, which is close to the CTE of amorphous /
polycrystallized silicon (2.6 ppm/°C). So, PI2611 was chosen as the material to develop the
flexible substrate for polysilicon.

To develop flexible P12611 film substrate, PI2611 precursor in liquid form (polyamic
acid precursors dissolved in an n-methyl-pyrrolidone (NMP) based solvent carrier) was firstly
spun on silicon wafer with proper spin-coat speed for desired film thickness. After spin-coating,
the wafer was soft-baked at 90 °C and 150 °C for 90 seconds, respectively. Finally, the P12611
coated wafer was placed in a programmable oven (Blue-M) and cured at 400 °C for 30 minutes
in nitrogen gas, with a ramp rate of 4 °C/min to minimize the thermal stress. The curing process
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converted the polyamic acid precursor into a fully aromatic, insoluble polyimide film and
derived off the NMP solvent carrier. After curing, the adhesion between developed P12611 film
and silicon wafer was examined. Fig. 2-2 (a) shows PI2611 cured on a bare silicon wafer, and (b)
shows PI2611 peeled off from the wafer. The adhesion strength was perfect in a way that was
strong enough to hold P12611 film flat during the whole fabrication process and week enough to

be easily peeled off after the process.

(b)

Figure 2-2. (a) Flexible PI2611 film developed on silicon wafer; (b) PI2611 film peeled off

from the wafer.
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Polysilicon developed on flexible substrate with AIC

After developing P12611 film substrate on silicon wafer, a 200 nm aluminum thin layer
was magnetron sputtered on PI2611, followed by RF sputtering of amorphous silicon thin layer
with the same thickness using Denton Discovery 24 Sputtering System.

Since the thickness ratio of amorphous silicon and aluminum layer is critical for
developing a continuous polysilicon film, it is necessary to ensure the thickness of sputtered
amorphous silicon layer equal to, or a bit thicker than that of aluminum layer. Thickness monitor
was used to accurately control the time needed for each layer’s sputtering. The sputtered
thickness was further measured and verified by profilometer (KLA Tencor P-15) with testing
wafers. Photolithography, dry etching of amorphous silicon and profile measurement were done
to determine the thickness of amorphous silicon, followed by photolithography, wet etching of
aluminum and profile measurement to determine the thickness of aluminum layer. Fig. 2-3
shows the developed patterned for the measurement and the measured thickness of amorphous
silicon and aluminum layer with the profilometer.

The sputtering power was adjusted to achieve low surface roughness and proper grain
size of the aluminum, as the grain size of the aluminum layer affects the time required for the

annealing process as well as the grain size of the formed amorphous polysilicon ",

21



| Al
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Test sample pattern

Figure 2-3. Thickness of sputtered amorphous silicon and aluminum layer measured by the

profilometer.

After sputtering, the sample was annealed at 400 °C in nitrogen gas for AIC process to
happen, with a ramp rate of 4 °C/min to minimize the thermal stress. Fig. 2-4 shows the sample
before annealing (a) and after annealing (b). Due to the layer exchange of aluminum and silicon
layer induced by AIC process, clear color difference can be seen between the samples. Before
annealing, the sample showed the color of amorphous silicon layer; and after annealing,
aluminum layer came to top and the sample shows the color of aluminum layer. The formerly-

on-top amorphous silicon layer went to bottom and formed polysilicon thin film.
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To expose the newly formed polysilicon thin film, the aluminum layer on top was etched
away with aluminum etchant at 55 °C. Figure 2-4 shows the polysilicon thin film on PI12611 film

coated on silicon wafer (a), peeled off from silicon wafer (b).

7222 Amorphous silicon [ Aluminum

Poly-Silicon [_1PI2611 I Silicon

(a) (b)

Figure 2-4. (a) Amorphous silicon and aluminum layer sputtered on PI2611 before annealing;

(b) The stack layer after annealing. Layer exchange can be clearly seen from the color change.
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Figure 2-5. Polysilicon film on flexible PI2611 substrate (a) before getting peeled off from

silicon wafer, (b) after peeled off from silicon wafer

Polysilicon thin film characterization

X-Ray diffraction (XRD) results

XRD measurements were performed using X 'Pert Pro MPD system (PANalytical) to
verify the crystallization of polysilicon. The samples annealed for 1, 2 and 3 hours were tested
and the results are shown in Fig. 2-6. As shown in the figure, peaks appear at 20 = 28.5°<111>
and 47.3°<220> for all three samples of polysilicon thin film developed on PI2611 substrate,
which proves the crystallization of silicon film. Furthermore, there is no obvious difference
between the heights and widths of peaks, which represent the crystallization level. Thus, the

crystallization process might be completed within 1 hour.

24



The crystallite size can be estimated from the high resolution X-ray diffraction data using
the Scherrer relation” as:

B = 0.9M/tcosh, (1)
where B is the full width at half maximum (FWHM), A is the X-ray wavelength, and t is the
diameter of the crystal. Peak <111> was considered for estimating the grain size of the
polysilicon film. With FWHM of 0.144 °, the average size of the crystals of polysilicon film was

about 49 nm.
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Figure 2-6. XRD results for samples annealed for 1(a), 2(b) and 3(c) hours: the peaks appear at
20 = 28.5°<111> and 47.3°<220> for all three samples of polysilicon thin film developed on

PI2611 substrate.
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TEM results

To further inspect the extent of crystallization and conform that crystallization was
completed within 1 hour, TEM measurement was performed with a FEI CM20 TEM system. To
prepare the sample for measurement, polysilicon film developed on PI12611 substrate was first
immersed in concentrated HF acid to lift the polysilicon film off of the substrate. The lifted
polysilicon film was then immersed in DI water to wash away HF acid. Finally, the film was

carefully transferred onto a copper grid and dried naturally in air. Fig.2-7 shows the TEM results.

Figure 2-7. TEM result shows the fully polycrystalline characterization of polysilicon film.
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The picture is void of any cloudy areas that would reflect amorphous character. Instead,

clear circles formed by independent dots, which represent polycrystalline nature, are observed.

SEM results

Fig.2-8 is the SEM picture of surface morphology of the developed polysilicon film
(using FEI XL30 ESEM). As shown in the picture, a continuous polysilicon film has been

successfully attained.

e &

s

Figure 2-8. SEM picture showing the continuous and dense microcrystals of developed

polysilicon film.
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EDS results

To examine whether aluminum atoms were embedded in the formed polysilicon film, the
polysilicon film was examined with energy dispersive spectroscopy (EDS) and the result is
shown in Fig. 2-9. As shown in the figure, the film has aluminum and silicon content with the At.
% (atom) ratio of 2.75 %: 97.25 %. This analysis confirms that a small amount of aluminum was
embedded in the final crystallized film and could possibly act as a p-type dopant in the

polysilicon film.

991

793

595

396 5 07.60 07.90
92.40 92.10
Correction ZAF

198

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.('10 10.0
Energy - keV

Figure 2-9. EDS results showing the embedding of Al atoms in the formed polysilicon film: the

weight ratio between Al and Si 1s 7.6%:92.4%; and atom number ratio is 7.9%: 92.1%.
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Sheet resistance measurement

Sheet resistance of the developed polysilicon thin film was measured based on the
transfer length method (TLM) ’®. AS shown in Fig. 2-10, the resistance of each polysilicon

resistor can be expressed by Equation (2).
Rtotal =Ro-L/W + 2RC’ (2)

where RO is the sheet resistance of polysilicon film, L is the length of the resistor, W is the width
of the resistor, and R is the contact resistance between polysilicon and aluminum. In the limit of

a zero-length resistor, the residual resistance would be just twice the contact resistance.
Metal contact pads

Polysilicon

W

le =5

& L1->] je— L2 —>| le— L3 —>i

Figure 2-10. Designed polysilicon pattern for sheet resistance measurement based on TLM.
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The polysilicon resistor pattern was developed by standard photolithography and wet
etching the polysilicon thin film with polysilicon etchant (Hydrofluoric acid (HF) : Nitric acid
(HNOs3) : DI water =5 : 30 : 100). A 250 nm aluminum layer was then evaporated, followed by
photolithography and wet etching with aluminum etchant to develop aluminum contact pads and
electrical leads for polysilicon resistors. Another PI2611 passivation layer was coated on top and
annealed. The annealing process was also aiming to generate ohmic-contact between aluminum

leads and polysilicon resistors. The developed pattern for testing is shown in Fig. 2-11.

