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ABSTRACT

Heat can be used as a reliable biomarker of cell metabolism. Assessing changes in metabolic
activity is useful to study normal bioactivity or factors which may stimulate or inhibit cell
proliferation. Methods which measure the heat of cell metabolism over time must be sensitive to
the small changes. Thermoelectric sensors, which work by the Seebeck effect, are one method
which has shown adequate sensitivity. This type of sensor directly converts heat energy into
electrical energy without the use of a power source. Current research into sensors for cell
metabolism may list lengthy, complex, and expensive procedures or include materials with rare or
toxic elements. This work establishes a design approach of a silicon-based thermoelectric sensor
for cell metabolism measurement which incorporates abundant and non-toxic materials and a
simple procedure based on standard MEMS fabrication methods. The foundation for the sensor
design is discussed. Fabrication was done using optical lithography, reactive ion etching, and
electron beam evaporation which are standard and well known in industry. Sensor quality was
characterized successfully based on the defined design parameters. Preliminary data has been
recorded on the sensor’s performance measuring heat production of Escherichia Coli cell
metabolism. Finally, recommendations to improve heat insulation, include sensor calibration, and
optimize manufacturing parameters are given for future work on this design to advance sensitivity

and commercial potential.



1. INTRODUCTION

1.1 Motivation

Thermoelectric sensors have been used to study biochemical processes including enzyme
catalyzed reactions and metabolic activities in living cells. By directly measuring heat production
as changes in temperature these sensors can identify molecular constituents, understand limiting
and promoting effects on cell bioactivity, and determine reaction mechanisms. Thermoelectric
sensors for biochemical processes commonly contain a thermopile component consisting of the
sensor materials and a microfluidic component for controlling the analyte fluid. The upper limit of
each sensor’s sensitivity is its inherent total Seebeck coefficient, thus materials with higher values
of this property are often selected. Alloys of bismuth and antimony telluride make up most
thermoelectric sensor materials due to their high Seebeck coefficients, but they are rare, expensive,
and not easily fabricated by standard MEMS processes [1].

Sensitivity is often reduced by heat loss to the environment and limits of the voltage
measurement electronics. The tendency of heat dissipation for small temperature changes is
opposed by reducing thermal mass beneath the measuring side of the sensor, with the aid of a heat
sink beneath the reference side, or through selection of a low thermal conductivity microfluidic
component. However, implementing such methods can include complex and costly fabrication or
require expensive and bulky volt measurement tools [1], [2].

This work is a foundation and principles study for the design and development of a silicon-
on-insulator (SOI) based thermoelectric biosensor which focuses on standard MEMS materials

and processes.

1.2 Scope of Thesis

The wide application potential for thermoelectric biosensors has encouraged considerable
research into optimal material selection and fabrication methods. To reach industry, the materials
should be widely available, cost-effective, and preferably non-toxic. Standardized fabrication
methods would allow for a rapid and efficient transition to large scale production. While exploring
new fabrication techniques, the design of the thermoelectric biosensor discussed here has been

bound by the above-mentioned criteria.
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Thermoelectric sensors with these qualities have been developed and reported in literature,
however none have been fabricated in the manner discussed in this thesis. This sensor focuses on
just three standard MEMS fabrication equipment: reactive ion etching (RIE), optical lithography,
and e-beam evaporation. Here the complexities and expenses associated with ion implantation and
microfluidic flow regulators are disregarded.

The target application of this sensor is the closed and static measurement of heat production
during cell metabolism. Thermoelectric sensors have before been used for this application, thus
providing guidelines for sensitivity. Investigating viability by this means allows the avoidance of
bioreceptor immobilization such as an enzyme or antibody. Therefore, problems such as
bioreceptor density/orientation or enzyme sensitivities to process conditions are bypassed entirely.
While the scope of this work is not yet narrowed to rapid measurement of changes in cell

metabolism, this direction and its potential implications to the healthcare industry are discussed.

2. LITERATURE REVIEW

2.1 Fundamentals of Thermoelectricity

2.1.1 Seebeck Effect

Thermoelectricity describes the direct conversion between electrical charge movement and a
gradient of temperature. When the applied electrical charge movement is responsible for the
creation of a temperature gradient, the resulting phenomenon is called the Peltier effect. However,
it is the Seebeck phenomenon which will allow for the measurement of heat. It contains the

Seebeck coefficient (S) which was discovered by Thomas Johann Seebeck in 1822 and is described
by S = % where the temperature difference (AT) is responsible for the voltage difference (AV)

[3]. Also called thermopower, the Seebeck coefficient is a material property that describes the
magnitude of electrical charge carrier movement in response to a difference in temperature. The
value can be positive or negative depending on the sign of the free charge carriers (negative for
majority electrons and positive for holes).

The Seebeck coefficient is strongly dependent on the material’s Fermi level, EF and is

higher when Er has a larger separation from the conduction or valence band depending on the
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charge carrier type. Equations 1 and 2 show the Seebeck coefficient for non-degenerative

semiconductors (moderately doped) and for insulators respectively [4], [5].

Equation 1
kB EF - Ec
e - kgT

S = + A)

Equation 2

kB _EF
S= 2 (—+4
e (kBT+ )

In these equations kj is the Boltzmann constant, e is the electron charge, E and E, are the
Fermi and conduction band energy levels, T is the temperature, and A is a constant dependent upon
scattering.

