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ABSTRACT

Research shows that microorganisms play a major role in climate change,
but there is a lack of adequate understanding of microbial involvement in climate
change and further research is needed for greater understanding. Temperature
monitoring lends an insight into the current climatic shifts in Arctic and Antarctic
regions. Currently, satellite monitoring is used to track temperature changes in
those regions. To further the understanding of the role microorganisms play in
the rising temperatures in those regions, in-situ temperature monitoring is needed.
Commercially available temperature probes are high in cost and not well-suited for the
harsh environment of Arctic and Antarctic regions. Utilizing micro electromechanical
systems technology provides a solution for robust low-cost, low-power sensors that
can be designed specifically to operate in harsh environments. Gold resistance
temperature devices were designed and fabricated using micro electromechanical
systems technology with a high spatial resolution capable of detecting microorganisms
in subzero applications. The fabricated temperature sensors were calibrated for
subzero use and freezing experiments were done to detect any changes due to
impurities in the sample. The gold resistance temperature devices were able to
withstand prolonged exposure to the harsh experimental environment and provide
an accurate spatial temperature gradient throughout the media. The gold resistance
temperature devices had negligible effects due to the self-heating phenomenon
common in resistance temperature devices. Additionally, the sensors were able to
detect variations in the freezing curve of the media with the inclusion of the bacterial
isolate Flavobacterium sp. ANT 11 (accession number GU592435) in DI water
samples. Future research should focus on (1) furthering the understanding of the
microbial interactions in the cooling curves of different medias and (2) integrating
electrical impedance spectroscopy sensors to provide knowledge of what impurities
are in the sample that could be affecting the freezing curve of the media.
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INTRODUCTION

Monitoring the Microbial Aspect of Climate Change

Climate change is a serious issue that the scientific community currently faces

due to a number of detrimental environmental effects of the changing climate [NASA,

2018]. Climate change will have the greatest effect in Arctic, Antarctic, and other

low temperature environments compared to other environments [Ruess et al., 1999].

As the temperatures in Arctic and Antarctic regions rise, the sea ice cover begins to

melt. The melting of sea ice cover then causes an additional temperature rise due to

an increase in solar radiation. The continuation of this increase in temperature and

decrease in ice cover is a positive feedback loop [Romm, 2019]. Additionally, there is

little known about the role that microorganisms and other bacteria have in climate

change and the global temperature rise. Arctic and Antarctic regions have a large

biome primarily made up of microorganisms that are very biodiverse [Anesio and

Laybourn-Parry, 2012]. Microbial involvement is believed to have a great influence

on the acceleration of environmental heating, due to the fact that as microorganisms

begin to heat up, they add excess heat into the environment due to respiration and

other biotic activities [Dutta and Dutta, 2016]. However, the rise in temperature can

also be due to changes in the microbial composition in said environment [Dutta and

Dutta, 2016]. The microbial influence on climate change has not yet been properly

explained, and therefore is not properly understood [Dutta and Dutta, 2016].
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Current Temperature Monitoring Methods

There are several techniques currently used for monitoring temperatures and

other physical properties of Arctic, Antarctic, and glacial environments. Current

monitoring of any surface-based measurements, including surface temperature, is done

by the use of camera and satellite imaging and measurements [NASA, 2014]. Surface-

based measurement methods help monitor overall temperature changes; however,

these methods do not assist in furthering research into the mechanisms of the

microbial involvement in climate change.

In order to properly understand microbial involvement in climate change, in-situ

measurement devices are needed in Arctic and other low temperature environments.

Currently, the use of probes and sensors are the typical methods for in-situ

monitoring. Typically, design aspects considered for probes and sensors are the size

of the sensor, the power consumption of the sensor, the cost to manufacture, and

how robust the sensor is. With in-situ measurements, there is a potential for sensors

and devices to become lost or damaged. If the device used is lower cost and easy to

replace, there is less risk involved with the potential of losing equipment. In addition

to the cost, size, power consumption and robustness of the sensor, there are additional

design aspects for measurement devices used in remote data collection. All equipment

must be brought to a remote area to conduct the data collection, so the equipment

necessary to operate the sensors needs to be considered. Additionally, the location

where the sensors and probes will be used for data collection and the conditions

to which the sensors will be subjected must be fully considered and factored into

decisions regarding research protocols.
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Implementation in Arctic and Low-Temperature Environments

Monitoring environmental changes such as temperature fluctuations caused by

the naturally occurring microbial biome can be done by the use of in-situ temperature

probes and sensors. There are many locations that can benefit from the use of sensors

for in-situ environmental monitoring.

Cryoconite Holes in the Arctic

One type of environment that would benefit from implementation of environmen-

tal monitoring devices is cryoconite holes. Cryoconite holes are naturally occurring

cylindrical holes in glacier ice surfaces. These cylindrical holes are caused by sediment

found on glacier surfaces called cryoconite. Since this type of sediment is darker in

color than the surrounding ice, solar radiation is absorbed by this sediment and

in turn “drills” holes in glacier ice sheets with depths up to tens of centimeters

deep [Cook et al., 2016]. Since these holes are naturally occurring, they make the

ideal location for future sensor implementation and experimentation. There would be

no disruption to the environment by placing the sensors into these naturally “drilled”

holes. Cryoconite holes can be found either frozen solid, like in Antarctica [Foreman

et al., 2007] or as an aqueous mixture of snow and liquid media due to melting during

warmer parts of the year as shown in Figure 1.1. The melted cryoconite holes shown

are from Greenland Ice Sheets.
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Figure 1.1: Melted cryoconite holes in Greenland Ice Sheet. Image credit: Foreman
Research Group

Cryoconite includes organic matter that is both abiotic, like inorganic sediments

and salts, and biotic, like microbes, and could be used as a sample space to monitor

and research their involvement with temperature shifts in glacial ice sheets [Cook

et al., 2016]. This can be achieved by creating rod-shaped devices designed to hold

various types of sensors placed at various depths to further the spatial range of in-situ

measurements and monitoring of the matter in cryoconite holes.

MEMS Technology

Since the establishment of micro electromechanical systems (MEMS) in the

1980s, there have been a number of advances, including smaller sizes, lower power

consumption, and better accuracy. These advances make this technology a popular

choice for the development of sensors used for in-situ measurements [Shin et al., 2017].

Additionally, MEMS technology allows for on-demand fabrication that can include

a variety of actuators and sensing elements [González et al., 2013]. MEMS devices

work by combining both electrical and mechanical mechanisms and are manufactured
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using batch processing techniques involving material deposition, photolithography,

and chemical etching. Since MEMS devices sense and work on the micro-scale, they

are used for in a variety of applications and fields including automotive, medical,

electronic, and communication. Sensors and actuators are two types of devices that

can be fabricated using MEMS technology. Sensors and actuators work by converting

one form of energy to another. With actuators, the intended purpose of the device is t

ensure an action; however with sensors, the information gained from the measurement

is what is of importance [Madou, 2012].

Utilizing MEMS technology to design temperature sensors will allow them to be

lower in cost, smaller in size, and have a low power consumption, while also being

capable of in-situ measurements. For these reasons, this technology will be useful for

the eventual remote sensing of subzero environments.

Chapter 2 further discusses and compares the different technologies that can

be utilized when designing and developing resistance temperature devices and why

thin-film technology was utilized for this application.

Importance of MEMS Technology

Since sensors developed using MEMS technology are small, lower cost, and

have a low power consumption, they could be utilized for remote sensing in

harsh environments to monitor climatic changes and shifts in subzero and Arctic

environments. They are also easy to manufacture and develop, so numerous sensors

can be placed throughout the area to monitor and track environmental changes

without the fear of losing or damaging a sensor during data collection.
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Hypotheses

Hypothesis 1: RTD devices made of gold can withstand extreme temperature

and phase changes, will not degrade, and can be used to accurately measure

temperature in aqueous environments.

Hypothesis 2: The material choices and designed geometry of the RTD sensor

paired with a low testing current will result in negligible effects due to the self-heating

phenomenon.

Hypothesis 3: The designed RTD sensor will have the ability to detect the

addition of biotic impurities within the sample based on comparing the experimental

cooling curves to theoretical cooling curves.
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THEORY

Temperature Measurements

Temperature sensors were designed for in-situ monitoring of Arctic, Antarctic,

and glacial regions. Current methods for temperature monitoring in those regions

could be vastly improved by using sensors that have a low power consumption, are

low cost and robust, and have a high spatial resolution.

There are several types of temperature sensors that could be used for in-

situ measurements. These include thermocouples, thermistors, and resistance

temperature devices (RTD). Thermocouples are simple and inexpensive sensors that

come in a variety of styles; however, compared to thermistors and RTD sensors, the

temperature stability is variable over time. Thermocouples also have a nonlinear

response to temperature. In order to be used as a temperature sensor, additional

electronic equipment is required [Nelson et al., 2004], and the additional equipment

needed increases the cost. Thermistors give fast temperature measurements with

minimal lead resistance errors, but they also have an exponential response to changes

in temperature, a limited temperature range, and are not robust [Kuglestadt, 2015].

RTD sensors have high stability, good linearity, higher accuracy, and are robust.

Some disadvantages of RTD sensors include that they have a self-heating error and

low sensitivity [National Instruments, 2019]. Table 2.1 compares the different types

of temperature sensors.
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Table 2.1: Comparison of different temperature sensors [Nelson et al., 2004].

Characteristic Thermocouple Thermistor RTD

Accuracy Fair Poor to Fair Excellent

Sensitivity (>600 °C) Poor Fair Good

Response Time Poor Poor Good

For this application a low-cost, robust sensing element was required due to the

potential of loss of sensors. Other factors included good linearity and accuracy. Due

to these requirements, RTD sensors were chosen.

Resistance Temperature Devices

RTDs are used in a number of applications. These types of temperature sensors

are typically fabricated using macroscopic techniques, but newer methods allow for

RTD sensors to be fabricated using thick-film and thin-film technologies. Both thick

and thin-film technologies allow for novel RTD sensors, further advancing the field

of temperature measurement devices. RTD sensors, in particular, are best suited for

this application because they are inexpensive to manufacture, simple to design, and

have low power consumption. RTD sensors work by passing a known current through

a resistor or patterned material. Resistance change is proportional to temperature

and is dependent on material selection. Ohm’s Law (Eqn. 2.1) relates the voltage

drop V to the current I passed through resistor R.

V = IR (2.1)

RTDs are fabricated with metals since the resistance is related to the temper-

ature of the metal. Metals are typically used in RTD fabrication due their high
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sensitivity to temperature and high linearity over a wider range of temperatures.

The electrical resistance is related to its material property, resistivity:

R =
ρL

A
(2.2)

where R is the resistance of the resistor, ρ is the bulk resistivity of the material

(Ω ·m), L is the length of the resistor, and A is the cross-sectional area of the resistor.

The relationship between resistivity and temperature is given by the Callendar-van

Dusen equation:

ρ = ρ0[1 + AT −BT 2 − C(T − 100)T 3] (2.3)

where ρ is the material resistivity at temperature T , ρ0 is the bulk resistivity

at 0 °C, and A, B and C are known as the Callendar-Van Dusen constants. For

temperatures above 0 °C, C becomes zero and the equation reduces to:

ρ = ρ0[1 + AT −BT 2] (2.4)

For some applications, Equation 2.4 can be used for temperatures below 0 °C

with minimal errors (less than 0.05 percent error). At temperatures below -100 °C,

the errors from using Equation 2.4 over Equation 2.3 are too high [ILX Lightware,

nd]. For the research application, the environment in which the temperature sensors

are being used are above -100 °C, therefore Equation 2.4 can be used to approximate

the temperature coefficient of resistance (TCR) of the materials used for fabrication.

The remaining constants, A and B, are:

A = α +
αδ

100
(2.5)
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B = − αδ

1002
(2.6)

where δ is:

δ =
R0[1 + α(260)] −R260

4.16R0α
(2.7)

where R0 is the resistance at 0 °C, α is the TCR of the material, and R260 is

the resistance at 260 °C. For smaller changes in temperature, the constant B and

the second term of A are negligible. Since considering a change in temperature, the

temperature term becomes a change in temperature. This reduces the equation to:

ρ = ρ0[1 + α(T − T0)] (2.8)

where ρ0 is now the bulk resistivity at temperature T0. The electrical resistance

is related to the resistivity by the area and length of the structure (Equation 2.2) and

the TCR can be rewritten in terms of resistance R below [Oiler, 2013].

α =
R
R0

− 1

T − T0
(2.9)

where α is the TCR, R0 is the resistance at the reference temperature, T0 is

the reference temperature, R is the resistance at a temperature T . The TCR (α) is

a material property of temperature sensitive materials. A higher value for the TCR

means that the material has a higher resistance response to an increase by one degree

Celsius, which is important in resistance temperature device fabrication [Jin et al.,

2018]. Table 2.2 compares the TCR of commonly used metals for RTD fabrication.
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Table 2.2: Temperature coefficient of resistance (α) of common materials used in
RTD fabrication.

Material Bulk/Thin-Film α (1/°C) Reference

Platinum Bulk 0.00392 [Kasap, 2006]

Platinum Bulk 0.00380 [Rumble, 2017]

Platinum Thin-Film 0.00214 [Gräbner et al., 2018]

Platinum Thin-Film 0.0015 - 0.0025 [Belser and Hicklin, 1959]

Nickel Bulk 0.00800 [Kasap, 2006]

Nickel Thin-Film 0.0030 - 0.0050 [Belser and Hicklin, 1959]

Nickel Thin-Film 0.00530 [Forrest et al., 2010]

Gold Bulk 0.00398 [Kasap, 2006]

Gold Thin-Film 0.00340 [Oliva et al., 2017]

Gold Thin-Film 0.0016 - 0.0028 [Belser and Hicklin, 1959]

Fabrication Methods

Traditionally RTD sensors are fabricated by pairing a resistance-measuring

device with a coiled metal wire, usually platinum: this is referred to as macroscopic

technology. Despite platinum being the most common metal used in macroscopic

RTDs fabrication, other metals, including nickel, are used as well. RTDs can also

be made using both thick-film technology that involves screen printing and thin-

film MEMS technology that utilizes a temperature sensitive material and a meander

structure to mimic a resistor.