As shown in Fig. 2-11 (b), the length/width ratios of resistors are 0.7 (between contact
pad 1&2), 1.7 (2&3), and 2.7 (3&4), respectively. The contact type was first investigated by
sweeping voltage from -20 mV to 20 mV and measuring the output current. The linear I-V curve

in Fig. 2-12 shows that the contact between polysilicon and aluminum is Ohmic.
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Figure 2-11. Developed pattern for measuring sheet resistance of polysilicon thin film and the

contact resistance (a) on PI2611film peeled off from silicon wafer and (b) under microscope.
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Figure 2-12. Linear I-V curve shows the contact between polysilicon and aluminum is Ohmic-

contact.

The resistance Ry, measured from the I-V curve is plotted versus length and width ratio
(L/W) and shown in Fig. 2-13. As shown in the figure, resistance increases linearly with the
length/width ratio. The fitted line with Equation 2 shows Ryom= 2.46 L/'W + 0.50, which means
the sheet resistance of the developed polysilicon film is 2.46 K€, and the contact resistance

between polysilicon and aluminum is 250 Q. Compared to other works’”"®, the contact
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resistance obtained here is relatively large due to the low annealing temperature we used to form
the ohmic-contact. However, it is still small compared to the resistance of the developed

polysilicon resistor.

6 - y=2.46x+0.50

Resistance [kQ]

0 0.5 1 | 1.5 2 25 3
Ratio of length/width

Figure 2-13. Resistance change with length/width ratio of resistor.
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Summary

A high quality polysilicon thin film with the thickness of 200 nm has been successfully
developed on flexible PI2611 substrate with aluminum induced crystallization (AIC). The
polycrystalline structure of the film was verified with XRD measurements. The results showed
the main crystallization direction of <111> and <220>, and the crystals’ average size of 49 nm.
TEM measurement showed a full crystallization of polysilicon film annealed at 400 °C for 1
hour. SEM results showed a high quality continuous polysilicon film without any void. EDS
showed the polysilicon thin film had embedded aluminum atoms with atom percentage of 2.75%.
Further sheet resistance measurement of the polysilicon thin film with transfer length method
(TLM) showed a sheet resistance of 2.45 kQ. It proved that the embedded aluminum atoms acted
as P-type dopant for the polysilicon film and the doping concentration was about ~10'°.
Therefore, high temperature doping process which damages the flexible substrate can also be
avoided when developing electrical devices with the polysilicon film.

The work shows that high quality polysilicon thin film can be directly developed on
flexible substrate with ultra-simple, low cost, and fast process. With the wafer-size based high
yield and uniformity, the developed polysilicon thin film shows a great potential for developing

manufactural polysilicon-based flexible devices.
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CHAPTER 3

POLYSILICON BASED FLEXIBLE TEMPERATURE SENSOR

Introduction

Brain temperature reflects the balance of neural metabolic heat production, cerebral blood
flow and the temperature of incoming arterial blood 781 Studies have shown the temperature
inside brain is not homogeneous. In humans, the temperatures around the center of the brain are
0.5 ~ 1 °C higher than those of the epidural space®*. For the injured brain, the temperature
variation throughout brain or between viable tissue and regions of ischemia become more
evident. Schwab et al*’ showed that temperature in the ventricles exceeded epidural temperature
by up to 2.0 °C for patients with severe middle cerebral artery (MCA) infarction. Marshall** also
observed higher temperatures in ischemic brain regions compared to normal brain. Despite these
studies, a systematic investigation of temperature variation across the injured human brain is still
needed. An accurate and high spatial resolution method to monitor the brain, characterizing
temperature at the level of local microvasculature and functional cell groups, would aid in
understanding pathological processes developing in the injured brain. Furthermore, it is known

that the injured brain is extremely sensitive and vulnerable to small temperature variations. Thus,

36



in order to improve temperature control and treatment of the injured brain using focal brain
thermotherapy®™ *®, accurate measurement of the temperature profile is required.
Currently, ultrasound thermometry, microwave radiometry and magnetic resonance

thermometry®”*°

are usually used for non-invasive brain temperature monitoring. However, these
approaches always suffer from low temporal and spatial resolution. Advanced Proton chemical
shift imaging (CSI) sequences in MR thermometry was shown to measure temperature
distributions with one minute and a low spatial resolution of 3-4 mm®'. Furthermore, artifacts
can be induced by different composition of tissue, tissue motion, and external filed drift®>.
Thrippleton et al”® reported a discrepancy of 0.7 °C between the temperature measured with MR
and the absolute temperature measured by a fiber-optic method. Marshall et al.** performed a
MRSI validation study at 1.5 T, finding a standard deviation of 1.2 °C through the repeating
measurements on individual voxels which is inaccurate for reliable brain activity monitoring.

In order to obtain accurate and real-time temperature information, various implantable
temperature sensors and probes have been developed using the principles of optical fiber’?,

4 .
9495 and thermistor’® ”’, However,

resistance temperature detector (RTD)’>, thermocouple
temperature arrays, which can directly measure the brain spatial temperature variation, are
scarcely available and technologically challenging. Optical fibers are difficult to be integrated
into a single platform, and multiple fibers/needles are needed for thermal mapping which will
largely increase the damage caused by fiber insertion’®. Metal based RTDs measure the
resistance changes with temperature with high accuracy and repeatability and multiple RTDs can
be easily integrated on one platform. However, due to its large pattern size, the RTD lacks the

capacity to measure temperature with high spatial resolution. Thermocouple measures

temperature-dependent voltage generated at the junction of two distinct metal wires due to
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thermoelectric effect, but the thin film based thermocouples always suffer from measurement
error due to their low junction voltage™.

On the other hand, thermistors with semiconducting materials such as amorphous
germanium'®’, amorphous silicon'"!, and vanadium oxide'®* have a large variation of resistance
and a high sensitivity to temperature change, and thus are a good candidate for a brain

110

temperature sensing array with high spatial and temporal resolution. Kuttner et al'” developed

amorphous germanium thermistor arrays on glass substrate with a sensitive area of 0.014 mm?
each and an inter distances of 0.4 mm for the investigation of biological temperature fields.
Billard et al'® developed a vanadium oxide thermistor array on glass for localized temperature
field measurements in brain. The developed thermistor arrays showed a high sensitivity of 0.2 ~
0.4 %/°C of temperature. Nonetheless, both of the works developed thermistor arrays on rigid
glass substrate with high mechanical stiffness. Cerebral monitoring, however, prefers flexible
platform that can be inserted into the brain with minimal tissue damage.

In this work, we have developed a polysilicon thermistor array on flexible polyimide
substrate with structural flexibility for brain temperature monitoring. Polysilicon thin film has
been utilized as the sensing material for thermistors for a long time'®™'%. The temperature
coefficient of resistance (TCR) of polysilicon can be selected over a wide range, both positive
and negative, through developing temperature and selective doping'®’. To develop polysilicon on
flexible polyimide substrate, polysilicon thin film in this work was formed using aluminum
induced crystallization (AIC) process as described in our previous work'"’. Polysilicon
thermistors have been developed with the dimensions of 20 um % 160 um and 200 pm *x160 pum.

In vitro tests of the sensor for the sensitivity, response time, thermal hysteresis, resolution, and

long term stability have been successfully performed. In addition, in vivo tests of the sensor have
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also been performed to determine noise levels and assess performance in measuring temperature

responses to pathophysiologic processes.

Sensor design and fabrication

Sensor design

Four polysilicon thermistors and two electrocorticography (ECoG) electrodes were
designed on a flexible polyimide substrate as shown in Fig. 3-1 Two polysilicon thermistor
elements with the dimension of 20 pm 160 pm were designed with the inter-distance of 450
um. To compare performance, another two polysilicon thermistors with dimension of 200 pum
x160 pm were also added. The four polysilicon thermistors formed a sensing array for
temperature measurement. Two ECoG electrodes with a radius of 25 um were placed along the
thermistor elements to measure associations between neural activity and local temperature. The

lateral distance between ECoG electrodes and polysilicon resistors was set as Imm.
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Figure 3-1. Concept and device design: polysilicon thermistors array with four sensing elements
(R1 & Ry: 20 pm x160 pm, R3 & R4: 200 pm %160 um), ECoG microelectrodes are placed along
for in vivo test of association between ECoG depolarization signal and local temperature change

under stimulus.