From these equations we can assume that insulators have the highest Seebeck coefficients
as the magnitude Ey is larger than that of E - E.. However, the Seebeck coefficient of insulators
is not commonly reported as they lack sufficient electrical conductivity to provide for a quick and
accurate measurement. The low electrical conductivity is attributable to insulators having no free
electrons as they are tightly bound to their atoms. On the other hand, for non-degenerative
semiconductors a large thermopower depends on a high separation of n-type and p-type charge
carriers and on possession of a singular carrier type [5].

The overall thermopower can be increased by joining opposite signed Seebeck coefficient
materials at only the positions corresponding to the greatest gradient in temperature (the “hot” and
“cold” sides as referenced later). This joining is the basis of the common thermocouple. Combining
thermocouples in series creates a thermopile and further multiplies the total Seebeck coefficient
by the number of thermocouples in series. Thermopiles are often required when the temperature

difference is very small.

2.1.2 Electrical Conductivity

Briefly, the electrical conductivity describes the ease of which charge carriers can move
through the material. The higher the electrical conductivity, the higher the efficiency of the
thermocouple. Insulators have very low electrical conductivity due to their wide energy band gaps

which make promoting charge carriers to the conduction band very energy intensive.

12



2.1.3 Thermal Conductivity

Thermal conductivity is especially important when the heat source, and thus the change in
temperature, are small. A material with a high thermal conductivity will dissipate heat through its
bulk and lessen the difference at the junctions. Therefore, materials with low thermal
conductivities are often suggested for thermoelectric applications. Often materials with high
Seebeck coefficients and high electrical conductivities have low thermal conductivities. Research
into the lowering the thermal conductivity of methods of lowering thermal conductivities of these
materials is wide and examples of silicon will be discussed below in Thermal Insulation Strategies

in Silicon-based Thermoelectric Sensors.

2.2  Thermoelectric Sensors

Thermoelectric sensors are used to recognize heat energy through the display of electrical
signal. The heat energy must give rise to a temperature difference across the sensor and a voltage
logger should be connected to the hot and cold points. Methods of heat containment at the hot side
and excess heat dissipation at the cold side are necessary in the design to maintain the temperature
difference. Therefore, materials that often make good thermoelectric sensors are those with high
Seebeck coefficients and electrical conductivities, but low thermal conductivities. Current leading
thermoelectric materials often contain rare-earth elements or are toxic to health or the environment
[6].

The sensitivity of a thermoelectric sensor is dependent upon its total Seebeck coefficient.
Theoretically speaking, the higher our thermoelectric sensor’s Seebeck coefficient, the smaller the

heat release we can measure.

2.3 Silicon-based Thermoelectric Sensors

Silicon is a narrow band gap semiconductor with a large Seebeck coefficient in the range
of 400 - 1000 | uV/K depending on doping levels [7]. Single crystal silicon is reported to have
the highest Seebeck coefficient of any thermoelectric material [8]. In addition, silicon is an
abundant material which has good production scalability unlike conventional thermoelectric

materials.
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Both p-type and n-type silicon have been used to create thermopile sensors. When pairing
another material with doped silicon, ohmic contact is important. Ohmic contact follows Ohm’s
law (V=IR) and moreover has no barrier to electron movement at the interface. It is determined by
the joining of the materials’ work functions. The work function of any material is defined as the
minimum energy required to propel an electron to vacuum as described in ® = Evacuum — Erermi. In
context, the energy of the vacuum, Evacuum, regards that an electron of the atom is free. In other
words, the atom has been ionized. For a metal, the Fermi level, Erermi, establishes that any energy
level below is regarded as a sea of free electrons. Because of this sea, metals are conductive.
However, for semiconductors and insulators, the Fermi level establishes a different meaning. In
these materials, the Fermi level exists within the band gap and represents the level at which charge
carriers have a 50% chance of occupancy. Ideally, the Fermi level of the contact metal will have a
lower energy configuration than the highest occupied energy level in the sensor. Typically, a
metal’s Fermi level is at a higher energy than that of an intrinsic (non-doped) semiconductor.

Silicon has a work function between 4.60 and 4.85 eV incorporating intrinsic and extrinsic
values [9]. The larger the work function of the metal, the greater the probability of electrons in
silicon to be at an energy higher than the metal and thus the better the ohmic contact. The work
function of most metals is around 4-5 eV. Table 1 below shows elements with work functions
greater than 4.85 eV.

Table 1: Work functions of some elements [9].

Metal | Work Function (eV)
Beryllium 5.0
Cobalt 5.0
Nickel 5.01
Gold 5.10
Selenium 511
Platinum 6.35

The limited selection of available contact metals for silicon is not the only nor the most
demanding challenge when incorporating this material into thermoelectric sensors. The thermal
conductivity of bulk silicon is 141 W/mK [10]. Thus, the high intrinsic sensitivity of silicon-based
thermoelectric sensors may be thwarted by rapid heat dissipation through its bulk. However, there

are a few strategies to circumvent such issue.
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2.3.1 Thermal Insulation Strategies in Silicon-based Thermoelectric Sensors

Thermal conductivity, like many material properties, is altered when the material enters
the nanoscale. Reducing the thickness of silicon directly reduces the thermal conductivity by
increasing phonon boundary scattering [11].