Macroscopic Technology Commercially available RTD sensors are fabricated

using macroscopic techniques. These types of RTDs are fabricated by coiling a
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fine platinum wire until the resistance of the wire is equal to a specific resistance

measurement. The coil is then inserted into a tube for packaging and surrounded by

powder to provide protection and prevent shorting of the sensors [RdF Corporation,

nd]. This method is very time consuming and is traditionally done under a

microscope [National Instruments, 2019].

Coil-based RTD sensors are not as low cost as thin-film RTD designs. While

this type of technology has the potential for very high accuracy; in typical

applications the accuracy often decreases due to voltage-measuring devices, also called

electrometers [Ganji and Wheeler, 2010].

Thick-Film Technology Another technology used to develop RTD sensors is

thick-film technology. One technique used in thick-film technology is additive print

manufacturing. The most common methods of additive print manufacturing include

both screen and inkjet printing processes.

Screen printing techniques require the use of a metal-based paste, a pre-patterned

screen, and a squeegee. It is similar to the process of screen printing tee shirts. The

pre-patterned screen for the sensor can be designed utilizing computer-aided design

(CAD). Once designed, the fabrication of the sensor can range form easy to difficult.

Once the screen is designed, it is placed over a cleaned substrate, and the paste is

dispersed in a long thin line across one edge of the screen. After the paste is dispersed,

a squeegee is used to spread the ink over the surface of the substrate [Tortorich et al.,

2018].

Benefits of screen printing include deposition of material on full wafer substrate,

thicker layers, and, since it is an additive process, there is no waste of material [Gold-

berg et al., 1994]. Screen printing is a simple process with shorter fabrication times

allowing for higher throughput for manufacturing [Heijun and Sungjoon, 2017].
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For most applications, there is a need for reliable reproducibility across sensors

to guarantee that the measurements have less discrepancies due to human errors

during the fabrication process. One limitation of screen printing for research and

laboratory based purposes is that the process has to be done by hand. This is time-

consuming and does not guarantee uniformity across the manufacturing process. This

can be improved upon by the use of 3D printing to deposit the metal layer on the

substrate [Wong and Hernandez, 2012]. Another limitation with screen printing is

that if the design needs to change, the stencil itself needs to change; therefore requiring

a new stencil design [Shen et al., 2018].

Another process used in additive manufacturing is inkjet printing. This method

is significantly faster than the screen printing process [Taylor et al., 2007]. The inkjet

method works similarly to ink printing on paper and deposits drops of the material

onto a substrate at precise locations [Lau et al., 2017]. Compared to conventional

MEMS fabrication techniques, like photolithography and micro-machining, inkjet

printing is not as dimensionally precise. However, it is an inexpensive way to

manufacture arrays of MEMS sensors and actuators over a large surface area [Lau

et al., 2017]. Additionally, additive manufacturing can include the process of directly

depositing a temperature sensitive metal onto a ceramic substrate [Zhong and Bau,

2001].

Silver is typically used as the material for fabrication for additive manufacturing

processes. Silver is not as stable of a material and has reactions at lower temperatures

and is additionally not inert [Huang et al., 2012]. These are additional disadvantages

when comparing the different fabrication processes of RTDs.

Thin-Film Technology The last fabrication method for RTD sensors is the use

of thin-film technology. Thin-film technology is a newer technology compared to
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macroscopic techniques [Ganji and Wheeler, 2010]. Thin-film fabrication usually

involves the use of MEMS fabrication techniques. This involves the use of designing

a mask, additive processes, photolithography, and chemical etching. Thin-film

fabrication allows for smaller feature sizes compared to other technologies while also

having a lower cost per sensor. It also produces a sensor that is robust and easily

reproducible [Liu and Bar-Cohen, 1999].

Prior to sensor fabrication, a mask is designed in computer aided software

to include the features necessary for the application. The different techniques

for thin-film deposition include evaporation, sputtering, chemical vapor deposition,

electrodeposition, and thermal spraying. Figure 2.1a – 2.1c displays the procedure

for the additive process.

After the additive process, the wafers then undergo photolithography to produce

the features designs of the mask. During the photolithography process, the wafer that

has gone through the additive process is prepped. Generally, but not always, this is

done through a three solvent clean. After the three solvent clean, the photoresist is

then dispensed onto the wafer. The photoresist is usually applied using spin coating,

but can also be applied using spray coating techniques. There are two types of

photoresists, negative resist and positive resist. After applying the resist, the mask is

aligned on the wafer and exposed. Following mask exposure, the wafer is developed

before it is etched. The wafer is then etched, either by a wet etching process or a dry

etching process and cleaned. Figure 2.1d – 2.1e shows the photoresist addition and

the exposure of the mask. Figure 2.1f – 2.1g shows the exposure, development, and

etching of a negative resist mask compared to the positive resist in Figure 2.1h – 2.1i.
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Figure 2.1: Schematic of the fabrication process: (a) Substrate material (b) Adhesion
layer deposited onto substrate (c) Metal layer deposited onto substrate - this is the
material used for the actuator (d) Photoresist (e) Mask and exposure (f) Development
of a negative resist (g) Etching of a negative resist (h) Development of a positive resist
(i) Etching of a positive resist

After the photolithography process, the wafer is usually diced to the individual

sensor size. From there the individual diced sensors can be packaged in order to meet

the specific need for the application of the sensor.

MEMS fabrication techniques can have extremely small features and well-

controlled geometric features [Liu and Bar-Cohen, 1999]. The minimum feature size

that can be fabricated with thin-film technology, like photolithography techniques, is

0.75µm or smaller compared to thick-film technology, 90µm [Madou, 2012]. Another
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factor in using thin-film techniques over thick-film is the lower power consumption

and the higher geometric accuracy [Madou, 2012].

When considering miniaturizing devices, consideration must be taken as to

whether the miniaturization will be beneficial to the sensor. When scaling, geomet-

rically the volume and surface area are affected which in turn affects mechanical

and thermal inertia and forces due to pressure [Hsu, nd]. Electrically speaking,

miniaturizing the resistor can change the resistance of the system to an order of

length−1 [Drexler, 1992].

Self-Heating Effect

Self-heating of traditional and thin-film RTs must be considered to estimate mea-

surement accuracy. The self-heating effect is the result of a constant current running

through the sensor. This causes heating that increases the resistance measurement of

the sensor. The self-heating effect causes a deviance in the temperature recorded

compared to the precise temperature of the media being measured. Evaluating

the uncertainty in temperature measurements due to self-heating is valuable in the

characterization of RTDs for their use in various environments [Garćıa Izquierdo et al.,

2019].

The self-heating is affected by a number of factors. The first factor is the media

being measured by the RTD sensors. The temperature of the environment influences

how much heat dissipates from the sensor into the environment. When measuring the

temperature of air, the effect of self-heating is much higher compared to measuring

the temperature of aqueous environments. In addition, the self-heating effect is

much greater in thin-film RTD sensors, which are utilized in micro electromechanical

systems, than in traditional coiled RTD sensors. There is a greater effect of self-

heating in MEMS technology because there is a smaller surface area being utilized
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to dissipate the elevated heat. Excitation current is another factor that influences

self-heating; however, an excitation current around 0.1 mA the effect of Joule heating

can often be negated [Acromag, 2011].

It is possible to determine the uncertainty in the temperature measurements

of RTD sensors. However, numerous methods have variables that are either not

simple to calculate without computational methods or have inaccuracies that could

further the error of the temperature measurements [Garćıa Izquierdo et al., 2019].

Izquierdo et al. (2019), gives an equation that can be used to find the change in the

resistance measurement of the sensor due to Joule heating. This involves finding a

zero-current source to determine the difference of measurements due to Joule heating.

The zero-current source refers to the resistance of the sensor without any current

passing through it. This change is shown in Eqn. 2.10

∆RI(T ) = RI(T ) −R0(T ) (2.10)

where RI(t) is the measured values from the RTD sensors at a temperature T

and R0(t) is the RTD sensor’s temperature with no current passing through the

sensor. The zero-current resistance can be measured by extrapolation methods.

Since resistance based temperature devices cannot work without a current, this is

a theoretical value for the resistance measurement without any heating effects due

to current. Two methods examined for finding the zero-current resistance value, the

two-current extrapolation and a least-squares approximation. The most common of

the methods is the two-current method due to its ease of computing [Garćıa Izquierdo

et al., 2019].

Izquierdo et al. (2019), described the two-current method for obtaining the

resistance value with no current by Eqn. 2.11, where resistance measurements are
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taken at two different currents. The zero-current resistance is then extrapolated. In

addition, they describe the least-squares approximation by Eqn 2.12.

R0,two−currents =
I22R1 − I21R2

I22 − I21
(2.11)

R0,least−squares =

(
n∑

i=1

Ri)(
n∑

i=1

I4i ) − (
n∑

i=1

RiI
2
i )(

n∑
i=1

I2i )

n(
n∑

i=1

I4i ) − (
n∑

i=1

I2i )(
n∑

i=1

I2i )
(2.12)

For most applications, the two current approximation is an appropriate method

to determine the theoretical resistance with no current running through the device.

It is important to understand the self-heating effect of resistance based sensors

to evaluate if there will be any uncertainties in the temperature measurements that

are directly related to the sensor’s operation. There are ways to help lower the Joule

heating effect. One way to help with Joule heating is to lower the excitation current

through the device during operation. Additionally, the measurements can be done

by pulsing the current through the device when the measurement is needed instead

of having a steady current during data collection. If there is a nominal effect due to

Joule heating, it can be assumed that there are other factors to consider that could

be leading to uncertainties in the measurements.

Snow and Ice

The goal of the research was to use the sensors to test for microbial involvement

in subzero applications; therefore, an understanding of snow and ice was necessary.

This involves the knowledge of how ice forms and the understanding of the micro-

structure of ice. It is also important to understand the thermodynamics of how water

freezes and thaws and what freeze and thaw curves typically look like.
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Ice formation is dependent on the pressure and temperature in which freezing

occurs. During the formation of ice structures, the pressure and temperature of

the system determines the specific surface curvature critical radius. This value

determines if the process is a melting or freezing process [Chalmers, 1959]. This

project examined ice that forms at atmospheric pressure and is known as ice Ih. The

structure of ice Ih is known to be of a hexagonal shape (Figure 2.2) and is referred to

as Pauling’s model [Pauling, 1935]. The structure of the solid form of water is also

dependent on whether the solid is formed from water’s vapor phase versus water’s

liquid phase [Petrenko and Whitworth, 1999]. For the purpose of this research, the

transition of water from it’s liquid to solid phases were studied.

Figure 2.2: A view of the hexagonal structure of ice Ih.

Figure 2.3 displays the typical polycrystalline structure of ice formations. Ice

can also form in long grain structures that look like spears, which is captured in

Figure 2.4. These images were captured using cross polarizers in Montana State

University’s Subzero Research Laboratory. Both of these images display the grain

boundary structure of two thin ice samples; however, there are two different types

of grain boundaries. The polycrystalline structure in Figure 2.3 shows short grain

boundaries very close together and Figure 2.4 reveals long grain structures. The

shorter grains in Figure 2.3 are due to the structure of the frozen media when frozen.

A thin layer of water was dispersed onto a microscope slide and frozen before being



20

thinned to the desired thickness to view the grain boundaries. Figure 2.4 has longer

grain boundaries due to the freezing process of the media. This media was frozen in

a ice cube like tray and removed before being attached to the microscope slide using

a thin layer of water. After the frozen media was attached to the microscope slide,

the sample was thinned down to a few millimeters to view the grains. This resulted

in a different grain boundary structure.
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Figure 2.3: Polycrystalline structure of a thin ice sample.

Figure 2.4: Display of long grain boundaries on a thin ice sample.

It has been shown that sediment and microorganisms settle in the grain

boundaries of the ice structure [Dani et al., 2012]. The grain boundaries in ice

provide a habitat that is capable of sustaining the life of microorganisms in Arctic
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environments [Price, 2000,Mader et al., 2006]. Figure 2.5 displays a schematic of how

microorganisms and sediment settle in the grain boundaries.

Figure 2.5: Schematic of microorganisms and sediment within the grain boundaries
of ice.

Thermodynamics

Tt is important to have an understanding of the underlying physics when

investigating the freeze and thaw cycles of water. When looking at the cooling curve

(Figure 2.6) of water, there is a steady decrease in temperature followed by a “jump”

to a flattened temperature line. The initial temperature dip is due to the period of

time when the liquid is super-cooled immediately prior to the recrystallization process.

The flattened line represents the actual freezing point of the liquid and occurs after

the water molecules begin to orient themselves into the crystalline structure of ice.

The initial sloping portion of the cooling curve represents thermal energy being

removed from the system. The plateau region is where the phase change occurs.

During this phase change, energy is removed from the system due to the randomness

of the water molecule becoming more ordered and hydrogen-bonded in a regular

hexagonal pattern. The plateau region also represents the freezing temperature of the

liquid and is usually in a solid and liquid state. The second sloping region represents

further cooling, where the solid phase takes over the system. The first dip in the
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cooling curve (see Figure 2.6) is what is referred to a freezing point depression of the

liquid [Eddy, nd].

Figure 2.6: A comparison between a cooling curve for a pure substance versus the
cooling curve of a solution. Image modified from Eddy (n.d.).