Silicon nitride sputtering

High water and oxygen absorption or permeation of polyimide can limit the applications
of polyimide based devices in water or air with high humidity'®®, especially for BioMEMS
applications in an aqueous environment (e.g. brain). The water absorption and oxygen
permeation can cause drift or instability of the sensing signal throughout the measurement
duration. Thus, an additional passivation layer is necessary to prevent or decrease the moisture

and oxygen diffusion. Thin films such as aluminum oxide (Al,O3), silicon oxide (Si0,) or
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silicon nitride (SiNx) have been deposited on the polyimide substrate to reduce the diffusion of
water or humidity' "%,

Here we used silicon nitride (SiNx) film with the thickness of 100 nm as the passivation
layer. The coefficient of thermal expansion (CTE) of silicon nitride thin film (3.3 ppm/ °C) is
very close to that of polyimide substrate PI12611 (3 ppm/ °C), thus the stress induced by
mismatch of thermal expansion under temperature change can be minimized. A thin film with
the thickness of 100 nm was chosen to minimize its effect of mechanical strength and stiffness to
PI2611 substrate. Silicon nitride film was RF sputtered on the polyimide film by Denton
Discovery 24 Sputtering System with a silicon wafer as target and mixed gas of argon and
nitrogen as the environmental and reactive gas. Optimized sputtering conditions with the
distance between target and substrate of 2 inch, base pressure of 107 pa, sputtering power of 200
W, and nitrogen-to -argon ratio of 2:1 were used to obtain a dense silicon nitride film which can
effectively block the moisture or oxygen.

Sputtered silicon nitride film was etched in buffered HF to test the density. The film can
be considered as an effective passive layer only if the etching rate is less than 10 nm/min. The
etching rate in buffered HF of sputtered silicon nitride film in this work was less than 6 nm/min.

Fig. 3-2 shows the SEM picture of silicon nitride layer sputtered on PI2611 substrate. The
interface of sputtered silicon nitride layer and PI2611 is clearly shown in the figure. For the test

sample, 200 nm thick silicon nitride thin film was sputtered. Then SEM result shows the same

thickness as expected.
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Figure 3-2. SEM picture of silicon nitride layer sputtered on PI2611 substrate, showing a clear

interface between PI12611 and silicon nitride.

To further verify the element constitution of silicon nitride layer, EDS analysis was
carried out and the results showed reasonable constitution of Si and N element in the film. Fig. 3-
3 shows the EDS results for both PI2611 substrate and sputtered silicon nitride layer. The high
peak of carbon at PI2611 on the substrate side clearly shows the constitution of carbon-rich
P12611. The high peaks of Si and N element at silicon nitride layer side show the constitution of

Si and N element of the silicon nitride layer.
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Figure 3-3. EDS analysis of silicon nitride layer and PI2611 substrate.

Microfabrication process

A summary of the microfabrication process is described in Fig. 3-4. After obtaining the
200 nm thick polysilicon film on a 7 um thick PI12611 substrate with AIC, polysilicon thin film
was patterned to form a resistor with the standard photolithography process, followed by the
development of e electrical leads with 250 nm aluminum evaporation and etching. 12 nm/120 nm

Ti/Au film was then deposited and patterned to form the ECoG pattern. Another 7 um thick
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P12611 layer was coated on top of the fabricated metal and polysilicon patterns. Then, a 100 nm
thickness of silicon nitride layer was sputtered on the top of the PI2611 layer as the final

passivation layer.

(a) Develop P12611 on silicon (b) Develop polysilicon film and pattern
wafer thermistors

(c) Develop aluminum lead and ECoG

(d) Develop another P12611 layer and
electrodes

silicon nitride

T 1 I I ]

(f) Peel off PI2611 from silicon wafer

() RIE etch to expose ECoG and sputter silicon nitride at the
electrodes backside

Figure 3-4. Summary of the microfabrication process.

To expose the ECoG pattern and contact pads, dry etching with CF4 and O, plasma was
performed to etch away both PI2611 and the passivation layer of silicon nitride. Finally the
device was peeled off from the silicon wafer and a 100 nm thick silicon nitride layer was
sputtered on the backside of the device. So both front side and backside of the device were
protected with the passivation layer. In addition, with silicon nitride film at both sides of the

device, the possible residual stress in silicon nitride film can be balanced.
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The device was laser cut (Oxford lasers) into a desired size and bonded with connectors
using silver paste. Epoxy was applied to further strengthen the contact between the connector
and the contact pads. Pt nanoparticles (NP) were electrochemically deposited on ECoG
electrodes with optimized roughness factor and iridium oxide was electrodeposited to form
heterostructured ECoG electrodes. The impedance of ECoG electrodes was characterized by
performing electrochemical impedance spectroscopy (EIS) based on the procedures described in

our previous paper'”. The average impedances of Pt/IrOx electrodes are 4.72 +1.06 kQ (n=6) at

1 kHz. Fig. 3-5 shows the fabricated device and pattern under a microscope.

(a) L =]

Figure 3-5. Polysilicon-based temperature sensors array: (a) developed flexible devices and (b)

sensor pattern under microscope.
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Thermal Simulation

Polyimide has numerous advantages as a flexible substrate for biomedical applications.
However, it has poor heat dissipation with very low thermal conductivity (0. 52 W/ (K*m))
compared to traditional silicon substrate (155 W/ (K*m)). For biomedical devices, a passivation
layer is also needed to prevent contamination from the outer environment, which further deters
heat dissipation. For sensors developed with polysilicon film on polyimide substrate, if the
driving current of the sensor is high enough to produce an obvious temperature increase, it can
introduce large errors in the sensor and also instability in performance during long term
application. Thus, it is necessary to characterize the device’s temperature profile with the driving
current and ensure that the current does not cause temperature increases due to self-heating.

To investigate the temperature profile and determine the proper input, COMSOL
Multiphysics 4.4 was used to simulate the temperature profile with different current inputs. A
device configuration of the polysilicon pattern sandwiched by two 7 pm-thick polyimide films at
the top and bottom was used for simulation. The dimensions of the polysilicon pattern and
aluminum lead used for simulation were the same as the design presented above. Table 1 shows
the thermal conductivity at room temperature for the materials used in the simulation.

The “Heat transfer in solid” module was used for the boundary conditions between the
aluminum electrical lead, polysilicon pattern, and PI2611 substrate. Heat flux convection was

used for the boundary condition between P12611 substrate and the air. DC input currents with
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amplitude ranging from 5 to 100 pA were simulated. Temperatures of the polysilicon device with

varying input currents are shown in Fig. 3-6.

Table 1. Thermal conductivity at room temperature for the materials used in the simulation.

K (W/ (k*m))
PI2611 0.104
Polysilicon 155
Aluminum 238

As shown in Fig.3-6, the device was heated up to 323.00 K (ambient temperature:
293.15 K) with 100 pA after 10 minutes, while an input current of SpA reached only 293.15 K
without obvious self-heating. In the latter case, any temperature increase is clearly smaller than

the required resolution of biomedical temperature sensing of 0.1 °C.
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Figure 3-6. Temperature profile of the device with (a) 100 pA after 10 minutes shows an
elevated temperature of the device of 323.00 K with environmental temperature of 293.15 K
(room temperature); (b) 5 pA after 10 minutes shows the temperature of device of 293.15 K

without obvious self-heating and (c) device temperature change with different input currents.
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In vitro measurement

The developed flexible temperature sensor with polysilicon thermistor array was fully
characterized in water for its sensitivity, response time, thermal hysteresis, resolution, and long
term stability. The temperature sensor was submersed (submerging depth: 3 cm) in a water bath
(1 liter) on a hot plate (Cole Parmer Series 04644). A high accuracy biomedical temperature
probe (WPI® BAT-21) was attached to the temperature sensor and used to monitor the
temperature in real-time. The probe tip and the polysilicon thermistor were positioned at the
same height during the test to ensure they were exposed to the same environment. Polysilicon
thermistor’s resistance was measured by a digital multimeter (Agilent 34461A). Resistance and

temperature data were acquired using Labview.

Sensitivity

The sensitivity of the polysilicon thermistor was obtained by measuring the sensing
element’s resistance variation while changing the environmental temperature. Temperature
ranging from room temperature (~21 °C) to 60 °C was attained by increasing the hot plate’s
temperature with a ramping rate of 60 °C/hour. Four polysilicon elements for each dimension
were tested. The resistance change with standard deviation (SD) is shown in Fig. 3-7.
Polysilicon thermistors’ resistance decreases with temperature in a linear fashion. For R; & R,
with the dimension of 20 um x 160 um and resistance of 36.5 + 0.3 k€, the sensitivity is -

0.0031/°C (SD: 10™*), while for R3 & R4 with the dimension of 200 pm x 160 um and resistance
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of 3.7+ 0.2 kQ , the sensitivity is -0.0025/°C (SD: 1.4 x 10™*). Though the sensitivity of the
developed polysilicon is about ten-orders lower than other thermistor materials such as
amorphous germanium and silicon, it is comparable with gold-based RTD [15] that we

previously developed for the brain temperature sensing and is sensitive enough for brain

monitoring.
0.02
-0.02 -
e
= -0.06 -
<J
-0.1
—+— R3 & Rz (200 pm x160 pm)
—— R; & Rz (20 pm x 160 um)
-0.14 . . . .