Fabricating a thermopile on a SOI wafer is a technique which has been used to create high
sensitivity thermoelectric sensors with low silicon thermal conductivity. SOI wafers have a buried
oxide sandwiched between a thin layer of silicon and the bulk substrate. With this design the buried
oxide’s low thermal conductivity acts as a thermal barrier [12]. Asheghi et al graphed room
temperature thermal conductivity data for bulk silicon and SOI films between 0.01 to 50 um [11].
They found no significant difference in thermal conductivity from bulk until films were below 1.5
um and further explained that films of 0.5 um or less experienced a reduction over 40% due to
phonon boundary scattering [11]. Decreasing from 0.1 um will continue to reduce the thermal
conductivity, but it is at this point when the internal resistance will begin to affect the ability to
record a signal [13]. Reducing the thickness is thus crucial for reducing the thermal conductivity
yet one can be assured that the nanoscale silicon has the same Seebeck coefficient as the bulk.
Salleh et al. explained that a silicon film as thin as 6 nm would have a Seebeck coefficient the
same as the silicon wafer, and that doping concentration is the more important influencer on
Seebeck coefficient [14].

There also exist methods to control the temperatures at the reference and measuring
junctions. The reference junctions should remain at a constant temperature so that changes in AT,
and thus in AV, solely reflect upon the changes of the measuring junction. High thermally
conductive heat sinks have been connected to the reference junctions for maintaining their
temperature. Bulk silicon and aluminum have been used in thermoelectric biosensors for this
purpose [15], [16]. Other publications choose to leave out this design choice either to reduce
complexity or perhaps because heat sinks may be less helpful than previously thought. A 2021
paper by Bari, Reis, and Nestorova numerically considered parameters which affect the sensitivity
of thermoelectric sensors [17]. Their simulations concluded that the presence of a heat sink reduced
the overall temperature difference between the junctions because heat that dissipated from the
reaction zone was absorbed by the heat sink [17].

On the other hand, the temperature at the measuring junctions should be influenceable

only by the analyte. Thermal insulation of the measuring junctions is thus especially important.
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The suspension of the measuring junctions over a membrane is a common strategy which improves
the integrity of the temperature difference by removing the thermal mass beneath these junctions
[18]. The low thermal conductivity of air (0.0261 W/mK [19]) aids in this environmental
separation [16]. The removal of bulk silicon on the backside of the wafer is performed by either
wet anisotropic etching or deep reactive ion etching (DRIE).
Material choice to encapsulate or channel the biological fluid also has important
implications for the thermoelectric signal. This is the component for microfluidic channels,
reaction chambers, and/or membrane insulators. Thermal conductivity is a main consideration

when deciding which material to use. The thermal conductivity values for materials which have
been used for this purpose in thermoelectric devices are listed in

Table 2.

Table 2: Thermal conductivities of microfluidic components [10], [20].

Material Thermal Conductivity (W/mK)
Glass 1.7
PMMA 0.17-0.25
Silicon Nitride 29
PDMS 0.15
PTFE 0.25

A material with a higher thermal conductivity will have faster heat dissipation to the
environment and result in a lower temperature difference between the junctions. Although silicon
nitride has a much higher thermal conductivity than the rest, this material has been used for its
ease-of-application in standard processing. Xensor corporation also explains silicon nitride’s
stability even with repeated enzyme immobilization or other coatings [21]. While PDMS may have
the lowest thermal conductivity, it may be that it can absorb small hydrophobic molecules which
would not be beneficial when hydrophobic heat sources such as certain proteins or bacteria are of

interest [22]. However, PDMS still remains a generally utilized microfluidic material [23].

2.4 Heat from Cell Metabolism

Heat is a beneficial signal relating to cell metabolism because it is directly related to cell

metabolism and does not require enzymes to catalyze a reaction or invasive labeling as do other
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methods which estimate metabolic activity such as oxygen consumption, measure an enzyme’s
activity, or tracks ATP consumption [24].

The use of changes in heat to reference cell metabolism has many practical applications
including identifying cells based on their bioactivity as well as understanding effects on it [25].
Metabolic activities including chemical and physical processes lead to heat generation or
absorption with heat generation linked inversely to the growth rate [26]-[29]. Therefore, when the
growth rate is high, the overall heat production is low [28]. The non-growth-related processes
which result in measurable heat include the constant movement of cells, macromolecular turnover,
and the preservation of ion gradients across their membranes [29]. The quantity of heat dissipated
during these processes will vary depending on the cell’s doubling time, the nutrients present, and
other environmental conditions [28]. For example, the doubling time of Escherichia Coli is listed
at about 17 minutes under optimal conditions while the doubling time of gut bacteria in Mammalia
is listed as 2.7 — 2.9 hours (162 — 174 minutes) [28]. E. Coli was reported to produce 739.4 kJ/mol
of heat measured by microcalorimetry which can be roughly estimated as 8.03x1073 -1.1x1072
kcal/g when estimating E. Coli’s molecular weight as between 16 — 22 kDa [30], [31]. Two types
of Mammalia gut bacteria are reported to have produced 4.61 kcal/g and 4.78 kcal/g of heat by
flow calorimetry [29]. The difference in doubling time may be a reason these bacteria show 2-3
orders of magnitude different heat production.

A sensor which can accurately measure the heat release of a variety of cell types despite
known variability of heat production would have the best potential for industry. Considerable
studies assess viability with E. coli due to the abundance of literature on these bacteria, its ability
to grow in many environments, and the wide range of growth rates that it possesses [15]. For
instance, altering the energy source can influence E. Coli’s growth rate nearly 10-fold [29]. With
this range of growth rates, a sensor can tune the optimal sensitivity towards several specific heat
outputs by using only one strain.