The cooling curves shows that the liquid will super-cool and cause a freezing

point depression at the beginning of the crystallization process. The addition of any

impurities within the media being frozen will cause a slope during the crystallization

process, referred to as the crystallization slope. The addition of impurities within a

sample also affects the freezing temperature of the sample.

Cryoconite Holes Cryoconite is used as a term to describe insoluble impurities on

glacier surfaces and is a combination of microorganisms, particulates from minerals,

and other organic matter [Langford et al., 2010]. As discussed in Chapter 1, these

impurities cause more solar radiation to occur; therefore, adding heat into the overall

system [Cook et al., 2016]. Figure 2.7 shows the side view of cryoconite during the
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hours of light and the hours of darkness. During hours of darkness an ice cap is

formed over the hole, and the cryoconite hole becomes frozen.

Figure 2.7: A side view of cryoconite holes. (a) The side view of a cryoconite
hole during the hours of sunlight. The excess solar radiation causes an increase
in liquid/slurry media in the hole. (b) The side view of a cryoconite hole during the
hours without sunlight. There is no longer any effects from solar radiation and the
cryoconite hole is then covered with an ice cap with an air pocket within the hole.
Image modified from Cook et al. (2016).

Future implementation would involve monitoring temperature and microbial

activity in cryoconite holes; therefore, a basic understanding of how cryoconite holes

experience freeze and thaw cycles is necessary. These naturally occurring holes still

go through various seasonal freeze and thaw cycles, but they are not a pure substance

like water.

Th amount of bacteria and other mircoorganisms present in these environments

is another important consideraiton for experimentation. Sampling data from Arctic,

Antarctic, and Alpine cryoconite has shown that the bacteria ranges from 0.05 x 109

cells g−1 to 1.40 x 109 cells g−1 [Anesio and Laybourn-Parry, 2012].
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METHODS

RTD sensors were chosen for this application due to the high level of accuracy,

sensitivity, and stability over a wider range of temperatures than thermistors and

thermocouples as discussed in Chapter 2.

RTD Fabrication

RTD sensors were fabricated using micro fabrication procedures and processes.

Micro-fabrication processes allow the design of the sensing elements to have a high

dimension precision.Micro fabrication processes additionally produce robust sensors

and the ability to integrate different sensing elements on a single chip for future

applications.

Sensing Element Design

Before a finalized design could be reached, the material choice, the sensing

element’s geometry, the size of the individual sensor, spacing of electrodes, and

number of sensing elements had to be optimized. These were determined by four

design iterations before a sensor design was appropriate for the sensor’s application.

Throughout the design iterations, the meandering structure of the resistor used

for the MEMS RTD sensor stayed consistent. Each iteration of the design process

included a resistor with a meandering structure that was modified slightly throughout

the design iteration process. Changes included altering the length and width of the

meandering structure (Figure 3.1).
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Figure 3.1: Meander structure for the RTD MEMS sensors.

The original meander structure was based on an existing temperature sensor

design that was previously developed in the laboratory. The meander structure was

kept throughout the sensor design iterations since the resistance of the material is

directly proportional to the length of the structure (Equation 2.2).

This the meandering structure allows a greater length across a smaller area of

the sensor. The meander length can be determined by measuring the long side of the

meander and the short side of the meander and multiplying those amounts by the

number of “snakes” the meander takes. The length changed slightly throughout the

design process due to changing the length and width of the meandering structure.

Material Selection

MEMS RTD sensors are traditionally fabricated using either platinum or nickel.

Platinum is the material used for commercial RTD fabrication. Platinum has a high

TCR and has near perfect linearity over a wider range of temperatures compared to

nickel. However, this material is more costly compared to other materials. Nickel

also has a high TCR and works within the temperature regime for this application,

-20 °C to 20 °C, while having a much lower cost compared to platinum.
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For MEMS temperature sensor fabrications, any temperature sensitive material

can be considered. Another RTD material that meets the design constraints is gold.

A major consideration for the material choice was the harsh working environment to

which these sensors would be subjected. The material had to be able to withstand

numerous freeze and thaw cycles and prolonged exposure to the media without

degrading the material. The material also needed to be stable and not reactive to

provide accuracy for the sensors to be used for numerous experiments.

Previous laboratory work used nickel as the working material. The research

started with nickel RTD sensing elements. Platinum was not considered due to the

high cost and lack of availability at the micro fabrication facilities on campus. Gold

was additionally used in the design process to see if it was a viable material for this

research.

In addition to the material used for the electrical components of the RTDs, a

wafer substrate material needed to be determined. Previous work in the laboratory

included using silicon and Borosilicate glass as a substrate material. The most

important material characteristics to consider when designing temperature sensors

is the thermal conductivity and the coefficient of thermal expansion (CTE) of the

substrate material [Accumet, nd]. Since the sensors would eventually see changes

in temperatures, the wafer material could not change physical dimensions with the

harsh temperature changes, so a lower CTE was needed for this design. Additionally,

the thermal conductivity of the wafer material is an important design consideration.

A low thermal and electrical conductance is preferred to reduce heat transfer to the

wafer substrate material due to the self-heating effect present in RTDs. This self-

heating effect could cause a greater effect in any fluctuations in the temperature of

the media being measured. Table 3.1 gives the values for thermal conductivity and

CTE for common substrate materials.
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Table 3.1: Temperature coefficient of resistance (α) of common materials used in
RTD fabrication.

Material Thermal Coefficient of Reference

Conductivity Thermal Expansion

Silicon 1.3 W cm−1°C−1 2.6 · 10−6 °C−1 [Ioffe Institute, nd]

Borosilicate Glass 1.1 W cm−1K−1 4.0 · 10−6 °C−1 [MatWeb, nd]

Temperature Coefficient of Resistance Since the sensing element needs to have

a higher sensitivity to change in temperature, the TCR for each considered material

needed to be evaluated. The TCR equation can be seen in Eqn. 2.9. A comparison

between the common materials used in RTD fabrication and their theoretical TCR is

shown in Table 2.2

An approximation for the material TCR was evaluated in two different ways.

It was first evaluated by using an in-line four-wire resistance measurement devices

paired with a Keithley 2450 Sourcemeter with a 0.10 mA current source. Figure 3.2

shows the schematic of the original four-wire in-line resistance measurement device.

A hot plate was used to control the temperature of the thin-film metals. Resistance

measurements were recorded at temperatures of 20 °C, 40 °C, 60 °C, and 80 °C. The

temperature regime was chosen due to previous work done in the laboratory. Nine

measurements were taken for each material, and the material property was found and

averaged for each material.
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Figure 3.2: Schematic for the in-line four-wire resistance measurement device. (a)
Top view of the needle contact points on the material. (b) Side view of the in-line
measurement device on top of the hot plate.

The four wire method was improved upon to fit the temperature regime used

during experimentation. An updated in-line four-wire resistance measurement device

was designed for use on the Peltier cooler. Figure 3.3 shows the schematic of this

four-wire in-line resistance measurement device. A Keithley 2450 Sourcemeter with

a 0.1 mA current source was still used to record the resistance measurements. A

Peltier cooler was used to control the temperature of the thin-film metals. Resistance

measurements were recorded at temperatures from -15 °C to 20 °C in 5 °C increments.

Nine measurements were taken through the temperature regime for each material.

The material property was then found and averaged for each material. The results

are shown in Table 4.1.
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Figure 3.3: Schematic for the in-line four-wire resistance measurement device. (a)
Top view of the needle contact points on the material. (b) Side view of the in-line
measurement device on top of the Peltier cooler.

Additionally, the TCR was evaluated by using data from the calibration of

the fabricated sensors using both the hot plate calibration method and the Peltier

calibration method, as discussed in Chapter 3 - Calibration. These results are also

shown in Table 4.2.

It should be noted that for the Peltier calibration, the reference temperature was

0 °C whereas the reference temperature for the hot plate calibration was 20 °C. Since

there is a difference between the reference temperatures between the two calibration

methods, it can have an effect on the TCR value determined due to linearity shifts

across the temperature regimes. Due to these linearity shifts in the TCR of materials,

this causes some deviance in the experimental results from the two methods.

Sensor Design and Calibration Iterations

There were four design iterations to design a working RTD sensor that functioned

properly as a temperature sensor, while also being able to withstand prolonged

exposure to the working environment and the media being measured. This involved

changing around the structure design, the size and length of individual sensors, and

the materials used in the fabrication process.
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First Iteration The first design iteration was a previous sensor used in the

laboratory. The design had a sensor size of 20 mm x 25 mm. 700 µm thick Borosilicate

glass was used as the wafer material and both a 10 nm chromium adhesion layer

and a 100 nm nickel was deposited on top. The individual sensor design included

eight electrodes that were all connected to a single meander structure. This gave a

range of different resistance values depending on which electrodes were being used

in the measurement process due to the varying length of the meander structure

causing a difference in the resistance value obtained. For the measurement process,

a HIOKI RM3544 high precision resistance meter was used to manually record the

data. Figure 3.4 shows the individual sensor design for the first design iteration.

Figure 3.4: First sensor design that featured a sensor size of 25 mm by 20 mm with
eight electrodes and a nickel RTD sensing element.

The sensors were connected to a card reader to take the measurements. This

card reader had seven contact points and the sensor design had eight contact pads.

This caused errors in the measurements where there would be no contact with the
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card reader, causing an open-circuit on the sensor during the measurement process.

Also, the material itself had limitations being able to withstand prolonged periods

of exposure to the -10 °C temperatures in the Subzero Research Laboratory and the

various freeze cycles that the sensor underwent. After experimentation, the sensors

would not work reliably. This was believed to be due to the material delaminating

from the glass substrate during the removal of the sensors after measuring a freezing

sample.

The first design was from a mask previously utilized in the laboratory. This mask

featured numerous types of sensors. Since only the temperature sensor was needed

from the mask, only single sensors were fabricated. The wafer was diced before the

fabrication process and each diced “chip” was deposited with the thin-film material

before the photolithography process. This fabrication method was time consuming.

Second Iteration A new design was developed for the sensor taking into account

the limitations of the first design. This sensor now had seven contact pads that were

spaced to match the contact points of the card readers used for experimentation.

Changing the design to have seven contact pads helped solve any limitations with

any sensors shorting during experimentation. Additionally, two electrical impedance

spectroscopy (EIS) sensing elements were added to the sensor. The additional sensors

were included so that sensors could be used for multiple projects in the laboratory

to experiment with geometries for both the EIS and RTD sensors. The substrate

material was still Borosilicate glass and the individual sensor size remained 25 mm

x 20 mm; however, the material used for the EIS sensing element was gold and the

material used for the RTD sensing element was nickel. Both metal layers were 100

nm thick and had a 10 nm thick chromium adhesion layer. Figure 3.5 shows the

individual sensor design for the second design iteration.
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Figure 3.5: Second sensor design that featured a sensor size of 25 mm by 20 mm with
seven electrodes, one nickel RTD sensing element and two gold EIS sensing elements.
((a) RTD sensing element (b) EIS sensing element)

In addition to an updated sensor design, the fabrication process was done on

a whole wafer instead of an individual sensor to help with consistencies in the

resistance measurements across multiple sensors since more of the same sensors

could be fabricated at once. The individual mask design could fit nine sensors with

dimensions of 25 mm x 20 mm on a four inch wafer.

During the experimentation with these sensors, there were still limitations with

the RTD sensing element not working after experimentation was done for freeze and

thaw cycles. The RTD sensing element not functioning was now thought to be due

to a material limitation with the nickel. The nickel was thought to be unable to

withstand the prolonged exposure to the harsh working environment. Due to either

to delamination or material degradation during experimentation. Additionally, the

EIS sensing elements only worked on half of the sensors. The EIS sensing elements

were thought to not function properly due to the two step fabrication process. Since
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the electrodes were fabricated with nickel as the material and the EIS sensing elements

were fabricated with gold, there was an issue with the contact between the electrode

and the lead wire. Aside from having limitations in how the sensing elements worked,

the two step fabrication process was also more time consuming than if one material

was used on the sensor, therefore costing more than previous sensor designs.

Third Iteration For the third sensor design, the spacing between the seven

electrodes was kept since it was compatible with the card readers for the measurement

process. The geometries of the both the EIS and RTD sensing elements were not yet

finalized, so this design still included a gold EIS sensing element and the RTD sensing

element. Since there were limitations with the two step fabrication process, the new

photolithography mask design included a few chips on the wafer that were fabricated

with only gold instead of both nickel and gold. This design iteration introduced gold

RTD sensing structure.

The mask from the previous design iteration was used to fabricate sensors

using the two step fabrication process. Fabrication parameters were changed to help

mitigate some of the errors that were due to the contact between the electrodes and

lead wires.

The sensor size remained at 25 mm x 20 mm and the mask design still allowed

for nine sensors to be fabricated per four inch wafer. Borosilicate glass was used as

the wafer substrate material and a 10 nm chromium adhesion layer was used for the

100 nm gold layer and a 20 nm chromium adhesion layer was used for the 200 nm

nickel layer. The thickness was increased for the nickel layer to help with gold and

nickel connection on the electrodes. Figure 3.6 shows the individual sensor design for

the third design iteration.
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Figure 3.6: Third sensor design that featured a sensor size of 25 mm by 20 mm with
seven electrodes, one RTD sensing element - that was either fabricated with nickel or
gold - and two gold EIS sensing elements. ((a) RTD sensing element (b) EIS sensing
element)

Similar to the previous design iteration, there were still limitations with the two

step fabrication process for the EIS sensing elements and the RTD sensing elements.

This was due to the same limitations discussed previously.

During the fabrication process, some of the gold RTD sensing elements did not

function due to limitations during the photolithography and etching process. The

remaining gold RTD sensing elements worked after prolonged exposure to the harsh

working environment and continued to work after undergoing numerous experimental

trials. In addition, gold proved to be a stable and linear material with a similar TCR

to that of platinum (Table 2.2 and 4.1) that could be used for RTD sensors.