15 25 35 45 55 65
Temperature (°C)

Figure 3-7. Sensitivity test: the sensor demonstrates sensitivity of -0.0031/°C for polysilicon

thermistor R; & R, and -0.0025/°C for R; & Ry4.

Long term stability Test

For biomedical monitoring applications, sensing materials needs to fulfill requirements of

long term stability. To minimize stress induced by the polysilicon annealing process, which may
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introduce instability, polyimide PI2611 with low stress and low CTE was chosen as the flexible
substrate. Furthermore, a slow ramping rate was used for annealing to minimize the built-in
stress between polyimide and polysilicon film. Long term instability of polysilicon resistor can
also be induced by the grain boundaries in polysilicon film. Grain boundaries contain numerous
dangling bonds, which can either trap a charge carrier or be saturated by an atom''’. Trapped
carriers give rise to a potential barrier, which increases the resistivity'''. The long term stability
of the polysilicon material/device developed on polyimide substrate was examined in air firstly.
The resistance of the developed polysilicon resistor was continuously measured with a digital
multimeter (Agilent 34461A) and recorded with LabView, using a 5 pA DC input current to
prevent self-heating. A commercial high accuracy WPI® IT-21 biomedical temperature probe
was used to monitor the real-time temperature. The stability test was conducted in air by
monitoring polysilicon resistor resistance and temperature simultaneously for a continuous
duration of 3 days with data acquisition at 1 Hz. The test result is shown in Fig.3-8 (a). Fig.3-8
(b) shows the resistance drift. For 72 hours continuous operation, the resistance drifts for the
polysilicon patterns were 12 + 0.3 Q, which equate to 0.3 + 0.06 °C drift as a temperature sensor.
This result suggests that the developed polysilicon pattern can achieve an accuracy of 0.3 °C over

3 days of continuous monitoring.
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Figure 3-8. (a) Resistance drift V.S. temperature drift and (b) Long term stability test in air:
Polysilicon resistance measurement in a constant temperature oven with temperature around 37.2

°C for 3 days.
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After conforming the long term stability of polysilicon thin film in air, the stability was
then tested in liquid. When exposing the polysilicon thin film in aqueous environment, hydrogen
may diffuse in to the film and attach itself to the dangling bonds to form weak silicon-hydrogen
bond, which easily get broken when the resistor is under thermal and electrical stress''2. The
forming and breaking of silicon-hydrogen bonds may cause additional resistance drift. In this
work, dense silicon nitride layer has been sputtered on polyimide substrate as the moisture and
ion barrier. The stability test in water was to examine the blocking effect of the sputtered silicon
nitride film.

To test the long term stability of the polysilicon thermistors, the developed devices were
submersed in a water bath at room temperature and resistances were measured continuously for 3
days. Fig. 3-9 (a) shows the measured resistance of one polysilicon thermistor and temperature
with time and Fig. 3-9 (b) shows the resistance drift and corresponding temperature drift (with
S.E.) over three days measured for five samples (three with 20 pm % 160 um and two with 200
pm x 160 um). As shown, the resistance drifts of the polysilicon thermistors were less than 0.08
%, corresponding to less than 0.3 °C. This result suggests that the developed temperature sensor
can achieve a high accuracy of 0.3 °C over 3 days of continuous monitoring in an aqueous

environment and is acceptable for the brain monitoring applications.
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Figure 3-9. Long term stability test in water: (a) shows the resistance of one polysilicon
thermistor measured for 3 days and (b) shows the resistance-drift in three days measured for five
samples. The resistance drifts of the polysilicon thermistors were less than 0.08 %, which

corresponds to less than 0.3 °C.
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Response time

The temporal response of the polysilicon temperature sensor when exposed to
instantaneous change in environment temperature is defined by two measures, the time constant
and response time. Time constant is the time to reach 63.2 % of the complete step change in
temperature. Response time is the time to reach 99.5 % of the final temperature in a step change.

The ability to track process changes depends on the sensor’s thermal mass and proximity
to the process. The time response for the sensor was determined by moving the sensor from the
ambient air (~25 °C) into a water bath at 40 °C. The temperature range of 25 to 40 °C totally
covered the physiologic temperature of brain.

Fig.3-10 shows the time course of the resistance change of the temperature sensor
measured for three samples. The time constant and response time are found to be around 0.8 and
1.5 seconds for R; & R,, and 0.8 s and 2.2 s for R3 & R4._Since brain temperature changes on a
longer time scale, the response time of the developed polysilicon thermistor is fast enough for

brain temperature sensing.
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Fig.3-10. Response time test: The time constant and response time are found to be around 0.8 s

and 1.5 s for R; & R, and 0.8 s and 2.2 s for R; & Ry.

Thermal hysteresis

Three cycles in the temperature range of 30 to 45 °C (which includes physiological
temperature of brain) were applied to examine thermal hysteresis.

Fig. 3-11 (a) and (b) shows the relationship between temperature and resistance for R; &
R,, and R3 & R4 during the cycles, respectively. As shown in the figure, the thermal hysteresis is
less than 0.1 °C for polysilicon elements R; & R, after three cycles, while for R3 & Ry, the

thermal hysteresis reaches 1°C.
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Figure 3-11. Thermal cycle test: the thermal hysteresis is less than 0.1°C for the temperature

sensor for R; & Ry; and 1°C for R; & Ry after three thermal cycles from 30 °C to 45 °C.
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Resolution

Temperature steps of 0.1 °C were realized by a slow ramping rate of 5 °C/hour of the hot
plate. The resistance of the temperature sensor was recorded when the reference temperature
probe (BAT-21) showed an increase of 0.1 °C.

Recorded temperature and resistance are shown in Fig. 3-12. The sensor’s resistance
changes for both R; & R; and R3 & R4 with each temperature step clearly show that the sensor

can realize a resolution of 0.1 °C, thus meeting requirements for brain temperature monitoring.
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Figure 3-12. Resolution test: The sensor’s resistance changes with each temperature step clearly

shows that the sensor can realize a resolution of 0.1 °C.
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In vivo measurement

All surgical procedures were performed in the animal surgical procedure room at the
Feinstein Institute for Medical Research.

Two male Sprague-Dawley rats (250-400 gram) were used in the experiments. Animals
were anesthetized with 5 % isoflurane and placed in a stereotaxic frame with a base heating pad.
Animals were maintained on 2.5 % isoflurane delivered in room air through a nose cone
throughout surgical procedures, and 1.5 % isoflurane throughout recordings. Two craniotomies
were made in the right hemisphere. One was made over coordinate at AP 0-6 mm, ML 1-3 mm
to place the polysilicon temperature sensing strip on the dura. The other was made at AP -2 mm,
ML 1-2 mm to induce a spreading depolarization wave by a needle prick to the cortex. A 250 um
diameter Ag/AgCl wire reference electrode was implanted in the left hemisphere (AP 3 mm, ML
2 mm, DV -0.5 mm). Recordings began 24 hours after device implantation. To assess the
polysilicon temperature performance, a spreading depolarization (SD) wave was elicited by
needle prick at the frontal craniotomy and the wave was recorded as it propagated across the
sensor array. All procedures complied with the NIH guidelines for the care and use of laboratory
animals and were approved by the Feinstein Institute for Medical Research Committee on Use

and Care of Animals.
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In vivo noise level

The in vivo noise levels of the polysilicon temperature sensors were measured. In order to
prevent self-heating of the polysilicon elements, 10 A and 40 pA constant current were applied
to Ri/R; polysilicon elements with the resistance of 36.5+0.3 kQ and R3/R4 with the resistance of
4.0+0.1 kQ, respectively. The experimental results are shown in Fig. 3-13. A total of 4
polysilicon elements for each dimension (n=4) were evaluated. In summary, the R;/R;
polysilicon exhibited less noise (0.025+ 0.03 °C) than the R3/R4 element (0.07+ 0.06 °C) by a
factor of at least 2.8.