Compared with various cells, bacteria have some of the lowest average heat production per
cell [32]. which may stand as a standard minimum for sensitivity amongst cell metabolism sensors.
A book published by Wright in 1987 contains thermal studies of biological systems that list
bacterial heat outputs no greater than 5 pW/cell and although some human blood cells produce less
heat (~107 pW/cell), most other cells including fungal and tissue cells produce heat in the range
of 40 — 80 pW/cell [32].
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Many papers can be found which use heat production changes in E. Coli as helpful
information for the healthcare industry. Measured changes in heat output have been used to
estimate the concentrations of Cu?* or La®" which stimulate or become toxic to living organisms
[33], [34]. Heat changes of E. Coli have also been used to identify antimicrobial materials by
comparing the lag time until the culture reaches the growth stage and the total heat measured for

conditions with and without a suspected antimicrobial material [35].

2.5 Thermoelectric Sensors for E. Coli Metabolism

Isothermal microcalorimetry (IMC) is an established tool for measuring energy released in
a closed and isothermal system. Although IMC accurately measures the heat of cell metabolism
with little heat loss, there are several driving factors which further interest in the research of
thermoelectric chip sensing. Most of the driving factors can be related to lowering costs. These
include lowering the sample volume and saving time with quicker equilibration [36]. A reduction
in the required sample volume would save the cost of an expensive sample or one low in target
analyte. A low-grade sepsis sample may have <10 CFU/ml while high-grade bacteremia is
considered any concentration >100 CFU/ml [37]. However, current commercial IMC devices are
reported to require 100,000 bacteria to measure a signal which would require extensive sampling
[38]. The detection limit of IMC for E. Coli specifically has been recorded around 104 CFU [39].
With lower cell detection limits, the speed at which cell metabolism monitoring can provide an
analysis is much improved [40]. To achieve high accuracy of results, IMC is typically performed
in a closed ampoule. Cell metabolism by aerobic respiration will eventually result in the depletion
of oxygen in the ampoule and force the cells to switch their metabolic processes thus affecting the
heat production. When this occurs, time to measure the effects on bioactivity and complexity in
interpreting the signals are increased. Thermoelectric chip sensing has made strides at improving
upon the disadvantages of IMC while remaining sensitive and accurate.

Liu et al used a commercial thermopile sensor by Xensor Corporation to execute E. Coli
susceptibility to antibiotics and compare results with gold standard antimicrobial susceptibility
testing methods [40]. The sensor is an Al/Si thermopile likely fabricated by MEMS processing;
however, the methods are not discussed and the sensors are no longer in production. A data sheet
by Xensor reveals a total intrinsic Seebeck coefficient of 50 mV/K and depicts a schematic of the

sensor with the measuring junctions over a silicon-nitride membrane to improve thermal insulation
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[21]. The authors also sought to improve thermal stability by fabricating a thermostat with heating
pads for the reference junctions and by designing a microincubator which put the bacterial solution
in direct contact with the thermopile [40]. However, the material of this microincubator nor its
thermal conductivity are mentioned. They added 150 uL of an E. Coli suspension with a
concentration of about 10° CFU/m, thus the nanocalorimeter measured approximately 15,000 cells
[40]. The high sensitivity reported as 1.14 VV/W allowed for a shorter analysis of susceptibility (7
h) compared to the gold standard methods (up to 48 h) [40], [41].

Higuera-Guisset et al used the same commercial sensor to measure the cell metabolism of E.
Coli, however, they added additional methods of thermal insulation including encapsulating the
reaction chamber with PTFE and connecting the reference junctions to an aluminum heat sink [15].
Over 24 hours they measured the heat production of approximately 600 cells in their 0.6 ml PTFE
reaction chamber [15]. They list the sensitivity as 1.24 V/W [15]. With the thermopile components
from the same source and the sensitivity values determined in a similar manner, it is a reasonable
assumption that the 100,000 nV improvement in sensitivity is in large part a result of better thermal

insulation strategies.
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3. EXPERIMENTAL METHODS

3.1 Sensor Design
3.1.1 Thermopile

Due to aforementioned advantages in Seebeck coefficient, availability, cost, and
standardized processing, silicon was the first chosen thermoelectric material. Despite similar
properties, p-type silicon (p-Si) was chosen over n-type due to a higher Seebeck coefficient at
similar doping concentrations [7]. Nickel (Ni) was chosen as the thermopile’s n-type material due
to its low cost and higher work function than silicon. Nickel’s Seebeck coefficient is near -20 pV/K
[42].

To decide the number of thermocouples in the thermopile, the intrinsic sensitivity of the E.
Coli metabolic thermoelectric sensor by Higuera-Guisset et al was used as a guideline. Higuera-
Guisset et al purchased their silicon-aluminum thermopile from Xensor Integration who lists the
device’s intrinsic sensitivity as 50 mV/K [21].

If we assume a 500 pV/K Seebeck coefficient for silicon and -20 uV/K for nickel, then
around 96 thermocouples would be required to achieve the same sensitivity. During the design,
the number of thermocouples settled at 102 and thus has a slightly higher intrinsic Seebeck
coefficient.

The dimensions of the thermopile were determined next. The thermopile length (distance
between hot and cold junctions) must be large enough to prevent heat from the reaction zone from
influencing the temperature at the reference zone, yet it must be small enough for resistance of the
legs to not greatly interfere with sensitivity [43]. However, many distances have been used
successfully in literature and the optimal length will depend on the other dimensions of the
thermopile, the magnitude of heat source, and thermal insulation strategies. To start, 500 um
lengths were chosen. A successful thermoelectric device has been conceived by de Leon et al with
legs of length 500 um when the membrane diameter and thickness were 1 mm and 15 um

respectively [44]. Figure 1 shows the design of our thermopile.
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p-Si
Ni

Figure 1: Schematic of thermopile with 102 p-Si/Ni thermocouples.