Finalized Iteration Taking into account all the limitations of past models, a

finalized design for the sensors was made. Since results from TCR measurements

(Table 4.1 and 4.2) proved that gold was a viable option for the meander structure, it
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was decided to use only gold as the material. The wafer substrate material remained

as borosilicate glass. Since the research focus shifted to more sensitive and precise

spatial temperature measurements, the EIS sensing elements were no longer needed

on the individual sensors. Those structures were removed and replaced with two

more meanders for temperature detection. The finalized sensor design is shown in

Figure 3.7.

Figure 3.7: Finalized sensor design featuring a sensor size of 17.49 mm by 17.49 mm
with six electrodes and three gold RTD sensing elements with meanders of the same
length, but different lengths of lead wires.

This design needed less space on the individual sensor to fit three temperature

sensors. Additionally, three temperature sensors only needed six electrodes, and the

electrode lengths could be reduced to fit the dimensions of the new card readers. Due

to the new design requirements, the individual sensor size could be changed. The

space on the wafer was optimized to fit as many sensors while still allowing adequate

space between the sensing elements and space for the sensors to be handled between

experimentation. The individual sensor size was 17.49 mm x 17.49 mm. This allowed

16 sensors to be fabricated on one four inch wafer. After a sensor size was determined,
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the geometry of the meander was optimized to allow for a resistor that was 1.0 kΩ and

a spacing of 0.50 mm was used between the meanders. To help with undercutting in

the etching process that could cause the lead wires to break, the width of lead wires

was increased to 50 µm. The width of the meander structure remained at 30 µm to

keep the resistor at 1.0 kΩ.

Fabrication Process

The fabrication process changed for each of the design iterations. Appendix C

lists the detailed fabrication processes for the other design iterations. The final

design iteration took into account factors from previous design iterations to develop

a fabrication process that would produce reliable sensors.

Deposition Before the deposition processes, four inch Borosilitcate glass wafer

substrates were cleaned using a two solvent clean using acetone followed by isopropyl

alcohol on a Cole-Palmer StableTemp hotplate at 160 °C for 10 minutes. The

deposition process was done using an Angstrom Engineering Amod Evaporator. The

parameters for the process are listed in Table 3.2. The chamber was pumped down to

< 5 x 10−7 torr with a glow discharge of 1 minute O2 plasma right before deposition.

Table 3.2: Deposition parameters for the final design iteration using an Angstrom
Engineering Amod Evaporator.

Material Rate Thickness Source

Chromium 1.0
◦
A/s 10 nm Thermal Evaporation

Gold 2.0
◦
A/s 100 nm Electron-Beam

Lithography Following the deposition process, the wafers were cleaned using a

two solvent clean followed by a N2 dry and a singe on an EMS hotplate at 120 °C



38

for 10 minutes. MicroChemicals AZ 1512 photoresist was deposited using a Headway

Research Inc. PWM32 Spin Coater. The parameters for the spin coater are in

Table 3.3.

Table 3.3: Parameters for the spin coater for the final design iteration using a Headway
Research Inc. PWM32 Spin Coater and MicroChemicals AZ 1512 Photoresist.

rpm r/s time (s)

step 1 500 500 10

step 2 4000 500 35

step 3 0 500 10

After photoresist was deposited, it was then soft baked on a Trio-Tech hotplate

for 1:15 minutes at 110 °C; 3.2 s exposure (48 mJ) on a AB-M Contact Aligner,

1:30 minute development on an orbital shaker using MicroChemicals AZ 300 MIF

Developer; and hard baked on a Trio-Tech hotplate at 115 °C for two minutes. The

etching process followed the development, and is detailed in Table 3.4. Following each

etch, the wafers were rinsed with DI water and dried with N2.

Table 3.4: Etching parameters for the final design iteration.

Material Time (s) Etch

Gold 40 Transene Gold Etch TFA

Chromium 20 Transene Chromium Etch 1020AC

Following the etching process, the photoresist was stripped. The wafer was first

cleaned using a two solvent clean, then a 10 minute photoresist strip in approximately

75 °C media using MicroChemicals AZ 400T Stripper and a Cole-Palmer 04644-Series

digital hot plate/stirrer. The photoresist strip was followed by a spin rinse dry cycle
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in a Semitool SRD015. The wafers were then diced at AdvR in Bozeman, MT.

Figure 3.8 details the steps for the finalized design iteration.

Figure 3.8: Schematic of sensor fabrication: (a) Borosilicate glass substrate (b) 10
nm chromium adhesion layer (c) 100 nm gold layer (d) MicroChemicals AZ 1512
photoresist (e) Mask and 3.2 second exposure (f) Development of photoresist in
MicroChemicals AZ 300 MIF Developer (g) Etching both the gold and chromiums
layer using Transene Gold Etch TFA and Transene Chromium Etch 1020AC and
removing the photoresist layer with MicroChemicals AZ 400T Stripper
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Characterization

Calibration

RTDs can be calibrated using a number of different methods. Most devices are

calibrated using a back-up reference probe to monitor the temperature of the source.

The device that is being calibrated is placed close to the reference probe and the

resistance is measured at various temperatures. After the data is recorded, the data

is fit to find a linear curve to describe the device’s calibration [FLUKE Calibration,

nd].

A hot plate was used to calibrate the sensors for the first and second design

iteration. The sensors were placed on the hotplate metal side down. Using a HIOKI

RM3544 high precision resistance meter, ten resistance measurements were taken at

temperatures of 20 °C, 40 °C, 60 °C, and 80 °C at each electrode configuration. A

temperature probe connected to the hot plate was used as the back-up reference probe

to monitor the temperature of the hot plate. The average of all ten measurements

was found to create a linear calibration curve. Since the RTD sensors were to be used

for low temperature applications, this calibration method did not give an adequate

approximation for the sensors intended use.

To accommodate for the low temperature applications, a Peltier cooler was used

to calibrate the sensors from the third and final design iterations. The sensors were

connected to a card reader and placed metal side down on the Peltier cooler and

secured in place using Kapton tape. An insulation block was placed over the sensor

and Pelier cooler to ensure there were no fluctuations in temperatures due to the

testing environment. The Peltier device was turned on and set to 20 °C. A thermistor,

connected to the Peltier cooler, was used as the back-up reference probe.

For the third sensor design, measurements were taken for the electrode configu-
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rations using a HIOKI RM3544 high precision resistance meter. Ten measurements

were recorded at 5 °C intervals from -15 °C to 15 °C. The average was then found

for each temperature and plotted. This was a tedious way to get a temperature

calibration for each sensor, so automated data acquisition was utilized for future

calibration methods.

For the finalized sensor design, a KEITHLEY DAQ6510 with a 0.1 mA current

source was used to collect 20 measurements every 10 seconds for each meander of the

sensors being calibrated. This allowed for three sensors to be calibrated at a time and

faster measurement times. Resistance measurements were recorded at 5 °C intervals

from -20 °C to 20 °C. The 20 measurements were then averaged to find the calibration

for the individual meanders on each sensors.

It should be noted that two sensors were calibrated from another wafer of the

finalized design, but these sensors were calibrated over the temperature range of -15

°C - 20 °C, taken at 5 °C intervals.

Peltier Cooler

Prior to the introduction of using a Peliter cooler for experimentation, the

samples were frozen in the Subzero Research Laboratory. Resistance measurements

were recorded using a HIOKI high precision resistance meter throughout the freezing

process. This way of freezing the samples was time consuming and not a consistent

way of freezing the sample throughout multiple experimental trials.

After conducting experimental trials, there was a need for a more precise way of

freezing samples. This would help remove some variables from the previous methods

of freezing the sample. A Peltier cooler was assembled using an Oven Industries 5R7-

573 open board RoHS temperature controller, and an AC to DC power converter was

connected to the temperature controller from positive and negative leads. A Custom
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Thermoelectric 12711-5P31-12CW Peltier module was connected to the temperature

controller. The Peltier cooler was attached to a copper block using a Custom

Thermoelectric thermal sheet. A TR91-170 temperature sensor was connected to

the temperature controller and adhered to the Peltier module using thermal epoxy.

The copper block was attached to 1/4 inch diameter tubing that connected to a

Thermo Scientific NESLAB RTE Series refrigerated bath. Glycol was used as the

coolant in the chiller.

The Peltier coolers temperature variability needed to be determined. Charac-

terization of the Peltier cooler was done to determine if there were any temperature

gradients across the cooler that could effect the temperature of the media being

measured under test. Thermal imaging pictures were captured using a FLIR T640

thermal imaging camera at various temperatures set on the Peltier cooler. The Peliter

cooler’s material was the ceramic material, an emissivity value of 0.90 was used

when processing the images using FLIR tools software [Mikron Instrument Company

Inc., nd, SIKA Dr. Siebert & Kühn GmbH & Co, nd]. The FLIR thermal imagine

camera was calibrated by first doing thermal imaging of the Peltier cooler at room

temperature.

Figure 3.9 shows a stable temperature when the Peltier is set to room

temperature (20 °C). However as the Peltier is set to colder temperatures, a larger

shift in temperatures could be seen. As shown in Figure 3.10, when the temperature

of the Peltier is set to freezing (0 °C), the deviation in temperature is a lot lower (3

°C) than when the Peltier is set to -20 °C (13 °C), shown in Figure 3.11. The chiller

used for the Peltier setup was set to -4 °C, which temperatures closer to the chiller

temperature have a more stable reading. Additionally, the thermistor that controls

the temperature of Peltier cooler is in the opposite corner to where the extreme

temperature fluctations are seen, this could cause the Peltier to have a more difficult



43

time reaching a stable temperature across the Peltier cooler.

Figure 3.9: Characterization of Peltier cooler with temperature of Peltier set to 20
°C. The temperature recorded at the location of the thermistor was 21.9 °C and the
temperature recorded at the corner furthest from the thermistor was 22.0 °C.

Figure 3.10: Characterization of Peltier cooler with temperature of Peltier set to 0
°C. The temperature recorded at the location of the thermistor was 0.7 °C and the
temperature recorded at the corner furthest from the thermistor was 3.1 °C.
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Figure 3.11: Characterization of Peltier cooler with temperature of Peltier set to -20
°C. The temperature recorded at the location of the thermistor was -19.8 °C and the
temperature recorded at the corner furthest from the thermistor was -33.4 °C.

3D Printed Experimental Setup

An experimental setup was designed and fabricated using 3D printing technology.

The experimental setup needed to be able to incorporate multiple sensors across the

media to test the sensor’s capability of detecting temperature changes to different

temperature and environmental sources. The experimental setup without the heater

can be seen in Figure 3.12.
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Figure 3.12: Autodesk Inventor exploded view of the experimentation setup.

In addition to the experimental setup above, an additional experimental setup

was designed to allow for a heater to be added to the system. The experimental setup

that included a slot for the heater can be seen in Figure 3.13. The slot allowed for

a polymide based heater to fit while allowing heat into the system, but the slot also

was a weak point in the structure and would break if there was too much stress on

the point. Figure B.1 in Appendix B displays a detailed Autodesk Inventor Drawing

file of the experimental setup with the slot for the heater.
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Figure 3.13: Autodesk Inventor exploded view of the experimentation setup with the
inclusion of a heater.

Card Readers The card readers that were purchased by the lab had limitations

with capillary action of media flowing into the card readers during the freezing and

thawing of the samples. This caused the sensors to short and not work for the

experimental setup. Additionally, the card readers scratched the gold contact pads.

To ease the problem, wires were directly soldered on to to the sensors and covered

with silicone to seal the connection (Figure 3.14).
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Figure 3.14: Wiring directly soldered to the chip and sealed in silicone.

To add reinforcement to the weak solder connections for experimentation,

supports were created using Autodesk Inventor and 3D printed. Figure 3.15 displays

the Autodesk Inventor support system.

Figure 3.15: Autodesk Inventor exploded view of the additional support for the direct
solder method.

After determining an experimental design, the 3D printed experimental setup

was characterized to determine the temperature difference, if any, between the set

temperature of the Peltier and the temperature of the 3D printed surface. This

will help determine the correct temperature that the Peltier should be set at for
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experimentation.

The temperature of the experimental reservoir was first recorded without any

liquid in the reservoir. Thermal imaging pictures were captured using a FLIR

T640 thermal imaging camera and was calibrated using the same methods from the

characterization of the Peltier cooler. Since the material properties of the Peltier

cooler’s ceramic material differed from the material properties of the 3D printed

material, images were post processed using the FLIR tools software to change the

emissivity values and record the temperature of the corresponding material. An

emissivity value of 0.90 was used for the white ceramic material [Mikron Instrument

Company Inc., nd, SIKA Dr. Siebert & Kühn GmbH & Co, nd] and an emissivity

value of 0.92 was used for the material of the 3D printed material [Morgan et al.,

2017]

Figures 3.16 - 3.18 display the temperature difference between the thermistor’s

temperature and the temperature recorded on the 3D printed material.

Figure 3.16: Characterization of 3D printed part with temperature of Peltier set to
10 °C without liquid.
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Figure 3.17: Characterization of 3D printed part with temperature of Peltier set to
-15 °C without liquid.

Figure 3.18: Characterization of 3D printed part with temperature of Peltier set to
-20 °C without liquid.

To analyze the temperature differences from the thermistor and recorded value

of the Peltier to the surface temperature of the media after frozen using the Peltier,

additional thermal imagining was done with a FLIR T640 thermal imagine camera.

The image was post processed using the FLIR tools software. An emissivity value

of 0.98 was used for water and ice [The Engineering ToolBox, nda]. The emissivity
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value used for the Peltier (white ceramic material) was 0.90 [SIKA Dr. Siebert &

Kühn GmbH & Co, nd, Mikron Instrument Company Inc., nd]. Figure 3.19 shows

the differences in the Peltier temperature (-9.9 °C) to the temperature of the surface

of the ice (approximately -4 °C) after being frozen on the Peltier at -10 °C.