Compared to the noise level of gold-based RTD (0.035+0.04 °C) that we developed
previously as a temperature sensor, the polysilicon thermistors with the dimension of 20 um
x160 pm and larger resistance achieved a lower noise level and thus realized higher

measurement accuracy.

Rl | 0.025°¢

R3 | 0.025°C

10 sec
Figure 3-13. Measured in vivo noise level for polysilicon thermistors: R;with the dimension of

20 pm %160 pm : 0.0254+0.03 °C; R; with the dimension of 200 um x160 um : 0.07+0.06 °C.
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In vivo transient response

The needle prick model was employed as a mechanically induced “mini” traumatic brain
injury causing one single spreading depolarization (SD) wave'"®. Two needle pricks were

performed in two rats with a 1 hour interval. A representative recording is shown in Fig. 3-14.

| ™
DC-ECoG M}W | 2mV

AC-ECoG |

R1

10.1°C

SD Onset 10 min

Figure 3-14. Transient response of polysilicon thermistors to in vivo stimulus: brain cortical
temperature showed a transient increase (0.35+0.06 for R; & Ry; 0.23+£0.07 for R3 & Ry4; n=4)

and then slowly recovered to its baseline value during spreading depolarization.
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Successful induction of the SD wave was confirmed by a DC negative shift (5.9+0.7 mV;
n=4) and a transient suppression of spontaneous neural activity. During the SD, the brain cortical
temperature showed a transient increase (0.35+£0.06 for R; & R»; 0.23+0.07 for R; & Ry4; n=4)
and then slowly recovered to its baseline value. The temperature sensing elements R; & R, with

larger resistance showed higher sensitivity than the temperature sensing elements R3 & Ra.
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Summary

A flexible polysilicon-based thermistor array has been developed on thin polyimide
substrate for brain temperature monitoring. The array has low mechanical stiffness and the ultra-
small dimension of developed polysilicon thermistors can be applied for high spatial resolution
measurement with sufficient accuracy and resolution. Comparison of polysilicon thermistors for
two dimensions 20 pm X 160 pm and 200 um X 160 um showed the thermistors with larger
resistance (20 pm x 160 pm) had better performance both in vitro and in vivo. The developed
polysilicon thermistors with dimension of 20 um X 160 um has achieved good in vitro
performance with a sensitivity of -0.0031/°C, response time of 1.5 s, a resolution of 0.1 °C,
thermal hysteresis less than 0.1°C, and long term stability with drift less than 0.3 °C for 3 days of
continuous operation in water. In vivo tests of the polysilicon thermistor showed a low noise
level of 0.025+0.03 °C and the expected transient temperature increase associated with cortical
spreading depolarization. The obtained results further suggest the superior performance of

polysilicon thermistor compared to gold RTD.
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CHAPTER 4

POLYSILICON BASED FLEXIBLE PRESSURE SENSOR

Introduction

Nearly three-quarters of neurological deterioration after sTBI is related to intracranial

volume, and therefore intracranial pressure (ICP) ''*

. High ICP is strongly associated with poor
outcome, particularly if the period of intracranial hypertension is prolonged. Increased ICP can
also cause actual shift of brain substance resulting in structural damage to the brain and to

115

herniation through the tentorial hiatus or foramen magnum . Although treatment is instituted at

different levels depending on the pathology, ICP higher than 15 mm Hg is generally considered
to be abnormal''°.

Monitoring ICP forms the cornerstone of modern neurocritical care and has been used as
a marker of secondary brain injury for decades''*. Currently, ICP is measured either through
transducing the column of cerebrospinal fluid drained directly from the ventricle (through an
external ventricular drain, or EVD)® or by means of a mini-strain gauge (Codman)> placed
within the brain tissue. Typical mini-strain gauge catheters are approximately 1.5 mm in
diameter with a single pressure sensor that allows for a global measure of pressure within the
region of the probe. Each sensor must be placed through an individual burr hold drilled through

the skull. Flexible pressure sensor, which can minimize the brain tissue damage as and be easily

integrated with other sensors to realize multimodal brain monitoring, is on demand.
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With regard to easy sensor integration, piezoresistive pressure sensors are always
preferred because of the simple signal processing, minimal cross-talk, and relatively low energy
consumption. Roger’s group pioneers in this field by applying single crystal silicon-
nanomembrane/nanoribbon transferred on flexible polyimide to develop multifunctional sensors
for simultaneous sensing of intracranial pressure (ICP) and intracranial temperature (ICT) 3738,
In vivo tests were conducted for pressure and temperature monitoring in the intracranial space of
rats. The results showed comparable performance between the developed sensors and the
commercial ones. By far, this approach can be considered as the most promising and suitable
method for in vivo multimodal brain monitoring and integration of multiple sensors. However,
the process of developing single crystal silicon nanomembrane/nanoribbon and transferring it to

flexible substrate is quite complicate and expensive, which deters it from high yield and

throughput of sensors.

In this work, we present an innovative polysilicon based flexible pressure sensor.
Polysilicon, although with lower sensitivity to pressure comparing to single crystal silicon
nanomembrane, has the advantage of being able to be directly developed on polyimide with
simple, fast and low cost AIC process as showed in previous chapters. With proper design, the
polysilicon based pressure sensor has achieved high sensitivity and resolution in low pressure

range required for ICP measurement.
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Gauge Factor of Polysilicon Thin Film

In order to check the feasibility of developing high sensitive pressure sensor in low
pressure range as well as guide the pressure sensor design, the gauge factor of polysilicon thin

film should be firstly characterized.

Fabrication of Characterization Device

To develop devices for gauge factor characterization, polysilicon film with the thickness
of 200 nm was developed on 7 pm thick PI2611 substrate with AIC, followed by standard
photolithography and polysilicon etching process to form polysilicon resistors patterns. A 200
nm thick aluminum layer was then evaporated and patterned to electrical leads for polysilicon
resistors. Another 7 um thick PI2611 film was developed as the passivation layer on the top.
Finally, the PI2611 passivation layer was dry-etched using CF, and O, plasma to expose the
aluminum contact pads for electrical input and measurement. The fabricated sample was then
peeled off from the silicon substrate and cut into size for measurement. For electrical
measurement, electrical wires were bonded to the aluminum contact pads with silver paste.
Epoxy was applied to strengthen the contact between the wires and the contact pads.

Fig. 4-1 shows the fabricated devices on flexible polyimide film, which was peeled off
from the silicon wafer, and the single device which was cut into size and bonded with electrical

wires.
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Figure 4-1. Polysilicon resistors developed on flexible polyimide substrate for gauge factor test.

Gauge factor test

Polysilicon resistors with length of 200 um and width of 40 um were developed and
tested with Instron® 5948 loading cell to characterize the GF of polysilicon film developed on
polyimide. Fig. 4-2 (a) shows the loading cell with Bluehill 3 instrument software to control the
applied strain and the speed of strain change, (b) shows the polysilicon resistor used for the
measurement, and (c) shows the resistor fixed on the loading cell. Strain from 0 to 0.01 was set
to apply to the sample with a speed of 0.005/min under the control of Bluehill 3 instrument
software. Resistance change with the applied strain was measured with digital multimeter and

recorded by Labview program every second.
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Fig. 4-3 shows the measured resistance change with strain for 3 samples. As shown in the
figure, resistance of polysilicon piezoresistor increases linearly with the applied strain with a GF
of 10.316. The GF of the polysilicon film developed on flexible polyimide substrate with AIC is
comparable or even higher than that on traditional rigid substrate''”"'°, demonstrating the
feasibility of using the developed polysilicon thin film on flexible PI2611 substrate for high

sensitive pressure sensing.

Hysteresis Test

To conduct hysteresis testing, tensile and relax mode was used in Instron® loading cell.
Tensile strain increasing from 0 to 0.005 and then decreasing back to 0 with the speed of
0.005/min was applied to the testing sample. Two cycles of the strain were applied to the testing

sample and the hysteresis curve is shown in Fig. 4-4. The hysteresis was less than 0.3 %.
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Figure 4-2. Gauge factor test: (a) Instron® loading cell (b) polysilicon resistor used for the

measurement, and (c¢) polysilicon the resistor fixed on the loading cell.
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Figure 4-3. Gauge factor measurement results: mean gauge factor of three samples is 10.316.
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Figure 4-4. Hysteresis curve for 2 strain cycles: the hysteresis is less than 0.3 %.
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Flexible pressure sensor design and microfabrication

Concept

Flexible piezoresistive pressure sensor based on polysilicon thin film is designed and
shown in Fig. 4-5. Flexible polyimide is used as construction material to generate a cavity and
form flexible polyimide membrane for pressure sensing. Polysilicon resistor placed on the
membrane acts as piezoresistive element for pressure sensing. When the pressure is applied on
the membrane, the flexible polyimide membrane will get deformed, thus generate strain/stress.
The polysilicon piezoresistor placed on the membrane will experience the strain as the
membrane and a resistance change will be induced according to its gauge factor. Applied
pressure can be evaluated by measuring the polysilicon piezoresistor’s resistance change.
Polysilicon resistor is also placed out of the membrane. The resistance of this resistor is designed
to calibrate against parasitic effects of temperature on the pressure determination. The resistor
out of membrane can also be considered as an independent thermistor for temperature

measurement. Thus, simultaneous pressure and temperature measurement can be achieved.