The p-Si legs are electrically isolated from each other. Each nickel leg overlaps p-Si in an
area of 50 um to ensure contact. Nickel is deposited in two large areas for creating voltmeter
contacts to the measuring and reference junctions. The inner distance from the hot junctions on the
left to those on the right is 1.3 mm and the total length is 15 mm which creates a large surface area
for the fluid heat source.

In this design the biological fluid heat source is meant to be in direct contact with the
thermopile, thus maximizing the heat transfer [40]. Alternatively, some thermoelectric sensors
may separate the thermopile materials from the fluid heat source for better fluid flow or because

their thermopile materials contain elements which are toxic to biological substances.

3.1.2 Thermal Insulation Mechanisms

The decision of silicon as one of the thermoelectric materials thus required the design of

thermal insulation mechanisms.
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The thermopile was designed for creation upon a SOI wafer. The thickness of the buried
oxide was not of particular importance as the bulk value of SiO2 thermal conductivity is low
enough to cause sufficient boundary scattering [12] and approaching the nanoscale would only
reduce the thermal conductivity [45]. The target thickness for p-Si is less than 1 um to significantly
reduce the thermal conductivity.

Creation of a membrane for the measuring junctions by etching the backside to the buried
oxide was included in the initial design to reduce the thermal mass beneath the measuring junctions
and thermally isolate them from the environment. However, testing of heat production from cell
metabolism was performed with sensors lacking this feature due to time restrictions. In their data
sheet, Xensor mentions the purpose of the membrane was for improving the thermal resistance of
moving liquids [21]. While likely to improve the temperature difference, creating the membrane
structure may not be necessary for our sensor in static conditions.

PDMS is chosen as the material to form into the reaction chamber for holding the analyte
fluid due to its low thermal conductivity, ease-of-use, and availability in our lab. Because we plan
to test cell metabolism with a relatively large concentration of bacteria, we are not concerned with
possible absorption effects at this time. The mold for creation of the PDMS reaction chamber is

shown in Figure 2.

10 mm

Figure 2: Resin 3D printed mold for the PDMS reaction chamber.
This mold has three walls and tapered edges for easy removal of PDMS after curing. The

reaction chamber is the middle feature and is 15 x 1.5 x 5 mm. Two squares of 3 x 2 mm are

included in the design in the same positions as the contact pads for easy connection to the voltmeter.
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3.2 Sensor Fabrication

SOI wafers were purchased from Siegert Wafer with a 4.6 + 0.4 um boron doped device
layer (1-5 Qcm) and a BOX thickness of 2.1 pm + 0.5%. Pieces were cut from the wafers and
cleaned by sonication for 5 minutes sequentially in acetone, methanol, and isopropyl alcohol. An
overview of fabrication is visualized in the flow chart in Figure 3. The pathways consist of
fabrication methods for the thermopile and microfluidic components which converge upon their
adhesion to each other. Specific processes of thermopile fabrication are only briefly mentioned in

the flow chart with white arrows branched off main concepts.

Microfluidic
and
Thermopile
Adhesion

Figure 3: Fabrication flow chart where red indicates start and stop, blue indicates microfluidic
processes, green indicates thermopile processes, and yellow details thermopile processes.

Prior to patterning the p-Si legs, the pieces required etching to reduce the device layer
thickness. One of the pieces was used to determine an appropriate etching time. This piece was
dried for 5 minutes at 130°C before spin coating a layer of AZ® 9260 at 3800 rpm for 45 seconds.
The piece was soft baked then a pattern containing several squares of 1 mm, 100 um, and 10 um
was exposed in the Heidelberg MLA150 at a dose of 900 mJ/cm? and developed in AZ 400K for
10 seconds. The piece was then etched in the March Jupiter Il reactive ion etcher (RIE) for 3.5
minutes with SFe gas at a flow rate of 10 sccm and a forward power of 100 W. This gas was chosen

as it is non-toxic and has a silicon to oxide selectivity between 10:1 and 100:1 [46] thus the buried
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oxide may act as an etching stop layer until the silicon pattern is etched to completion. After
etching, the piece was cleaned and the process was repeated for every 30 second etching times
from 4 to 6 minutes.

After choosing the appropriate non-masked etch time, pieces were prepared for creation of
the p-Si legs. The p-Si pattern shown in Figure 1 was developed and etched with the same
parameters until the buried oxide was exposed around the legs as confirmed by a colored reflection.
The Bruker GT-K optical profilometer was used to approximate the feature heights.

The same process was used to pattern the Ni legs. After developing, the sensors were
dipped in buffered oxide etch (BOE) for 10 seconds to remove the native oxide then rinsed and
loaded into the PVD E-beam Evaporator System and Ni was deposited at a rate of 2 A/s. Metal
lift-off was performed by immersion in acetone and sonication for 1 minute. A silicone elastomer
kit was purchased by Sylgard® and mixed in 10:1 ratio of PDMS to curing agent. A desiccator was
used to remove all bubbles before pouring the mixture into the mold shown in Figure 2Error!
Reference source not found.. PDMS was cured on a hot plate at 65°C for 2 hours.