Figure 3.19: Differences in surface of solid water temperature to Peltier temperature
after being frozen at -10 °C.

Limitations of the Experimental Setup While the 3D printed experimentation

setup provided a cheaper way to run experiments with numerous sensors in place,

it should be noted that running the 3D printed parts through numerous freeze and

thaw cycles puts stress on the material. The material became more brittle after

experimentation and would easily break if it was used for another dilution series.

Experimentation

Measurements for the tenfold dilution series, meaning one part cells and nine

parts solution for a total of 10 parts, and initial tests with de-ionized water were

done with a KEITHLEY DAQ6510. Measurements of each of the nine meanders
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were taken every two seconds. A current of 0.1 mA was used during the measurement

process. During the experimentation of the sensors, which will later be described,

two different types of experiments were ran. One experiment with a 4 V heat source

and one without a heat source.

When experiments were done without a heat source, the measurements were

taken for 50 minutes while the sample froze, this is referred to as the freeze cycle.

The measurements were started right before the Peltier cooler was set to -20 °C. After

the freeze cycle, the data was saved and measurements were immediately started. The

Peltier was then set to 20 °C until the sample thawed: this is referred to the thaw

cycle. The thaw cycles were measured for approximately 20-30 minutes.

When experiments were done with the heat source, the freeze and thaw cycles

were kept the same. However, an additional measurement cycle was done between the

freeze and thaw cycle. After starting the measurements on the DAQ, the heat source

was turned on and resistance values were recorded for 30 minutes: this is referred to

as the heat cycle. The heat source was then turned off for the thaw cycle.

Peltier Cooler

Original experimentation involved samples that were frozen in the Subzero

Research Laboratory. Consistent temperatures could not be guaranteed due to the

opening and closing of the door to the lab, causing fluctuations in the ambient

environment. Additionally, to take measurements during the freezing process, long

wires were needed off the card readers which causes resistance drops across the

measurements.

To offset the limitations with using the Subzero facility, a Peltier cooler was used

to freeze the sample. The Peltier cooler gave more consistent freezing constraints

across dilution series to minimize any environmental error. It should be noted that
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the Peltier cooler can overpower the temperature measurements recorded closest to

the Peltier cooler.

Initial Freezing Tests

Initial freezing tests were done in order to determine if the sensors functioned

properly. The initial testing was done using DI water as the media. The sensors were

placed into the experimental setup and connected to a KIETHLEY DAQ6510 and

resistance measurements of the nine RTD sensors were taken every two seconds with

a 0.1 mA current source. The Peltier cooler was then set to -20 °C. Measurements

were taken throughout the freezing process. After the media was frozen, the Peliter

was then set to 20 °C to allow the media to thaw. The measurements were taken

throughout the complete freezing and thawing cycles. This initial testing was done

five times to ensure that the sensors could continue to operate similarly throughout

multiple freezing and thawing cycles.

Dilution Series

In order to see if the RTD sensing elements were able to detect any microbial

interaction in the freeze and thaw cycles of ice, dilution series were performed to

record the freeze and thaw cycle data with different amounts of bacteria present in

the media. The bacteria chosen for the dilution series performed with the sensors was

the bacterial isolate Flavobacterium sp. ANT 11 (accession number GU592435; Dieser

et al.). This bacteria was chosen because experiments needed to be performed in a

timely manner and this bacterial isolate grew quickly allowing for more experiments

to be performed. Additionally, this is an Antarctic bacteria isolate [Dieser et al.,

2010]. This would give a more accurate laboratory simulation to represent microbial

interactions to the freeze and thaw cycles of ice.
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The bacterial isolate Flavobacterium sp. ANT 11 (accession number GU592435;

Dieser et al.) was grown in R2A broth at 4 °C while shaking at 100 rpm for 5

days. Cultures were harvested and centrifuged at 10,000Ög for 5 min. Cell pellets

were washed twice and re-suspended in 1x PBS (phosphate buffered saline) solution,

respectively, at a cell concentration of 109 cells mL−1. Specific cell concentrations for

the dilution series prepared in 1x PBS can be seen in Table 3.5. Tenfold dilution series

were prepared in 1x PBS buffer, 0.1x PBS, and DI water. Volume was dependent on

the experimental setup being used. Samples were kept a 4 °C until subjected to the

measurement process previously described.

Table 3.5: Cell concentrations for each dilution series.

Date Cell Concentration

(cells mL−1)

Feb 5 4.2 x 109

Feb 12 3.5 x 109

Feb 18 4.1 x 109

Feb 19 3.0 x 109

Jun 8 3.1 x 109

When performing the freezing of the dilution series, the experimentation process

was followed from the initial freezing of water. Measurements of each of the nine RTD

sensors were taken every two seconds with a 0.1 mA current source. The Peltier cooler

was set to -20 °C for the freezing of the media and to 20 °C for the thawing of the

media.

Sterilization Process Before the start of any dilution series experimentation, the

experimental setup and the sensors needed to be sterilized. The sterilization process
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was a 30 minute soak in the 70% ETOH followed by a autoclaved milli-Q H2O rinse.

Since the measurements started with the control followed by the lowest concentration

of cells to the undiluted sample, the experimental setup and sensors were rinsed with

autoclaved milli-Q water between dilutions.

Self-Heating Effect

The self-heating effect of the finalized sensor design needed to be determined

since self-heating can occur when using RTD sensors. The self-heating effect was

determined using both theoretical and computational models. The theoretical calcu-

lations were done using the methods discussed in Chapter 2 and the computational

models were done COMSOL Multiphysics.

Theoretical Calculations

The theoretical self-heating effect was calculated using the equations discussed

in Chapter 2. Resistance measurements were taken at currents of 1 mA and 0.1 mA

in four different medias. The medias that the resistances were recorded in were room

temperature air, room temperature water, a room temperature stirred water bath,

and ice. After determining the change in resistance due to self-heating, the change in

temperature was found by using the slope of the linear fit of the sensor and meander

used for the testing.

Computational Simulation

A computational simulation of the Joule heating effect of the RTDs as designed

was done in COMSOL Multiphysics for three different media - ice, water, and

air - at 0 °C. Tables G.1 - G.3 give the specific parameters used for each of the

studies. Figures G.1 and G.2 in Appendix G represent the geometry and the mesh,
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respectively, for the study with ice as the media.
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RESULTS

Fabrication

The final fabricated RTD sensors had an average resistance of 1000 Ω at room

temperature. Microscope images of the finalized sensor’s meander structure can be

seen in Figure 4.1 and Figure 4.2.

Figure 4.1: 10x magnification microscope image of top left sensor on the wafer from
final design iteration fabrication process.

Figure 4.2: 20x magnification microscope image of top left sensor on the wafer from
final design iteration fabrication process.
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The fabrication process left some residual spots of gold across the wafer in areas

where the material should have been stripped with the gold etch. This could be due

to surface irregularities on the glass substrate. Figure 4.2 shows the area where the

50 µm meets the 30 µm wire of the meander structure. The connection between the

lead wire and resistor structure was continuous and had no defects in the fabrication

process of the finalized sensor design.

Material Characterization

The experimental TCR was determined by taking four-wire in-line resistance

measurements of thin film materials and the results are displayed in 4.1.

Table 4.1: Experimental temperature coefficient of resistance of thin-film nickel and
gold.

Material Nickel Nickel Gold

Thickness 100 nm 200 nm 100 nm

TCR (°C−1) 0.00408 ± 0.000350 0.00346 ± 0.000144 0.00310 ± 0.000031

The resistance of the material is inversely proportional to the cross-sectional

area of the structure (Equation 2.2). Due to this, the TCR is lower for the 200

nm thick nickel when compared to the 100 nm thick nickel. Also, the gold having

a lower TCR value than nickel at the same thickness is consistent with theoretical

TCR values (Table 2.2). The theoretical TCRs for both material is higher than the

TCRs that were found experimentally. The deposition process causes the material to

be a polycrystalline structure versus a single crystal microstructure. Polycrystalline

structures have grain boundaries across the material. This is thought to cause shifts

in the fabricated material property compared to the theoretical material property.
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Additionally, a comparison between the four-wire resistance TCR value and the

TCR value of the sensors as they were fabricated can be seen in Table 4.2.

Table 4.2: Experimental temperature coefficient of resistance of thin-film gold - four-
wire measurements and as fabricated.

Material Gold Gold - As Fabricated

TCR (°C−1) 0.00310 ± 0.000031 0.00276 ± 0.000113

The difference in the experimental TCR between trials is due to the polycrys-

talline structure of the material caused by the deposition process, the grain boundaries

across the material cause differences in the material property — the temperature

coefficient of resistance. Additionally, the total surface area tested in the in-line four-

wire tests is different than the total surface area of the meandering structure in the

actual sensor.

Sensor Calibration

Each sensor was calibrated separately using the same methods as described in

Chapter 3. Figure 4.3 shows the batch to batch calibration curves.
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Figure 4.3: Batch to batch calibration curve for all finalized design iteration
temperature sensors. Calibration curves were found for each of the different meanders
on the sensors since the resistance values varied due to the different length in lead
wires.

The batch to batch calibration curves are near linear, demonstrating that the

temperature response of gold is linear over the desired temperature range. Gold can

be used as a sensing material since linearity is a desirable material characteristic. The

linear equations for each meander along with the R2 value are displayed in Table 4.3.
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Table 4.3: Linear equations and the R2 value for each meander for the batch to batch
calibration data.

Meander Linear Fit Equation R2

Top R = 3.233 ∗ T + 1042.700 0.996

Middle R = 2.975 ∗ T + 1009.300 0.996

Bottom R = 2.818 ∗ T + 990.790 0.997

T-tests were run on the data at each individual temperature where data was

recorded and can be seen in Tables D.1 - D.3 in Appendix D. Figure 4.4 shows the

chip to chip calibration curves.
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Figure 4.4: Chip to chip calibration curve for all finalized design iteration temperature
sensors. Calibration curves were found for each of the different meanders on the
sensors since the resistance values varied due to the different length in lead wires.

The linearity across the chip to chip calibration data is also linear, but a slight

shift in linearity is seen around -5 °C. The linear equations for each meander along

with the R2 value are displayed in Table 4.4.
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Table 4.4: Linear equations and the R2 value for each meander for the chip to chip
calibration data.

Meander Linear Fit Equation R2

Top R = 3.393 ∗ T + 1052.700 0.993

Middle R = 3.192 ∗ T + 1024.400 0.993

Bottom R = 3.044 ∗ T + 1003.800 0.993

T-tests were run on the data at each individual temperature where data was

recorded and can be seen in Tables D.4 - D.6 in Appendix D. Figure 4.5 shows the

calibration curves for the top, middle, and bottom meander an individual sensor.
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Figure 4.5: Calibration curve for an individual sensor for the finalized design
iterations. Calibration curves were found for each of the different meanders on the
sensors since the resistance values varied due to the different length in lead wires.

The calibration curve for the individual sensor is linear across the temperature

regime; however, there is a more drastic shift in linearity at approximately -5 °C

compared to the chip to chip calibration. The linear equations for each meander

along with the R2 value are displayed in Table 4.5.
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Table 4.5: Linear equations and the R2 value for each meander for the calibration
data of an individual sensor.

Meander Linear Fit Equation R2

Top R = 3.454 ∗ T + 1045.000 0.991

Middle R = 3.292 ∗ T + 1021.200 0.991

Bottom R = 3.119 ∗ T + 991.610 0.992

T-tests were run on the data at each individual temperature where data was

recorded and can be seen in Tables D.7 - D.9 in Appendix D.

Comparing the results from the one sample t-test between the calibration data

for all the sensors versus the the data from one sensor show that the individual sensor

has stable temperature measurements with a low error for each given temperature.

Using one equation to solve for the temperature at a given temperature for every

sensor is not yet viable as an option due to the higher errors for the given resistances

of the sensors across the entire wafer. Also, the two samples from the second

wafer had lower resistances than the sensors from the other wafer. There is some

reproducibility between fabrication processes but there are still minor differences in

resistance measurements from wafer to wafer.

Experimentation

During the measurements taken during the dilution series and initial tests in

water, the sensors were placed into the experimental setup with the metal sensing

side facing the same direction, towards the heat source if applicable, for the dilution

series. Refer to Figure 4.6 for placement of meanders and sensors throughout the

dilution series experimentation.
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Figure 4.6: Sensor layout for dilution series experimentation.

Despite high R2 values for the linear fit across the entire temperature regime

(Table 4.5), the data from the dilution series were analyzed using two linear equations.

One linear equation to describe temperatures below -5 °C and another to describe

temperatures above -5 °C. MATLAB was used to determine the sample temperature

utilizing appropriate linear equation for the sample temperature. MATLAB was

additionally used to compute the temperature values from the recorded resistance

values.

Freezing of Water

Before experimentation with dilution series, the sensors were tested through

various freeze and thaw cycles of DI water. Figure 4.7 displays the results from the

freeze cycle of DI water. This experiment was run four times with similar trends in

the curve that can be seen in Figures E.1 - E.3 in Appendix E.



66

Figure 4.7: Freeze cycle of DI water for initial sensor experimentation. Note: the
“gap” in the cooling curve is due to an open circuit, where there is a loss of contact
between the card reader and the electrodes, causing the resistance to overload.

The initial freezing curve is consistent across all experimental runs with a slight

“dip” occurring around 15 to 20 minutes - aside from one experimental run when

the initial dip was at five minutes. There is also the super cooling part of the phase
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transition. Then there is a steady plateau where the liquid is becoming a solid at the

melting temperature of the media. For water without any impurities, this plateau is a

very flat slope and is consistent with theoretical cooling curves of water at atmospheric

temperatures.