The changes of polysilicon resistance change (AR ) on the membrane and apart from

membrane (AR;) are shown in equation (4-1) and (4-2) respectively.

AR, = (GF -£ + TCR - AT)R, (4-1)
AR, = TCR-AT-R, (4-2)

where GF is the gauge factor, and TCR is the temperature coefficient of resistance for
polysilicon thin film.
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Membrane

| i

Without Pressure With Pressure

Figure 4-5. Polysilicon-based flexible pressure sensor: the polysilicon elements out of

membrane act as temperature sensor and the elements on the membrane act as pressure sensor.

Simulation and design

The goal of piezoresistive pressure sensor design is achieving highest sensitivity while
maintaining the linearity and stability. To get the proper membrane thickness and radius, the
position of polysilicon piezoresistor on the membrane, as well as the gap height for membrane
deformation, COMSOL Multiphysics 4.4 was used to simulate the displacement and
Strain/Stress distribution of membrane under pressure. Solid module was used with fixed

boundary and applied pressure on the surface.
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Since silicon nitride film sputtered on PI12611 showed good passivation in aqueous
biomedical environment in our previous work'?!, a combined membrane with 100nm thick
silicon nitride layer and PI2611 thin film was simulated. The parameters of silicon nitride and

P12611 used in the membrane strain and displacement simulation are listed in Table 2.

Table 2. Parameters of PI2611 and Silicon nitride used in the membrane strain and

displacement simulation.

Density Young’s modulus Poisson’s ratio

p(kg/m?) E(GPa) v
PI2611 1400 8.5 0.35
Si3aN4 3100 250 0.23

PI2611 membranes with different thickness and radius were simulated, and a membrane
with the thickness of 5.5 um and radius of 500 pm -showed good resutls. Fig. 4-6 shows the
deformation of the membrane under | mmHg (a) and 35 mmHg (b) respectively. The largest
deformation of membrane is at the center of the membrane. For the pressure of 35 mmHg, the
largest deformation is 14 pm. Thus, a gap layer of 20 pm will be highenough for the membrane
deformation.

To determine the position of the polysilicon piezoresistors along the thickness of the
membrane, stress distribution along the thickness of membrane was simulated and shown in Fig.
4-7. As shown in the figure, the stress/strain is highest on the surface of the membrane, and the
sensitivity will be the highest if the piezoresistors are placed on the surface. However, a

passivation layer is always required for the pressure sensor to prevent the piezoresistors from any
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contamination. Instead of placing the polysilicon piezoresistors on the surface of the membrane,
the polysilicon pattern should be brought to the surface as close as possible, which means a thin
passivation layer is preferred.

Fig. 4-8 shows the strain and stress distribution of a cut plane which has 0.5 um distance
to the surface. The largest longitude strain of 1 mmHg is about -2 x107 at the edge, with the
gauge factor of ~ 10, the resistance change will be around ~ 10 under 1 mmHg which is high
enough for the measurement. Thus, the polysilicon piezoresistors were designed to be placed at
the edge to achieve higher sensitivity and the passivation layer was designed as 0.5 um. The
length of polysilicon resistors was designed as 100 pum for the highest output'**.

A design of the pressure sensor’s dimension is shown in Fig. 4-9. The membrane is
constituted with 100 nm Silicon nitride layer and 5.5 um PI2611 layer. Radical polysilicon
resistors with the length of 100 um and width of 15 pum are placed at the edge of the membrane,
and covered with 0.5 um passivation layer. Aluminum layer -is used for the transverse part of
the resistors to eliminate any transverse strain which could cause resistance decreasing under

pressure.
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Figure 4-6. Displacement of membrane under (top) 1 mmHg and (bottom) 35 mmHg.
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Figure 4-7. Stress distribution along the thickness of membrane under (top) 1 mmHg and

(bottom) 35 mmHg.
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Figure 4-8. Simulation of longitudinal strain and stress distribution of the cut plane 0.5 pm from

the top surface of membrane under the pressure of ImmHg (a, b) and 35 mmHg (c. d).
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Figure 4-9. Dimensions of pressure sensor.

Microfabrication

To develop the flexible pressure sensor, PI2611 precursor (HD microsystem) was firstly
spin-coated on silicon wafer and cured at 400 °C for 30 minutes to obtain 5 um thick PI2611
film. Polysilicon thin film with thickness of 200 nm was developed on PI2611 with AIC. The
polysilicon film was developed to polysilicon resistors pattern with standard photolithography.
And 250 nm Aluminum layer was evaporated and patterned to form the electrical leads. 0.5 um
P12611 film was applied on top to encapsulate the patterns. To obtain a thin PI2611 film with the
thickness of 0.5 um, PI2611 precursor was mixed with polyimide thinner T9039 (HD
microsystem) (2:1 weight ratio) and then spin-coated on the patterns and cured. A gap with 20

um height was constructed for the membrane deformation with photo-definable polyimide
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PI8820 (HD microsystems). For electrical signal input and output, contacting pads for electrical
connection were exposed by dry-etching the PI2611 film covering the pads with CF,4 and O,
plasma. Finally the device was peeled off and a 100 nm thick silicon nitride layer was sputtered

on top as an extra passivation layer.

Depends on the monitoring requirements, the developed sensor array can be used in
either planer or curved form by wrapping the device around the curving surface. The major steps
for mirofabrication are summarized in Fig. 4-10. The polysilicon piezoresistor pattern on

membrane under microscope is shown in Fig. 4-11.

(i)Develop 3 pm PI2611 (ii)Encapsulate the pattern

film and polysilicon with 1 um PI2611 film
pattern on silicon wafer

(iii)Develop 20 um PI18820 (iv)Peel off the device
as the gap for membrane from silicon wafer
deformation

(v)Sputter 100 nm Si3N4 as (vi)Wrap the device around
additional passivation layer curved surface

Figure 4-10. Summary of microfabrication process.
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Figure 4-11. Polysilicon piezoresistor pattern on membrane under microscope: aluminum

connection was used to connect two polysilicon radical resistors and prevent transverse effect.

Experiment Results

Measurement setup

The flexible pressure sensor was characterized in water. As shown in Fig. 4-12 (a),
water column was used to apply pressure to the sensor, and a three valve was used to control the
height of the water, thus the applied pressure. With the three-way valve, the water height can be

increased, decreased, or held at a specific value.

Replaceable adapters were fabricated with milling machine and were used to hold the
pressure sensor, either in planar form or curved form. Fig. 4-12 (b) shows two types of adapters

for planar pressure sensor and curved pressure sensor respectively. Fig. 4-12 (c) shows the
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planar form of pressure sensor attached to the adapter for testing. And Fig. 4-12 (d) shows the
pressure sensor wrapped around a 2 mm diameter tube and placed in the adapter for

measurement.