Adhesion of the PDMS microfluidic to the thermopile was trialed first with oxygen plasma
on the surfaces which will make contact. The March Jupiter 1l was used with an Oz flow rate of 20
sccm and 60 W forward power for 30 seconds. Adhesion should be promoted by the removal of
contaminants and the conversion of methyl side chains in PDMS to silanol groups [47]. However,
adhesion was not successful, potentially due to microroughness on the surface of the buried oxide
occurring upon oxide growth. Oxidizing the surface with a corona wand to promote adhesion was
also unsuccessful. Thus, in the interest of time, tape was placed by eye over the measuring
junctions and the voltmeter contacts and a thin layer of 100% silicone adhesive by GE was smeared
on the thermopile. The microfluidic was gently placed by eye and the sensor was cured in the oven
at 70°C for 1 hour.

3.3 Boiling Water Heat Sensing

To gauge the linearity and sensitivity of the voltage response to a change in temperature,
boiling water was added via needle injection to the reaction chamber while change in voltage was
continuously measured. Three injections of 35 pl were added at times 0, 30, and 50 minutes.
Therefore, the reaction chamber would not overflow. The change in voltage for this experiment

was compared with that from measuring a blank for one hour.
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3.4 E. Coli Metabolism Heat Sensing

Preliminary tests on the sensitivity of the thermopile to the heat produced from cell
metabolism was done by continuous voltage collection by the Picolog ADC-20 voltage logger. E.
Coli 25922 was grown overnight at 37°C and suspended in a saline solution at a concentration of
roughly 108 CFU/ml as inferred from a 0.5 MacFarland optical measurement. The solution was
then mixed 3:1 with tryptic soy broth. Volumes of 100 pl of the mixed solution were injected into
the reaction chambers of two identical sensors and voltage measurements were taken every 30

seconds over 3 hours.
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4. RESULTS AND DISCUSSION

4.1 Reactive lon Etching

Optical profilometry and energy dispersive spectroscopy (EDS) were used to determine the
appropriate etching time before patterning with the piece that was patterned with 1 mm, 100 um,
and 10 pum squares. Etching depth of the 100 um squares etched every 30 seconds from 3 min 30

seconds to 6 minutes was estimated from an image of optical profilometry as shown in Figure 4.

847
800

200

o 200 400 600 800 1000 1129

Figure 4: Image from the Bruker GT-K optical profilometer of 100 um squares etched for
different times.

Regardless of etching time, each square has relatively the same etch depth of ~7 um. The
features appear colored as to indicate the buried oxide layer, however, the device layer of the wafer
should be only 4.6 um. An etching depth of 7 um would indicate etching had been deeper than the
4.6 um device layer and the 2.1 um buried oxide. EDS was used to determine the elements present

in the etched squares. Weight percentage data from EDS is shown in Table 3.
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Table 3: EDS data from 100 zm squares etched by SFes plasma for different times.

. Weight % Error %

Etch Time o Si o Si
3 min 30 sec 42.23 57.77 5.19 1.76
4 min 42.67 57.33 5.17 1.77
4 min 30 sec 42.67 57.33 5.17 1.77
5 min 42.61 57.39 5.17 1.77
5 min 30 sec 42.57 57.43 5.17 1.77
6 min 42.47 57.53 5.18 1.77
Unetched - 100 - 1.57

Evidence from Table 3 reveals that the buried oxide was exposed, and not etched
through. However, all the etching times reveal that the entire 4.6 um of the device layer were
etched completely after only 3.5 minutes. This disagrees with visual clues from etching 5
minutes with the same parameters on a non-masked piece. The non-masked piece was not
entirely color reflective, indicating the buried oxide had not been reached. The reason for the
disagreement is the wide difference in exposed silicon. The bare silicon piece has 25 mm? of
exposed silicon. Less than 1% of that area is exposed for each etching time. The etch rate for
silicon is thus increased upon this decrease in the exposed silicon. Thus, the appropriate etching
time prior to p-Si patterning was determined by varying the etching times of a fully exposed
(non-masked) 25 mm? piece followed by etching of the p-Si leg pattern. The optical profilometry
images for various times of non-masked etching followed by p-Si pattern etching is shown in

Figure 5.
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Figure 5: Optical profilometry of pieces following varying non-masked etching times and
etching of the p-Si leg pattern to the buried oxide. Bare etching times vary as a) 3 minutes, b) 4
minutes, ¢) 5 minutes, d) 6 minutes.

Figure 5 shows that for increasing non-masked etching times, the p-Si legs decrease in
thickness difference from the buried oxide layer. There is a decrease from about 4.2 um for 3
minutes of bare etching to about 5.8 nm for 6 minutes of non-masked etching. However,
differences in the wafer shown in Figure 5.d are so small that the error of uniformity of 400 nm
in the original wafer has likely led to areas of no device layer silicon although this was not
confirmed by EDS. This data suggests that about 5 minutes is the appropriate bare etching time of
a single piece. When production increases to create more sensors, the area exposed increases and
the etch rate decreases. Therefore, the ultimate non-masked etch time was determined as 5 minutes
and 30 seconds for the batch processing of 3 wafers.

4.2 Electron Beam Evaporation

The first two trials of Ni deposition did not result in proper Ni adhesion to the buried oxide
layer despite making changes to the photoresist. The challenges associated with these depositions

can be understood by the images in Figure 6.
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Figure 6: Optical images after Ni deposition by Magnetron Sputtering for a) trial one and b) trial
two.

Each image in Figure 6 shows a failure of Ni to adhere to the buried oxide layer while
adhesion is visible on the p-Si legs. Issues with metal lift-off are also shown in Figure 5.b. Areas
such as this have been found in each sensor of trials one and two suggesting a need for a change
in procedure.