Spatial Measurements

The first goal of this research was to design sensors that were capable of taking

measurements that gave a good spatial resolution to any temperature gradients and

changes within the media. Using the data from the four dilution series, one dilution

was used to examine at the sensor’s spatial resolution while using a media that is

not pure water. Figures 4.8 and 4.9 display the temperatures for a bacterial count of

108 CFUs mL−1 after the media was frozen on the peltier cooler for 50 minutes and

includes data from all four dilution series.



68

Figure 4.8: Results across the experimental setup, for the top and middle meanders,
with a cell concentration in the order of the 108 CFUs mL−1 after 50 minutes of
freezing.
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Figure 4.9: Results of the left, middle, and right sensors in experimental setup with
a cell concentration in the order of the 108 CFUs mL−1 after 50 minutes of freezing.

The initial testing of the sensors with DI water showed that the sensors gave

good spatial measurements, with the overall temperature of the system being colder

closer to the Peltier cooler and warmer near the surface of the liquid (Figure 4.7).

This remained true when the sensors were used during the dilution series. There was

a more stable temperature for the bottom meanders due to the influence of the Peltier

cooler (Figure 4.9), this is due to the Peltier cooler controlling the temperature of the

system at the bottom of the experimental setup (closet to the Peltier cooler).

The results show that the middle sensor (Meanders 4-6) had the most stable



70

temperature readings and were not influenced by heat transfer from the environment

as much as the sensors closer to the edge of the system. The meanders that were in

the center of the media were less influenced by the environment or the temperature

of the peltier, giving a better representation of what is happening within the system

during the freezing of different samples.

There were greater differences between the temperatures in the middle and top of

the media throughout the multiple dilution series. Compared to the freezing of water

— where the freezing temperature remained fairly stable across multiple studies —

the freezing cycles across the same cell concentrations were not as stable. These

various temperature changes across the dilution series are due to the variability in

the ice microstructure, namely, the grain boundaries.

Spatial measurements were also observed after the 25 minutes of heating to the

system. Looking at the middle meander, since the middle meander has less influence

from the environment or the temperature of the Peltier, the heating cycles showed

that the there is a higher temperature closest to the heater (Figures 4.10 and 4.11),

as expected. Comparing these results to the results from the freezing cycle, there is

a difference in the temperature measurements of the right sensor, showing that the

sensors can detect temperature changes across temperature gradients throughout the

media.
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Figure 4.10: Results across the experimental setup, for the top and middle meanders,
with a cell concentration in the order of the 108 CFUs mL−1 after 25 minutes of
heating.
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Figure 4.11: Results of the left, middle, and right sensors in experimental setup with
a cell concentration in the order of the 108 CFUs mL−1 after 25 minutes of heating.

These results show that the sensors designed are able to detect precise spatial

temperature measurements. Meander 6 was located closest to the Peltier cooler (set

at -20 °C) and shows the coolest temperatures across the dilution series. The top

meander (Meander 4) shows slightly higher temperature than the other meanders on

that sensors. This is believed to be due to the ambient temperature of the environment

having an effect on the temperature of the sample. The middle meander (Meander 5)

shows a temperature reading that has less influence from the Peltier cooler and the

ambient room temperature, therefore a more accurate temperature of the sample.
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Bacterial Interactions

Another key aspect of the research was to determine if the sensor design could

be able to detect any metabolic activity within the samples. Five dilution series were

performed on various dates. Each dilution series had approximately the same amount

of cells in the undiluted sample, to the order of 109 CFUs mL−1. Figures F.1 - F.5 in

Appendix F show the freezing cycles for the various dilution series. Since Meander 5

was in the center of the sample, the results display the temperature readings for that

temperature sensor.

Overall, the dilution series had different freezing behavior to that of DI water

(see Figure 4.7). Pure water had a flatter crystallization slope and the freezing point

depression due to super cooling happened between 15-20 minutes (Figure 4.7). For the

various dilution series, the drop due to super cooling was between 5-15 minutes, with

the depression being more extreme with an increase in salinity or decrease in overall

cell count. Additionally, compared to the pure water media, the crystallization region

has a steeper slope compared to water. Since this is not water and has a lot of other

impurities within the substance, there is a greater effect to the cooling curve of the

media and does not behave like DI water. Comparing the results to the theoretical

cooling curve of a pure substance versus a solution (see Figure 4.12), the dilution

series behaves more like a solution. This was expected.
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Figure 4.12: Cooling curves of both a pure substance and a solution. (A) The freezing
temperature of the media. (B) The super-cooling “dip” of the media. (C-D) Where
the crystallization process of the media occurs. Image modified from Eddy (n.d.).

The above figure shows where data was pulled from the dilution series performed

for this study. Point A is the freezing temperature of the media, point B is the

temperature and time that the super-cooling “dip” occurs, and points C and D are

the crystallization slope of the media during the freezing process. This figure can

be referred to when looking at the comparison of the results from the affects to the

freezing curves caused by added impurities — both abiotic (PBS buffer) and biotic

(bacteria).

Affects to the Freezing Curve The effects to the theoretical freezing curve of a

solution versus a pure solvent were also examined at for both the dilution done in

PBS buffer and DI water. Figure 4.13 and 4.14 shows the change in the time and

temperature, respectively, of the “dip” due to the super-cooling of the media during
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the dilution series performed in 1x strength PBS.

Figure 4.13: Concentration versus the time the sample reached the super-cooling
“dip” for the dilution series performed in 1x strength PBS buffer.

Figure 4.14: Concentration versus the temperature of the sample at the super-cooling
“dip” for the dilution series performed in 1x strength PBS buffer.
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Figure 4.15 shows the freezing temperature of the media during the freezing

process and how it changed over the dilution series performed in PBS.

Figure 4.15: Concentration versus the freezing temperature of the sample for the
dilution series performed in 1x strength PBS buffer.

Figure 4.16 shows the slope of the crystallization process versus the concentration

of the media during the dilution series performed in 1x strength PBS.
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Figure 4.16: Concentration versus the crystallization slope of the sample for the
dilution series performed in 1x strength PBS buffer.

For each concentration, there is a slope to the crystallization process. For a pure

substance, the crystallization slope should be approximately zero. For the dilution

series performed in 1x strength PBS, there was no change with the crystallization slope

between the control and different cell concentrations, but there was a slope during

the crystallization process. This phenomenon is common in solvents and medias that

are not a pure substance.

One-way ANOVA tests were run on the results from the dilution series performed

in 1x strength PBS with a null hypothesis that all means are equal. The null

hypothesis was accepted for the time tht super-cooling “dip” occurred at (P-value

of 0.595), the temperature that super-cooling “dip” (P-value of 0.479), the freezing

temperature (P-value of 0.816), and crystallization slope (P-value of 0.144). This

shows that there was no difference between the results across the dilution series.

Additionally, Tukey tests with a 99.5% confidence level showed no differences between

cell concentration groups and the control.
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Since the statistical analysis showed no difference between the different cell

concentration groups for each parameter compared, additional dilution series were

performed in 0.1x strength PBS to see if there was any significance between different

cell concentration groups in a lower strength PBS solution. Figure 4.17 and 4.18 show

the differences between both the time and temperature of super-cooling that occurs

between the different cell concentration groups.

Figure 4.17: Concentration versus the time the sample reached the super-cooling
“dip” for the dilution series performed in 0.1x strength PBS buffer.
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Figure 4.18: Concentration versus the temperature of the sample at the super-cooling
“dip” for the dilution series performed in 0.1x strength PBS buffer.

Figure 4.19 compares the freezing temperature of the different cell concentration

groups during the freezing process of the dilution series performed in 0.1x strength

PBS. Figure 4.20 compares the slope of the crystallization process of the different cell

concentration groups in 0.1x strength PBS.
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Figure 4.19: Concentration versus the freezing temperature of the sample for the
dilution series performed in 0.1x strength PBS buffer.

Figure 4.20: Concentration versus the crystallization slope of the sample for the
dilution series performed in 0.1x strength PBS buffer.
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One-way ANOVA tests were run on the results from the dilution series performed

in 0.1x strength PBS with a null hypothesis that all means are equal. The null

hypothesis was accepted for time the super-cooling “dip” occurred at (P-value of

0.954), the temperature that super-cooling “dip” (P-value of 0.846), the freezing

temperature (P-value of 0.737), and crystallization slope (P-value of 0.803). This

shows that there was no difference between the results across the dilution series.

Additionally, Tukey tests with a 99.5% confidence level showed no differences between

cell concentration groups and the control.

Due to the statistical results, an additional dilution series was performed in DI

water to examine if there was any detection of the biotic impurities. Figure 4.21

and 4.22 shows the change in the time and temperature, respectively, of the “dip”

due to the super-cooling of the media during the dilution series performed in DI water.

Figure 4.21: Concentration versus the time the sample reached the super-cooling
“dip” for the dilution series performed in DI water.
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Figure 4.22: Concentration versus the temperature of the sample at the super-cooling
“dip” for the dilution series performed in DI water.

One-way ANOVA analysis were run on the results of the temperature and the

time that the super-cooling “dip” occurred at, for the dilution series performed in

DI water, with a null hypothesis that all means are equal. The null hypothesis was

accepted for the temperature of the super-cooling “dip” (P-vale of 0.676); however,

the null hypothesis was not accepted for the time that the super-cooling “dip occurred

at (P-value of 0.007). Since the null hypothesis was rejected, this shows that there is a

difference between the different samples. An additional Tukey test with a confidence

level of 99.5% was run for the time that super-cooling occurred at. The adjusted

P-values between the different groups are displayed in Table 4.6.
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Table 4.6: Tukey Simultaneous Test for Differences of the Time that Super-Cooling
Occurred at for the Dilution Series Performed in DI Water.

Difference of Levels Adjusted P-Value

105 - Control 0.010

106 - Control 0.027

107 - Control 0.009

108 - Control 0.069

109 - Control 0.046

106 - 105 0.998

107 - 105 1.000

108 - 105 0.952

109 - 105 0.984

107 - 106 0.996

108 - 106 0.998

109 - 106 1.000

108 - 107 0.935

109 - 107 0.975

109 - 108 1.000

The adjusted P-values from the Tukey test shows there was a difference between

the groups where the P-value was less than 0.05 (105, 106, 107, and 109). Additionally,

it showed that there was no difference between the time at which super-cooling

occurred between different cell concentrations, but there was a difference between

the control and the dilution series.
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Figure 4.23 shows the freezing temperature of the media during the freezing

process and how it changed over the dilution series performed in DI water.

Figure 4.24 compares the slope of the crystallization process between the different

cell concentration groups during the dilution series performed in DI water.

Figure 4.23: Concentration versus the freezing temperature of the sample for the
dilution series performed in DI water.
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Figure 4.24: Concentration versus the crystallization slope of the sample for the
dilution series performed in DI water.

One-way ANOVA analysis were run on the results from the dilution series

performed in DI water of the freezing temperature and the crystallization slope with

a null hypothesis that all means are equal. The null hypothesis was accepted for the

freezing temperature (P-vale of 0.927) and for the crystallization slope (P-value of

0.054). This shows that there was no difference between the different samples across

the dilution series.

Examining Figure 4.24 further, it shows that the crystallization slope increases

sharply with the addition of bacteria to the sample. However, as more bacteria is

added and the concentration of bacteria within the sample increases, the crystalliza-

tion slope begins to “flatten” again. Despite the one-way ANOVA analysis showing

that there was no difference between the crystallization slope across the dilution series,

the trend shown is similar to the rate at which mixtures freeze changes with different

concentrations of each component of the mixture.



86

All of the one-way ANOVA tests showed that there was no difference between any

of the recorded temperatures — both freezing temperature and the temperature of the

super-cooling “dip.” When characterizing the Peltier cooler (Figure 3.11), there was a

significant temperature gradient when the Peltier was set to -20 °C. The temperature

gradient across the Peltier cooler could cause some variability of the temperature

recorded throughout the freezing process.

Self-Heating Effect

The main goal of this research was to design a working temperature sensor for

in-situ measurements of subzero environments to monitor temperatures throughout

various and freeze and thaw cycles. Since RTDs were chosen over thermistors or

thermocouples and one of the main limitations of using RTDs over other types of

temperature sensors used for in-situ measurements is the error of the measurement

due to the self-heating or Joule effect, the Joule heating of the sensors needed to

be evaluated. This effect was evaluated using both theoretical calculations and a

computational simulation using COMSOL Multiphysics.

Theoretical Calculations

The theoretical change in resistance measurements in the four medias due to

self-heating are displayed in Table 4.7. Using the slope of the linear fit of the sensor

and meander used for this experiment (R = 2.580 ∗ T + 930.99, R2 = 0.992), the

change in temperature was calculated. The temperature changes measured in the

four medias are displayed in Table 4.8.
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Table 4.7: Experimental ∆R results due to the self-heating effect measured in air,
water, well-stirred water bath, and ice.

Medium Air Water Stirred Water Bath Ice

∆R (Ω) 0.00097 0.01000 0.00241 0.00068

Table 4.8: Experimental ∆T results due to the self-heating effect measured in air,
water, well-stirred water bath, and ice.

Medium Air Water Stirred Water Bath Ice

∆T (°C) 0.000376 0.00388 0.000934 0.000264

Computational Simulation

A computational simulation of the Joule heating effect of the RTDs as designed

was done in COMSOL Multiphysics for three different media — ice, water, and air

— at 0 °C. Tables G.1 - G.3 give the specific parameters used for each of the studies.

Figures G.1 and G.2 represent the geometry and the mesh, respectively, for the study

with ice as the media.

Table 4.9 gives computational change in temperature due to the self-heating

effect in three different medias at 0 °C. Additionally, the contour plots for each of the

stationary study are shown in Figures G.3 - G.5.

Table 4.9: Computational ∆T results due to the self-heating effect measured in air,
water, well-stirred water bath, and ice.