The resistance change of polysilicon resistor with water column height/pressure was
measured with digital multimeter (Agilent 34461A). The sensitivity, resolution, and hysteresis of

the pressure sensor were tested.
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Water column

Figure 4-12. Test setup: (a) water column was used to apply pressure to the sensor, and a three
valve was used to control the height of the water, thus the applied pressure. Replaceable adapters
were fabricated with milling machine and were used to hold the pressure sensor; (b) Two types
of adapters for planar pressure sensor and curved pressure sensor respectively; (c) The planar
form of pressure sensor attached to the adapter for testing; and (d) Pressure sensor wrapped

around a 2 mm diameter tube and placed in the adapter for measurement.
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Sensitivity

The sensitivity of the pressure sensor was measured by increasing the pressure and
recording the resistance change. The pressure was changed with 2 mmHg step and three
pressure sensors were tested. As shown in Fig. 4-13, the developed pressure sensor has a linear

change with pressure and a sensitivity of 6 x 10 / mmHg.
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Figure 4-13. The developed pressure sensor showed a linear change with pressure and a

sensitivity of 6.0 x 10 / mmHg,
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Resolution

The resolution of the pressure sensor was measured by increasing the pressure from 1
mmHg to 30 mmHg with a ImmHg step. The pressure was held for 3 minutes for each step and
the resistance of the pressure sensor was recorded every minute. As shown in Fig. 4-14, the
pressure sensor showed a stable resistance at each pressure and a clear increase with every

pressure step of 1 mmHg.
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Figure 4-14. The pressure sensor showed a stable resistance at each pressure and a clear
increase with every pressure step of 1 mmHg for the pressure range of 1 mmHg to 30 mmHg.
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Hysteresis test

Hysteresis test was carried out for the pressure sensor by changing the water column
height to increase and decrease the applied pressure. As shown in Fig. 4-15, the pressure sensor

showed a hysteresis of less than 1 mmHg for a cycle ranging from 10 to 20 mmHg.
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Figure 4-15. The pressure sensor showed a hysteresis of less than 1 mmHg for a cycle ranging

from 10 to 20 mmHg.
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Summary

A high sensitive flexible piezoresistive pressure sensor based on polysilicon thin film
(PTF) was designed, developed and tested for ICP monitoring. The gauge factor of the
polysilicon thin film was characterized. And the results showed polysilicon thin film had gauge
factor of 10.316 and hysteresis of 0.3 % for the strains ranging from 0 to 0.005. With COMSOL
Multiphysics, the strain, stress, and displacement of the membrane under desired pressure range
were simulated, and the dimensions of the flexible piezoresistive pressure sensor was designed
accordingly to achieve high sensitivity while maintain the linearity. The developed flexible
pressure sensor was fully characterized in liquid environment. And the results showed a
sensitivity of 6 x 10/ mmHg, resolution of 1 mmHg, and hysteresis of less than 1 mmHg for
the pressure range of 10 to 20 mmHg.

The polysilicon based flexible piezoresistive pressure developed in this work has
successfully achieved the sensitivity and resolution required for ICP monitoring, and showed the

feasibility of developing the ICP sensor with high throughput and low cost.
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CHAPTER 5

POLYSILICON PRESSURE SENSOR ARRAY

Introduction

123
and

Although elevated ICP is always associate with poor outcome, both cohort
randomized, controlled trials'** evaluating the clinical practice of monitoring ICP in the ICU
setting have shown no improvements in outcome. Further, multiple randomized, controlled trials
designed to treat elevated ICP have shown worse 6-month functional outcome in those treated
compared to those left untreated™*'%.

One potential reason for these findings is simply that the likelihood of neurological
deterioration depends on the location of the injury and the subsequent pressure gradients that
develop when masses are asymmetrically present within the skull"®. In a porcine animal model
using multiple ICP monitors, ICP gradients were reliably produced by focal lesions, but the
pressure gradients were distinct depending on the location of the mass lesions'*®* '*’. In a study of
50 human subjects with moderate-to-severe TBI, two ICP monitors were placed - one on each
side of the skull. Using data from just the first 24 hours of monitoring, the authors found that

20% had interhemispheric gradients in pressure; 70% had increased lesion volume or midline

shift on repeated imaging'*® — findings that can prompt surgery in selected patients. In a smaller
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cohort of patients with TBI, interhemispheric anteroposterior gradients were observed'’, and in
post-surgical patients, a nearly 50% difference in ICP was reported comparing rostral to caudal
compartments within the skull'*°.

Currently, as shown in Fig. 5-1 (a), ICP is measured either through transducing the
column of cerebrospinal fluid drained directly from the ventricle (through an external ventricular
drain, or EVD) or by means of a mini-strain gauge placed within the brain tissue. Each sensor
must be placed through an individual burr hold drilled through the skull. Each sensor measures
pressure over time, but the spatial dynamics of ICP have not been studied yet. Thus, the

development of a new high-sensitive pressure sensor array is very desirable for monitoring the

pressure vectors in the injured brain.

ICP monitor Pressure sensor array Wireless

gagggi::ular brain oxygen y for brain pressure communication
monitor vector monitoring \
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Contisiong © Mayfield Clinic

(a) (b)
Figure 5-1. Illustration of brain monitoring: (a) Current approach: single ICP, the real-time
directional pressure gradient is not detectable and (b) New approach: lab-on-a-tube with pressure
sensor arrays for monitoring pressure gradient and evaluating the pressure vectors within the

skull.
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Pressure sensor array

Concept

A lab-on-a-tube high sensitive temperature and pressure sensor array is designed as
shown Fig. 5-2. The sensor array is firstly developed on polyimide and then spiral-rolled to form

a catheter to detect the intracranial pressure gradient and brain temperature.

Tempg'rature ’ﬁ

Pressure % e

Lab-on-a-tube

Pressure
pressure sensor .
array ?' Temperature,, %
Py * In plane
4 e \z-
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N 3 ¥
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Tube with pressure, temperature sensor array

Figure 5-2. Spirally-assembled lab-on-a-tube integrated with pressure and temperature sensors.

Design

A temperature and pressure sensor array with four sensing units (1x 4) was designed with
footprint of ~ 4 mm? for each unit and center-to-center distance of 4 mm. Each sensing unit

contains a polysilicon piezoresistor for pressure sensing, and a polysilicon thermistor for
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temperature sensing and eliminate the temperature effect for pressure determination. The

dimension of the membrane was designed as the single pressure sensor as shown in Fig. 5-3.

Pressure Temperature
sensor
. sensor
.
| -\(_A R4
|
r="500 um

A sensing unit

Figure 5-3. Layout of pressure and temperature sensors array.

Microfabrication

The microfabrication process of the sensor array was the same as developing a single
pressure sensor. Polysilicon resistors with aluminum electrical leads were developed on P12611
firstly, followed by the passivation layer and gap layer development. Contacting pads opening
was achieved by dry etching PI2611. After the microfabrication process, the devices were peeled

off from supporting silicon wafer for test. Fabricated devices are shown in Fig. 5-4.
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Figure 5-4. Fabricated pressure sensor array.

Interface Circuit

Interface circuit was developed to provide constant current for the sensor array and also
take output signal from the array into DAQ module to view the data on LabView. The constant
current is designed to be 10 pA to minimize self-heating effect. The voltage of the each
polysilicon resistor is the output signal. The resistance of each polysilicon resistor is designed as
60 kQ. According to the sensitivity of the pressure sensor (6 x 10/ mmHg), the output voltage
change for each ImmHg pressure change will be around 0.36 mV with the constant current

supply of 10 pA. To achieve a reasonable signal-to-noise ratio, the voltage accuracy of the
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interface circuit should be in order 0.1 mV resolution. Any noise above the resolution will have

an impact on the accuracy of the output voltage.
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Figure 5-5. Block diagram of the circuitry.
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Figure 5-6. Current source IC Schematic.

Fig. 5-5 shows the block diagram of the circuit. A first order passive low pass filter to
remove 50-60 Hz noise has been applied. The supply voltage for the current source is from 2.5-
3.3 V. Low pass filter has been added into the input voltage circuitry to stabilize the voltage to
the current source ICs. No passive filtering circuit was applied as the output voltage due to

voltage divider configuration will remain constant even if there was a change in resistance.
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Active filters will bring out an additional noise to the circuitry. A bypass capacitor of 10 nF has

been connected at the input of the circuitry to dampen any AC noise or fluctuations.

Fig. 5-6 shows the schematic of each current source IC. LM334MX is an adjustable type
current source. The current range of IC is from 10 pA - 10 mA. Since the constant current has

been set as10 pA, Rset of 6.8 kQ is chosen according to the datasheet of the IC.

The nine pins of the sensor contact pad was connected to the PCB which provides
constant current and output voltage was taken with a National Instrument (NI) data acquisition

(DAQ) Card. Fig. 5-7 shows the developed PCB of the designed interface circuit.

|
!

Figure 5-7. PCB of designed circuit.
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Experimental Results

To test the sensor array’s response to pressure and temperature, and examine the cross-
talk between sensors, the sensor array was placed on a hotplate at room temperature of 25 °C.
Lead rods with the radius of 500 pm and weight of 0.01 g, 0.02 g, 0.05 g were used to generate 1
mmHg, 2 mmHg, 5 mmHg pressure on the pressure sensor membrane (radius: 500 pym). To
generate temperature change, the hot plate temperature was set to 40 °C for the sensor array to go
through a temperature change of 25 °C to 40 °C. 10 pA constant current was supplied by the
interface circuit to each temperature and pressure sensing elements and voltage was measured
and recorded with Labview program. The pressure and temperature sensors were measured for
two adjacent units to examine cross-talk. Signal from the two units, which include four

polysilicon piezoresistors, were real-time and simultaneously recorded.