To improve Ni deposition on SiOz, a thin layer of titanium (T1) was deposited on the buried
oxide prior to Ni deposition. However, because Ti has a lower work function than p-Si, charge
carriers would not easily flow into it. Therefore, it was important to design a new mask that avoided
depositing Ti in between the layers of p-Si and Ni at the junction. The design of the new mask is

shown in Figure 7.
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Figure 7: Schematic of the Ti mask showing no deposition on top of the p-Si legs.

A layer of 100 nm Ti was deposited at a rate of 2 A/s and adhesion to the buried oxide was

confirmed before Ni deposition. Optical images after Ti deposition are shown in Figure 8.
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Figure 8: Optical images showing Ti deposition.

Avoidance of Ti on the regions of the Ni/p-Si junctions was confirmed by images in Figure

8. The slightly bulged deposition seen in these images is likely a result of over-developing. Issues

with metal lift-off were not as apparent in the sensors after Ti deposition. It was determined that

the thickness ratio of deposited metal and photoresist was not small enough for successful lift-off

of 1 um of Ni. Thus, the spin coating and lithography procedures moving forward were adjusted

to a thicker photoresist deposition.

Following confirmation of Ti adhesion, 100 nm of Ni was deposited in the same pattern

and confirmed by EDS as shown in Figure 9.

Element | Spot1 | Spot2 | Spot3
" 100% | 21.34% | 56.88%
Silicon | ooy | “as%) | (1.79%)
- - 43.12%
Oxygen (5.16%)°
; - 38.09%
Titanium (2'23%)0 -
v det HV spot Nickel ) 40.57% -
& erp | 15.00 kv f.s 113 m (3.29%)

Figure 9: SEM image and EDS results after 100 nm of Ti and 100 nm Ni deposition in the Ti
mask pattern. The information on the right shows element weight percentages with errors

included in parentheses.
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Spot 1 shows no oxygen content meaning the 5 minute non-masked etch did not reach the
buried oxide. Spot 2 shows similar amounts of Ni and Ti as well as a slightly less percentage of
silicon. The depth of EDS analysis is about 1-3 um [48]. Thus, the findings for spot 2 are in line
with what should be based on the design of the thermopile. Elemental results for spot 3 are
consistent with SiOz spots in Table 3 thus confirming electrical isolation of the p-Si legs.

The third trial of Ni deposition was completed after confirmation of adhesion to Ti. Optical
images post lift off are shown in Figure 10.
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Figure 10: Collaged optical images of the bottom, middle, and top of a sensor following Ni
deposition in the Ni leg pattern structured by way of showing the completed thermopile.

Once adjusting the thickness of the photoresist mask to be greater than ¥4 of the nickel
thickness, metal lift-off had a higher success rate. A sensor was confirmed ready for heat sensing
once all junctions were confirmed via optical microscopy.

4.3 Heat Sensing

The data logger used in these experiments is portable and user friendly thereby increasing
the potential for easy translation into the healthcare industry. The completed sensor in ambient
conditions with contacts is shown in Figure 11 while the set-up for voltage sensing of cell
metabolism at 37°C is shown in Figure 13.
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Figure 11: Image of the sensor with insulated wire connections.

Data of voltage background against a sensor with boiling water added to the reaction

chamber at times 0, 30, and 50 minutes are shown in Figure 12.
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Figure 12: Data from room temperature voltage measurements of (black) boiling water added to
the sensor’s reaction chamber at times 0, 30, and 50 minutes compared with (red) blank sample
over 60 minutes.

The red curve in Figure 12 which shows data for the blank sample has an average voltage
difference of 65.22 V. Immediately after the addition of boiling water at times 0 and 30 minutes
there was a large difference in voltage measured with the largest difference, about 4 mV, after the

addition at time 0 minutes. The smaller voltage differences at times 30 and 50 minutes may be due
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to the boiling water mixing with room temperature water remaining in the reaction chamber.
Because the voltage differences after each addition are not similar and the noise in the
measurement creates a curve which does not follow a distinct trend, there is little information we
can conclude about the temperature difference due to boiling water. What we can conclude is that
the sensor measured differences in voltage in the mV range. There is also little to no drift of the
baseline measurement which may be important for recognizing small differences once greater

control over the signal to noise ratio is achieved.

Figure 13: Voltage measurement set-up for sensors in an oven set to 37°C where a) shows the
entire set-up, and b) shows a zoomed image on the voltage logger and computer.

The entire sensor is not shown in Figure 13 because it remains in the oven for cell
metabolism sensing.

For the first trial of cell metabolism heat sensing, the sensors were placed in a 37°C oven
and brought to a uniform temperature for 10 minutes. Then 100 pl of a mixture of 75% 0.5
MacFarland and 25% tryptic soy broth was added at time 0 minutes. Voltage measurements were
taken every 30 seconds over 3 hours on two sensors with the same conditions and data is shown

in Figure 14.
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Figure 14: Voltage difference measurements of two identical sensors with 100 ul of a E. Coli
25922 solution over 3 hours at 37°C.