Medium Air Water Ice

∆T (K) 0.000695 0.000741 0.000715
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Both the theoretical calculations and computational simulation showed that the

RTDs designed with the materials chosen and tested in a cold environment had a

negligible change in temperature due to the self-heating effect. The temperature

deviance was low enough that it can be assumed that the temperature measurement

errors in both models were due to uncertainties and noise during the measurement

process and not due to heating of the environment or substrate material.
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CONCLUSION

MEMS RTD Sensors

MEMS RTD sensors were developed for low temperature applications. The

designed temperature sensor is resilient to multiple freeze and thaw cycles and

prolonged exposure to a low-temperature aqueous working environment. There was

no material degradation when using gold as the sensing material. Additionally, after

subjecting the sensors to multiple freeze and thaw cycles, there were no effects to the

accuracy of the sensor’s recorded measurements.

Climate change is one of the more pressing issues the scientific community faces,

and the microbial involvement in climate change has not been properly researched.

This study proposes that an efficient, robusy, and low-cost sensor can be developed

to aid in monitoring temperature and microbial involvement in climate change.

Sensors for this purpose need to be capable of in-situ measurementation in harsh

environments, such as Arctic, Antarctic, and glacial environments. Temperature

monitoring is crucial in understanding the changes in cooling cycles of medias with

the addition of impurities, both biotic and abiotic, from a cooling cycle of a pure

substance.

There are multiple types of sensors that are capable of in-situ monitoring.

However RTD sensors have better linearity, offer a more affordable approach, and

are more resilient when compared to thermistors and thermocouples. Developing

RTDs using MEMS technology provides a low cost solution for in-situ temperature

monitoring in remote locations, with the ability to adapt to the changing needs and

goals of current research. In addition, if more sensing elements are needed for remote

monitoring, MEMS technology provides an efficient way to incorporate more os these

elements as necessary.
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Material Selection

Typical RTD fabrication is done with nickel or platinum. However, for research

applications, platinum is an expensive material to use for MEMS fabrication. Previous

laboratory work involved the use of nickel as the sensing material since it is typically

used in RTD fabrication methods. However, when experimenting with nickel RTD

sensors, the material was not able to perform in the harsh experimental parameters.

During the initial experimentation in DI water, the material oxidized, but was still

functional. However, after running the dilution series with the nickel RTD sensors,

the sensors failed either during or after experimentation. During the freezing and

thawing of the media, the nickel delaminated from the glass substrate. Nickel, as

a sensing material, was not able to withstand the multiple freeze and thaw cycles

necessary for this application.

Gold was considered as an additional material that could be used for RTD sensors

as gold is another material used in MEMS fabrication. Since the sensing material of

RTD sensors is not normally fabricated with gold, initial tests were performed on

thin-film gold to see if the TCR was adequate for RTD sensors. Experimental results

showed that the TCR of thin-film gold was 0.00310±0.0000307 (1/C). As fabricated,

the TCR of the gold RTDs was 0.00276 ± 0.000113 (1/C), which was attributed to

being from a different fabrication batch. Additionally, calibration data from the

gold fabricated sensors showed that the material was near linear over the desired

temperature regime, -20 °C to 20 °C.

Gold, as a sensing material, was resilient to multiple cooling and heating cycles.

In addition, using the sensors for multiple dilution series did not affect their accuracy.

After gold was determined to be an appropriate material for fabrication, a design to

satisfy a high spatial resolution was determined.



91

Spatial Resolution

The designed sensors utilized multiple sensing elements for spatial temperature

monitoring over a small area. This gave the sensor the ability to represent a gradient

across different mediums. High spatial resolution was a crucial feature for the sensors.

The microstructure of ice, namely the grain boundaries, are very small, and they are

where the microorganisms and other impurities “reside” when frozen in the media.

The sensors designed needed to be capable of having a high spatial resolution across

a small working area in order to detect any involvement within the micro-structure

of the ice. The results show that the sensors were capable of detecting temperature

changes due to the ambient environment and Peltier cooler, which was a temperature

gradient of 20 °C to -15 °C. The gradients (Figures 4.8 - 4.11) show the sensors’ ability

to detect differences in temperatures across the 11 mm height of the sample.

Microbial Interactions

The sensor needed to be able to detect impurities, namely biotic, in media while

subjected to various freezing cycles. The cooling curves from the freezing of DI water

(Figure 4.7 and Figures E.1 - E.3) show a slight slope during the crystallization

process. For a pure substance, there should not be a slope during the crystallization

process. This shows that the DI water is not a pure substance and had impurities in

the sample.

During the dilution series performed in PBS, there was a steeper slope during

the crystallization process. This dilution series was performed in both 0.1x and 1x

PBS, both of which have a high saline concentration. There was no detection limit

between the control to any of the dilutions to show the affect of biotic impurities in the

system. The saline concentration in the media overtook the bacteria and controlled

the cooling curve. The change in the freezing temperature and crystallization slope
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from DI water was due to the PBS solution.

The thermal conductivity of various types of snow and ice is shown below:

Table 5.1: Thermal conductivity of various solids and liquids.

Material Temperature (W/mK) Reference

(°C) (W/mK)

Pure ice 0 2.38 [Dillard and Timmerhaus, 1969]

New snow -11.3 ± 4.4 0.070 ± 0.030 [Sturm et al., 1997]

Mixed snow -12.1 ± 2.4 0.153 ± 0.040 [Sturm et al., 1997]

Hard slab snow -21.2 ± 9.8 0.452 ± 0.104 [Sturm et al., 1997]

Water 0.01 0.55575 [The Engineering ToolBox, ndb]

Pure ice has a higher thermal conductivity than that of snow in any given state

and is higher than that of water. This means ice loses more heat per unit area than

snow and water. Adding saline to the media would increase the thermal conductivity,

therefore having more effect on the cooling of the aqueous media. The higher the

saline concentration, the more of an effect to the thermodynamics of the system it

will have. Therefore, a dilution series performed in 1X molar PBS was not a great

representation to the thermodynamics of the various bacteria concentrations.

In order to determine if the bacteria in the media had any affect on the cooling

cycle, an additional dilution series was performed in DI water. During the dilution

series performed in DI water, the slope during the crystallization process became

steeper at 105 CFUs/mL, but began to “flatten” as the concentration increased. The

initial increase in the slope during the crystallization process is due to the bacteria in

the sample. Another effect to the cooling curve during the dilution series performed

in DI water was the time that the sample took to super cool the media. The RTD
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sensors were able to detect changes in that aspect of the cooling curve for samples

≤ 105 CFUs/mL.

Throughout the dilution series performed in DI water, there was no statistical

difference between the samples in regards to the temperatures recorded — freezing

temperature and the temperature of super-cooling. The high variation of the recorded

temperatures across the dilution series is due to using a Peliter cooler to control the

temperature of the system. The Peltier cooler has a high variability in temperature,

so there were fluctuations to the temperature of the samples overall.

Self-Heating Effect

One limitation of RTD sensors is self-heating, where the excitation current causes

the sensing material to heat, causing temperature dispersion into both the substrate

material and the sensors’ working environment. Joule heating can cause errors within

the temperature measurements and is not ideal to temperature monitoring, especially

when the effects of microbial activity is desired. Minimizing the self-heating effect

associated with the sensors was a factor in the design process.

The substrate material chosen had a low heat transfer coefficient so there would

be minimal heating to the substrate. The experimental self-heating effect (δT) of

the sensors designed was 0.000376 °C in air, 0.000934 °C in a well-stirred water

bath, and 0.000264 °C in ice. The calculated results were verified in a COMSOL

Multiphysics simulation. The computational results of the temperature change due

to self-heating of the designed RTD sensors was 0.000695 °C in air, 0.000741 °C in

water, and 0.000715 °C in ice. The experiments and computer simulations showed

the finalized temperature sensor with the excitation current used did not have any

errors within the recorded temperatures due to the Joule heating effect, but rather

due to noise within the resistance measurement.
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FUTURE WORK

RTD Sensors

A huge drive in choosing to design the RTD sensors using MEMS technology was

the ability to easily add different sensing elements to a single chip. When studying

microbial interactions in aqueous and frozen environments, electrical impedance

spectroscopy (EIS) could be useful in determining what is present in the sample.

EIS can also be used to further the understanding in the microstructure of the frozen

samples. This has the potential to uncover the actual amount of microorganisms

present in the microstructure of the media. This would further the understanding of

the effect that microorganisms have on various cooling cycles.

Incorporating more sensing elements on a single sensor could help further the

understanding of the microscopic mechanisms behind climate change. Furthermore,

if the sensors have the ability to detect the difference between abiotic and biotic

impurities within a frozen or semi-frozen media, these sensors could have the potential

to be used for detection of life in remote locations.

Experimental Setup and Procedures

Improvements to the experimental setup could be made. The 3D printed

material was not able to withstand the temperature of the Peltier cooler during

experimentation. This could be improved upon by designing an experimental setup

with a metal. The heat transfer coefficient would be higher, therefore allowing the

sample to cool quicker than with the methods described. Additionally, a thin insert

could be designed and 3D printed to help with sterilizing the setup between dilutions

and experiments. This could have inserts to hold the sensors and be thin enough to

not slow down the cooling process. A metal experimental setup would give a better

contact to the Peltier cooler, which would be useful in humid environments. When
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there is high humidity in the testing environment, liquid and condensation in the air

cause an expansion between the experimental setup and the Peltier sensor. When

the expansion is present there is no direct contact with the Peltier cooler, and the

samples take longer to freeze.

An additional improvement to the experimental setup is revising the connections

between the sensors electrodes and the wires to the data acquisition device. When

sensors stopped working throughout dilution series it was not due to the meandering

structure of the sensing element or material degradation, it was due to the wire and

electrode solder breaking, which interrupts the current traveling through the resistor

and record the corresponding temperature.

To further the understanding of the effect that microorganisms have on the

freezing cycle of media, dilution series should be continued. A complete study on

dilution series performed in DI water should be done to see if the results are consistent

with the results presented in this project. Since 1x molar PBS was not the correct

molarity for this study, dilution series should be done in 0.1x molar PBS, so the

cooling curves can be adequately studied.

After cooling curves are specified for one microorganism in the system, dilution

series should be continued with additional bacteria added to the sample. This would

allow a look into how various types of microorganisms affect the cooling curves of

various mediums. Future results should be compared to the results presented in this

project.

Additionally, a dielectric thermal analysis of each dilution series performed

should be done using differential scanning calorimetry (DSC). This would give an

insight into the phase transitions of the different dilutions in different mediums.



96

REFERENCES CITED



97

[Accumet, nd] Accumet (n.d.). Selecting the right substrate materials
for high power electronics. https://www.accumet.com/resources/

3387-tb-selecting-substrate-materials.pdf. Accessed on: May 18,
2020.

[Acromag, 2011] Acromag (2011). Creiteria for temperature sensor selection of t/c
and rtd sensor types. https://acromag.com/wp-content/uploads/2019/06/

RTD-Temperature-Measurement-White-Paper_917A.pdf. Accessed on: May 18,
2020.

[Anesio and Laybourn-Parry, 2012] Anesio, A. M. and Laybourn-Parry, J. (2012).
Glaciers and ice sheets as a biome. Trends in Ecology & Evolution, 27(4):219–225.

[Belser and Hicklin, 1959] Belser, R. B. and Hicklin, W. H. (1959). Temperature
coefficients of resistance of metallic films in the temperature range 20°to 600°c.
Journal of Applied Physics, 30(3):313–322.

[Chalmers, 1959] Chalmers, B. (1959). How water freezes. Scientific American,
200(2):114–123.

[Cook et al., 2016] Cook, J., Edwards, A., Takeuchi, N., and Irvine-Fynn, T. (2016).
Cryoconite: The dark biological secret of the cryosphere. Progress in Physical
Geography, 40(1):66–111.

[Dani et al., 2012] Dani, K. G. S., Mader, H. M., Wolff, E. W., and Wadham, J. L.
(2012). Modelling the liquid-water vein system within polar ice sheets as a potential
microbial habitat. Earth and Planetary Science Letters, 333-334:238–249.

[Dieser et al., 2010] Dieser, M., Greenwood, M., and Foreman, C. M. (2010).
Carotenoid pigmentation in antarctic heterotrophic bacteria as a strategy to with-
stand environmental stresses. Arctic, Antarctic, and Alpine Research, 42(4):396–
405.

[Dillard and Timmerhaus, 1969] Dillard, D. S. and Timmerhaus, K. D. (1969). Low
temperature thermal conductivity of selected dielectric crystalline solids. In Ho,
C. Y. and Taylor, R. E., editors, Thermal conductivity - Proceedings of the eighth
conference, pages 949–67. Plenum Press.

[Drexler, 1992] Drexler, K. E. (1992). Nanosystems: Molecular machinery, manufac-
turing and compuation. John Wiley & Sons.

[Dutta and Dutta, 2016] Dutta, H. and Dutta, A. (2016). The microbial aspect of
climate change. Energ. Ecol. Environ., 1(4):209–232.

[Eddy, nd] Eddy, D. (n.d.). Chemistry 104: Molecular weight by freezing point de-
pression. http://www.chem.latech.edu/~deddy/chem104/104Freeze.htm. Ac-
cessed on: June 20, 2020.

https://www.accumet.com/resources/3387-tb-selecting-substrate-materials.pdf
https://www.accumet.com/resources/3387-tb-selecting-substrate-materials.pdf
https://acromag.com/wp-content/uploads/2019/06/RTD-Temperature-Measurement-White-Paper_917A.pdf
https://acromag.com/wp-content/uploads/2019/06/RTD-Temperature-Measurement-White-Paper_917A.pdf
http://www.chem.latech.edu/~deddy/chem104/104Freeze.htm


98

[FLUKE Calibration, nd] FLUKE Calibration (n.d.). 5 steps to calibrate an rtd.
https://us.flukecal.com/blog/5-steps-calibrate-rtd. Accessed on: June
5, 2020.