Fig. 5-8 shows the results of the temperature sensors from two units. Resistance of the
polysilicon resistors decreases with temperature increase. Thus, voltage decreases were observed
for temperature sensors from both unitswith the same slope. The resistance and voltage got
stabled after hotplate reached to 40 °C. Fig. 5-9 shows the results of the pressure sensors for the
twounits. As shown in the figure, in addition to the change to temperature, clear step change of
voltage can be seen when pressure was applied or removed from the pressure sensor. 1, 2 and 5
mmHg generated about 0.8 mV, 1.5 mV and 4mV output voltages change respectively. No

interference is shown between the two pressure sensors, indicating a low cross-talk.
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Figure 5-8. Temperature sensors of two adjacent sensing units responded to temperature
change. Voltage decreased for both temperature sensors with the same slope as temperature

increased, and the voltage got stabled after hotplate reached to the set temperature of 40 °C.
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Figure 5-9. Pressure sensors of two adjacent units responded to both applied pressure and

temperature. Pressures of 1 mmHg, 2 mmHg, and 5 mmHg were applied on the two elements

and about 0.8 mV, 1.5 mV and 4 mV output voltages change were generated respectively. No

interference is shown between the two sensors, indicating a low cross-talk.
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A brain emulation model was further developed by filling a closed spherical ball
(diameter: 10 mm) with agar gel (agar water weight ratio: 1.5%). As shown in Fig. 5-10, a
balloon was placed in the ball and connected to a syringe of 60 ml. After inserting the pressure
and temperature sensor array device, epoxy was applied to the entire surface of the spherical ball
to develop a closed system. Syringe was then pushed or pulled to induce balloon expansion or
shrinkage, and thus the pressure increase or decrease. 10 pA constant current was applied to
each pressure and temperature sensor and voltage was recorded with Labview program with the

100 Hz frequency and displayed with laptop.
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Figure 5-10. Test setup: a brain emulation model was developed for real-time pressure and
temperature monitoring. 10 pA input constant current was applied with interface circuit and
output voltage was recorded with Labview program with the 100 Hz frequency and displayed

with laptop.
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Real-time and dynamic pressure and temperature changes were monitored by the sensor
array. Two sets of experiment results are shown in Fig. 5-11. As shown in Fig. 5-11, the output
voltages of all three pressure sensors increased immediately with the balloon expansion with the
same slope and no time difference, which means the pressure elevated simultaneously in the

closed spherical ball.

To further check whether there was pressure gradient between each sensor, the output
voltages of each pressure sensing arrays were normalized and compared. As shown in Fig. 5-12,
the output voltages of the three pressure sensors overlaps well, which means there is no pressure

gradient in the experiment.

To generate and measure pressure gradient, experiment model needs to be further
explored in the future. Pressure change rates, the relative position between the balloon and sensor
array, and directions of the sensor array need further optimization. However, it is very feasible to
measure the pressure gradient using the developed pressure array. As shown in Fig. 5-12, the
developed sensor array had high sensitivity and fast response time to detect the pressure
differences or gradients if any. The development of an appropriate model may be another
challenge for modelling the pressure variation in brain. In order to understand the correlation and
effect between the source of pressure and the position of sensors, further experiments should be

performed.
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Figure 5-11. Real-time dynamic pressure and temperature measurement with a balloon

expansion: the output voltage of all three pressure sensors changed with the pressure with the

same slope, which increased when pushing the syringe to expand the balloon volume and

increase the pressure inside the closed spherical ball, and decreased when pulling the syringe;

the output voltage of temperature sensors also changed when pressure changes: which means

temperature increased when agar pushed against the sensor.
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Figure 5-12. Comparison of normalized output voltage pressure of pressure sensors in three
sensing units: Output voltages overlap well for three sensors, which mean there is no pressure

gradient in the experiment.
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Summary

A polysilicon based pressure and temperature sensor array was developed in this work.
Following the same dimension of single pressure and temperature sensor, a 1 x 4 pressure and
temperature sensor array with the footprint of 4 mm? and center distance of 4 mm was designed
and developed. Interface circuit was designed to provide 10 pA constant current to the four
pressure and temperature sensingunits. Labview program was designed to acquire and display
the multichannel signal with a frequency of 100 Hz. The real-time simultaneous measurement of
pressure and temperature was carried out. And the results showed a multichannel dynamic
change to pressure and temperature with no interference. Thus, an array with the functionality of

simultaneous pressure and temperature was successfully realized.

The pressure and temperature sensor array was further characterized in a brain emulation
model and dynamic pressure and temperature measurement results were obtained. The
preliminary experiment didn’t show pressure gradient. But the developed sensor array had
enough sensitivity to detect the pressure differences or gradients in brain if any. Different
pressure change rates and directions need to be further explored in the future for a thorough

analysis of the gradient and vector of ICP.
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CHAPTER 6

CONCLUTION

A high quality polysilicon thin film was directly developed on flexible PI12611 substrate
with simple, fast, and low cost aluminum induced crystallization (AIC) as sensing material for
ICP and ICT monitoring in this work. The polycrystalline structure and constitution of the film
was verified with XRD, SEM, TEM and EDS measurements. Sheet resistance was measured
with transfer length method (TLM). The results showed a high quality continuous P-type
polysilicon film with the crystals’ average size of 49 nm. The work shows that high quality
polysilicon thin film can be directly developed on flexible substrate with ultra-simple, low cost,
and fast process. With the wafer-size based high yield and uniformity, the developed polysilicon
thin film shows a great potential for developing manufactural polysilicon-based flexible devices.

Based on the developed polysilicon thin film, a flexible thermistor array was designed
and developed for brain temperature monitoring. The array has low mechanical stiffness and the
ultra-small dimension of developed polysilicon thermistors can be applied for high spatial
resolution measurement with sufficient accuracy and resolution. The developed polysilicon

thermistors has achieved good in vitro performance with a sensitivity of -0.0031/°C, response
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time of 1.5 s, a resolution of 0.1 °C, thermal hysteresis less than 0.1°C, and long term stability
with drift less than 0.3 °C for 3 days of continuous operation in water. In vivo tests of the
polysilicon thermistor showed a low noise level of 0.025+0.03 °C and the expected transient
temperature increase associated with cortical spreading depolarization.

Furthermore, high sensitive flexible pressure sensor was designed and developed for ICP
measurement with the polysilicon thin film. The developed flexible pressure sensor was fully
characterized in liquid environment. And the results showed a sensitivity of 6 x 10 / mmHg,
resolution of 1 mmHg, and hysteresis of less than 1 mmHg for the pressure range of 10 to 20
mmHg. The polysilicon based flexible piezoresistive pressure developed in this work has
successfully achieved the sensitivity and resolution required for ICP monitoring, and showed the
feasibility of developing the ICP sensor with high throughput and low cost.

Finally, a 1 x 4 polysilicon based pressure and temperature sensor array was designed
and developed for monitoring plausible pressure vectors in the TBI. Following the same
dimension design of single pressure and temperature sensor, a 1 x 4 sensor array with the center
distance of 4 mm was developed and fully characterized. The real-time simultaneous
measurement of pressure and temperature was performed. And the experiment results showed a
multichannel dynamic change to pressure and temperature with no interference. Thus, an
integrated ICP and ICT array, which can provide simultaneous monitoring of pressure and

temperature, was successfully realized.

The pressure and temperature sensor array was further characterized in a brain emulation
model and dynamic pressure and temperature measurement results were obtained. The

preliminary experiment results didn’t show pressure gradient. However, the developed sensor
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array had enough sensitivity to detect the pressure differences or gradients in brain if any. In the
future, different pressure change rates and directions need to be further explored for a thorough

analysis of the gradient and vector of ICP.

In conclusion, this work has proposed, developed and fully characterized innovative
polysilicon-based flexible pressure and temperature sensors for ICP and ICT monitoring. .
Polysilicon thin film has been showed to be developed on flexible polyimide with low cost,
simple, and high yield process. The developed sensors have met the requirements of ICP and
ICT monitoring with high sensitivity, high resolution, fast response, and low hysteresis. The
sensors can be easily integrated with other biosensors and ECoG electrodes for a thorough brain

monitoring with minimal cross-talk and interference.
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