It can be noted that the lag phase before exponential heat production in bacterial cells is
known to decrease with a higher concentration of cells [35]. Higuera-Guisset et al. experienced a
lag phase of about 7-8 hours when measuring 600 cells of E. Coli [15], thus we would expect a
much shorter lag phase when testing with millions of cells. We see no such exponential growth of
the voltage curve due to exponential heat flow. Perhaps the oven increases the sinking of heat to
the environment, or perhaps the bacterial solution did not remain solely over the measuring
junctions due to the sensor not resting flat in the oven. Encouragingly, the voltage response has a

clear baseline for each sensor.
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S. CONCLUSIONS AND RECOMMENDATIONS

Significant advancements were made on this new SOI thermoelectric biosensor, but this work
is only the first step at optimization. This work designed and successfully fabricated the biosensor
using three common MEMS equipment: optical lithography, reactive ion etching, and e-beam
evaporation. All processes are highly competitive in industry and already may accommodate batch
processing. Other major advantages include cost efficient materials and methods and high intrinsic
sensitivity. We have concluded that sensitivity and thermal insulation require improvements to
recognize heat produced from cell metabolism. The environmental condition of 37°C is optimal
for many strains of bacteria and may shorten the time to recognize effects on cell metabolism. This
would have many benefits recognizing susceptibility profiles and antimicrobial agents.
Recommendations are categorized as either design changes based off fabrication complications or

those towards improvement of sensitivity.

5.1 Fabrication Complications

Many procedural optimizations were made during experimental iterations; however, a few
changes were not included due to time, and are recommended before future fabrication.

The thickness and uniformity of the SOI device layer is the most important logistical
change which should be made to improve the ease of fabrication. By choosing a device layer which
is already in the nanoscale and has a smaller variation in thickness will remove completely the step
of non-masked etching prior to p-Si leg creation. A nanoscale thickness will also reduce the p-Si
pattern etching time which would increase time efficiency for industrial manufacturing. The SOI
used in this work was purchased when a greater priority was placed on a backside oxide to
eliminate the tools required for growing an oxide necessary for DRIE as explained below in
Thermal Insulation Strategies. While the need for DRIE to create a membrane under the measuring
junctions has not been certified as unnecessary to the static condition of measuring cell metabolism,
a greater priority should now be placed upon a nanoscale device thickness.

The percentage of usable PDMS reaction chambers made from the mold design shown in

Figure 2 was 30% due to difficulties removing PDMS between thin walls. Small alterations such
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as widening the distance from the reaction chamber and contacts to the outer walls will likely have
a large improvement on the mold’s efficiency.

The microfluidic component also requires considerable upgrades to improve the sensing
ability. Because this component was not permanently adhered to the sensor, some trials
experienced leaking of the analyte fluid. Oxygen plasma has been known to adhere silicon
substrates with PDMS upon exposure, but due to a lack of time this process could not be optimized.
In addition, a method to accurately place the PDMS reaction chamber should be explored in future

works.

5.2 Thermal Insulation Strategies

There may be many reasons which may have led to the inability to measure accurately a
signal from cell metabolism due primarily to inadequate thermal insulation strategies.

Additional thermal insulation strategies in the design may be made to contain the heat
source near the measuring junctions.

Creating a membrane beneath the measuring junctions is a common strategy by silicon-
based thermoelectric sensors and is the first recommendation to the original design for its
employment of the low thermal conductivity of air to reduce heat dissipation to the environment.

DRIE may be used to create this membrane beneath. The design may look like Figure 15 below.

Deep lon Reactive Etching

Reference Measuring Reference
Junctions Junctions Junctions
P f 11 Il 1
‘ Device
Si02
Backside Bulk
*not to scale
/
Frontside

Figure 15: Schematic of the backside view and side view that could be included in the design to
improve thermal insulation at the measuring junctions. The red line indicates the point at which
the cross section on the right is taken.

36



It is important to create a trench with walls on all four sides for improved mechanical
stability.

The thermopile design may also require optimization in terms of the number of
thermocouples and the dimensions. To reach a lower detection limit the number of thermocouples
may need to be reduced to reduce the electronic noise [25]. And while 500 um has been
successfully employed as a thermopile length, it may require optimization in the design for a
particular application like cell metabolism measurement or for a wider variety of applications.
The publications mentioned in this thesis which have used thermoelectric sensors to measure E.
Coli heat release used either a heat sink or heating pads to maintain equilibrium temperature with
the environment at the reference junctions [15], [40]. In this design, no external mechanism was
created for this purpose which may have affected the temperature difference if the reference
junction. Heat from the reaction chamber could have lingered near the reference junction, reducing
the sensitivity. As heat sinks have been considered as non-beneficial by simulations of Ishraq Bari,
Reis, and Nestorova [[17], this addition may not be first recommended, but considered if the

thermal insulation strategies previously mentioned have not allowed for a successful measurement.

5.3 Improving Commercial Potential

A future design update to the device layer should include a more robust means of
calibrating the sensor. Other methods have deposited patterns of thermally resistive metals such as
nickel which provide uniform and close contact to the measuring junctions [16]. A known amount
of power can be supplied to this metal trace which can be used to determine the sensitivity of the
thermopile in VV/W thus providing a means to characterize the heat production in cell metabolism.

A sensor which may be used repeatedly would greatly improve the cost efficiency and
commercial potential. Currently there is not a method designed for rinsing after use which restricts
each sensor to one use. The microfluidic component should include a flow inlet and outlet for
washing between measurements. This addition will increase complexity slightly, but not to the
extent of active flow sensors which must optimize the analyte flow rates for accurate testing.

In this work, heat production from cell metabolism was measured over 3 hours. Ultimately,
understanding the metabolic activity and growth stage of cells rapidly with a shorter lag phase is

the main future application driving this research. Properly diagnosing and identifying
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susceptibility of bacterial strains quicker than modern methods (24 - 48 h) [41] would allow

healthcare workers to accurately prescribe antibiotics and help to minimize bacterial resistance.
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