[Foreman et al., 2007] Foreman, C. M., Sattler, B., Mikucki, J. A., Porazinska, D. L.,
and Priscu, J. C. (2007). Metabolic activity and diversity of cryoconites in the
taylor valley, antarctica. Journal of Geophysical Research: Biogeosciences, 112(G4).

[Forrest et al., 2010] Forrest, E., Williamson, E., Buongiorno, J., Hu, L.-W., Rubner,
M., and Cohen, R. (2010). Augmentation of nucleate boiling heat transfer and
critical heat flux using nanoparticle thin-film coatings. International Journal of
Heat and Mass Transfer, 53(1):58–67.

[Ganji and Wheeler, 2010] Ganji, A. R. and Wheeler, A. J. (2010). Introduction to
Engineering Experimentation. Pearson Higher Education, third edition.
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APPENDIX A

SENSOR COMPUTER AIDED DRAWING
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Figure A.1: Autodesk Inventor drawing of the finalized sensor design. All dimensions
are the units mm.
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APPENDIX B

EXPERIMENTAL SETUP COMPUTER AIDED DRAWING
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Figure B.1: Autodesk Inventor drawing of the finalized experimental setup. All
dimensions are the units mm.
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APPENDIX C

ADDITIONAL FABRICATION PARAMETERS
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Second and Third Design Iterations

Before the deposition processes (Table C.1), the wafer was cleaned using a three
solvent clean (Cole-Palmer StableTemp hotplate (cat No. 03405-11) - 160 °C for 10
minutes).

Table C.1: Deposition parameters for the second and third design iterations using
an Angstrom Engineering Amod Evaporator. Note: The second and third design
iterations had two deposition processes.

Material Rate Thickness Source

Chromium 0.5
◦
A/s 10 nm Thermal

Gold 2.0
◦
A/s 100 nm Electron-Beam

Chromium 0.5
◦
A/s 20 nm Thermal

Nickel 2.0
◦
A/s 100 nm Electron-Beam

The lithography processes for both materials had a three solvent clean (EMS
hotplate - 120 °C for 10 minutes) before the resist was hand poured and coated on
the wafer (Table C.2).

Table C.2: Parameters for the spin coater for the second and third design iterations
using a Brewer Cee CE100CB spin coater and MicroChemicals AZ 1512 Photoresist.
Note: The second and third design iterations had two deposition processes.

Brewer Spin Program # 9 rpm r/s time (s)
vel 0 500 250 20
vel 1 4000 10000 35
vel 2 0 500 10

Followed by a soft bake on a Brewer Cee CE100CB hotplate for 1 minute at
110 °C, 3.2 s exposure on a AB-M Contact Aligner, and a 1:30 minute development
on an orbital shaker using MicroChemicals AZ 300 MIF Developer. Following the
development was the etching process (Table C.3).
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Table C.3: Etching parameters for the second and third design iterations. Note:
The second and third design iterations had two deposition and etching processes.
Following the material etch, the wafer was cleaned using a 3 solvent clean before the
photoresist was stripped.

Material Time (s) Etch Heated Temp (°C)
Gold 70 Transene Gold Etch TFA No N/A

Chromium 30 Transene Chromium Etch 1020AC No N/A
Nickel 60 Transene Nickel Etch TFB Yes 40

Chromium 20 Transene Chromium Etch 1020AC No N/A

Following each etching process, the photoresist was stripped for 10 minutes in
75 °C media using MicroChemicals AZ 400T Stripper and a Cole-Palmer 04644-Series
Digital Hot Plate/Stirrer. After the lithography process was completed for nickel, a
spin rinse dry cycle was done and the wafer was diced at AdvR in Bozeman, MT.
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APPENDIX D

CALIBRATION STATISTICS
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Batch to Batch Calibration

Table D.1: Statistical analysis for top meander batch to batch calibration.

Temperature N Mean Std Dev SE Mean 95% CI for µ
20 299 1104.54 42.94 2.48 (1099.65, 1109.43)
15 300 1089.60 42.14 2.43 (1084.81, 1094.38)
10 300 1074.96 41.49 2.40 (1070.25, 1079.68)
5 300 1060.43 40.87 2.36 (1055.79, 1065.08)
0 300 1045.92 40.30 2.33 (1041.34, 1050.50)
-5 300 1030.94 39.66 2.29 (1026.44, 1035.45)
-10 300 1012.29 39.22 2.26 (1007.83, 1016.75)
-15 300 990.64 38.41 2.22 (986.28, 995.01)
-20 280 974.64 31.97 1.91 (971.20, 978.72)

Table D.2: Statistical analysis for middle meander batch to batch calibration.

Temperature N Mean Std Dev SE Mean 95% CI for µ
20 300 1066.84 39.14 2.26 (1062.39, 1071.29)
15 300 1052.75 38.18 2.20 (1048.41, 1057.09)
10 300 1039.05 37.24 2.15 (1034.82, 1043.28)
5 300 1025.44 36.23 2.09 (1021.32, 1029.55)
0 300 1011.82 35.33 2.04 (1007.80, 1015.83)
-5 300 997.74 34.23 1.98 (993.85, 1001.63)
-10 300 979.88 33.82 1.95 (976.04, 983.72)
-15 300 959.83 32.36 1.87 (956.15, 963.51)
-20 260 949.91 18.63 1.16 (947.63, 952.18)

Chip to Chip Calibration

Individual Sensor Calibration
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Table D.3: Statistical analysis for bottom meander batch to batch calibration.

Temperature N Mean Std Dev SE Mean 95% CI for µ
20 320 1045.42 37.27 2.08 (1041.32, 1049.52)
15 320 1031.91 36.14 2.02 (1027.94, 1035.89)
10 320 1018.93 34.87 1.95 (1015.10, 1022.77)
5 320 1006.08 33.53 1.87 (1002.39, 1009.77)
0 320 993.21 32.24 1.80 (989.67, 996.76)
-5 320 979.94 30.84 1.72 (976.55, 983.34)
-10 320 963.01 29.76 1.66 (959.73, 966.28)
-15 320 944.32 27.79 1.55 (941.26, 947.37)
-20 280 934.25 13.24 0.79 (932.69, 935.81)

Table D.4: Statistical analysis for top meander chip to chip calibration.

Temperature N Mean Std Dev SE Mean 95% CI for µ
20 220 1116.77 12.82 0.86 (1115.07, 1118.47)
15 221 1101.45 12.22 0.82 (1099.83, 1103.07)
10 221 1086.47 11.93 0.80 (1084.89, 1088.05)
5 221 1071.56 11.79 0.79 (1069.99, 1073.12)
0 221 1056.73 11.56 0.78 (1055.19, 1058.26)
-5 221 1041.34 11.47 0.77 (1039.82, 1042.86)
-10 221 1022.42 11.08 0.75 (1020.95, 1023.89)
-15 221 1000.06 10.75 0.72 (998.64, 1001.49)
-20 221 977.921 10.832 0.729 (976.485, 979.357)

Table D.5: Statistical analysis for middle meander chip to chip calibration.

Temperature N Mean Std Dev SE Mean 95% CI for µ
20 240 1084.68 14.12 0.91 (1082.89, 1086.48)
15 240 1070.21 13.71 0.88 (1068.47, 1071.96)
10 240 1056.12 13.41 0.87 (1054.42, 1057.83)
5 240 1042.07 13.13 0.85 (1040.40, 1043.74)
0 240 1028.07 12.83 0.83 (1026.44, 1029.70)
-5 240 1013.50 12.62 0.81 (1011.90, 1015.11)
-10 240 995.484 12.281 0.793 (993.922, 997.046)
-15 240 974.844 11.717 0.756 (973.354, 976.334)
-20 240 954.283 11.232 0.725 (952.855, 955.712)
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Table D.6: Statistical analysis for bottom meander chip to chip calibration.

Temperature N Mean Std Dev SE Mean 95% CI for µ
20 260 1061.46 8.98 0.56 (1060.37, 1062.56)
15 260 1047.53 8.59 0.53 (1046.49, 1048.58)
10 260 1034.06 8.37 0.52 (1033.04, 1035.08)
5 260 1020.67 8.20 0.51 (1019.66, 1021.67)
0 260 1007.29 8.05 0.50 (1006.30, 1008.27)
-5 260 993.440 8.082 0.501 (992.453, 994.427)
-10 260 976.039 8.104 0.503 (975.049, 977.029)
-15 260 956.562 7.996 0.496 (955.586, 957.539)
-20 260 937.186 8.232 0.511 (936.180, 938.191)

Table D.7: Statistical analysis for top meander calibration for an individual sensor.

Temperature N Mean Std Dev SE Mean 95% CI for µ
20 20 1004.01 0.19 0.04 (1003.92, 1004.10)
15 20 991.840 0.119 0.027 (991.784, 991.895)
10 20 979.509 0.160 0.036 (979.434, 979.584)
5 20 967.244 0.118 0.026 (967.188, 967.299)
0 20 954.746 0.289 0.065 (954.610, 954.881)
-5 20 942.441 0.129 0.029 (942.381, 942.502)
-10 20 924.285 0.182 0.041 (924.200, 924.371)
-15 20 906.337 0.381 0.085 (906.158, 906.515)

Table D.8: Statistical analysis for middle meander calibration for an individual sensor.

Temperature N Mean Std Dev SE Mean 95% CI for µ
20 20 979.713 0.080 0.018 (979.676, 979.750)
15 20 968.585 0.125 0.028 (968.526, 968.643)
10 20 957.696 0.192 0.043 (957.606, 957.786)
5 20 946.899 0.153 0.034 (946.827, 946.971)
0 20 935.980 0.362 0.081 (935.810, 936.149)
-5 20 925.137 0.140 0.031 (925.071, 925.203)
-10 20 909.362 0.144 0.032 (909.295, 909.430)
-15 20 894.049 0.348 0.078 (893.886, 894.212)
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Table D.9: Statistical analysis for bottom meander calibration for an individual
sensor.

Temperature N Mean Std Dev SE Mean 95% CI for µ
20 20 959.946 0.184 0.041 (959.860, 960.032)
15 20 950.078 0.161 0.036 (950.003, 950.153)
10 20 940.934 0.236 0.053 (940.824, 941.044)
5 20 931.925 0.208 0.046 (931.828, 932.022)
0 20 922.918 0.441 0.099 (922.711, 923.124)
-5 20 913.855 0.204 0.046 (913.760, 913.950)
-10 20 901.040 0.100 0.022 (900.993, 901.087)
-15 20 888.905 0.296 0.066 (888.767, 889.044)
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APPENDIX E

ADDITIONAL FREEZING EXPERIMENTS
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Figure E.1: Additional freeze cycle of water for initial sensor experimentation.
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Figure E.2: Additional freeze cycle of water for initial sensor experimentation. Note:
Meander 1 - Meander 3 have some errors after the initial freezing point depression,
this was due to capillary action causing the contacts to short.
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Figure E.3: Additional freeze cycle of water for initial sensor experimentation.
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APPENDIX F

ADDITIONAL DILUTION SERIES FREEZING CURVES
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Figure F.1: Freezing of different bacteria amounts in PBS solution (February 5) for
Meander 5.
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Figure F.2: Freezing of different bacteria amounts in PBS solution (February 12) for
Meander 5.

Figure F.3: Freezing of different bacteria amounts in PBS solution (February 18) for
Meander 5.
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Figure F.4: Freezing of different bacteria amounts in PBS solution (February 19) for
Meander 5.

Figure F.5: Freezing of different bacteria amounts in PBS solution (June 8) for
Meander 5.
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APPENDIX G

COMSOL MULTIPHYSICS STATIONARY STUDY RESULTS
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Figure G.1: Geometry of the ice for the COMSOL Multiphysics stationary study of
the self-heating effect (Image credit: David Hembroff).
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Figure G.2: Mesh of the ice for the COMSOL Multiphysics stationary study of the
self-heating effect (Image credit: David Hembroff).
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Table G.1: COMSOL Multiphysics Parameters for stationary study run for ice at 0
°C.

Initial Temperature 273.15 K
Current 100 µA
Cp,ice 2.050 kJ/(kg·K)
ρice 916.2 kg/m3

k 2.22 W/(m·K )
Relative Permittivity 3.12e−7

Electrical Conductivity 1.0e−7

Dimensions of Ice Width: 12 mm
Height: 3.5 mm

Table G.2: COMSOL Multitphysics Parameters for stationary study run for water at
0 °C.

Initial Temperature 273.15 K
Current 100 µA
Cp,H2O 4.217 kJ/(kg·K)
ρH2O 999.82 kg/m3

k 555.75 mW/(m·K )
Coefficient of Thermal Expansion −0.68e−4 K−1

Relative Permittivity 1
Dynamic Viscosity 0.0017916 Pa·s

Dimensions of Water Width: 12 mm
Height: 3.5 mm

Table G.3: COMSOL Multiphysics Parameters for stationary study run for air at 0
°C.

Initial Temperature 273.15 K
Current 100 µA
Cp,air 1.006 kJ/(kg·K)
ρair 1.278 kg/m3

k 24.35 W/(m·K )
Relative Permittivity 1
Dynamic Viscosity 17.22 µPa·s
Dimensions of Air Width: 12 mm

Height: 3.5 mm
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Figure G.3: Contour plot of the COMSOL Multiphysics stationary study of the self-
heating effect of ice at 0 °C (Image credit: David Hembroff).

Figure G.4: Contour plot of the COMSOL Multiphysics stationary study of the self-
heating effect of water at 0 °C (Image credit: David Hembroff).
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Figure G.5: Contour plot of the COMSOL Multiphysics stationary study of the self-
heating effect of water at 0 °C (Image credit: David Hembroff).
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