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ABSTRACT

Thermal energy sources, including waste heat and thermal radiation from the sun, are
important renewable energy resources. Thermal energy can be converted into electricity by
thermoelectric phenomena; the thermoelectric phenomena can also be operated in reverse when
provided an electric current, producing a temperature gradient across the device. Thermoelectric
devices are scalable, renewable, and cost effective products that offer capabilities to harness
waste heat or environmental heat sources, and convert the captured heat into usable electricity.
The operating principle of a thermoelectric device requires that a temperature gradient be present
across the device, which induces the flow of electrons from the hot side of the device to the cold
side. Thermoelectric devices are currently hampered by the low conversion efficiencies and strict
operating temperatures for certain materials. This study investigates the main factors affecting
efficiencies of thermoelectric devices as energy harvesters and aims to optimize the devices for
maximum efficiency and lower costs by using microfabrication processes and self-assembled
materials for complete thermoelectric modules (TEMs). By first establishing operating
conditions and a desired mode of operation, optimization equations have been established to
determine device dimensions and performance parameters. Compact integration realized by
microfabrication technologies that allow for multiple output voltages from a single chip was also
investigated. Additionally, cost savings were found by reducing the number of fabrication
processing steps and eliminating the need for precious metals during fabrication. The optimized
design proposed in this study utilizes copper electrodes and requires fewer applications of
photoresist than previous proposed designs. In fabrication of thin film based micro devices, the
film quality and the composition of the film are essential elements for producing TEMs with

desired efficiencies. Although Bi,Te; has been investigated as thermoelectric material, this study
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determined that there was a possibility that both N-type and P-Type Bi,Te; could be created
from a single electrolyte solution by controlling the amount of Te present in the film. Films were
produced with both AC and DC signals and varied composition of Te at.% of Bi,Te; was
achieved by controlling the average current density during electrochemical deposition. A linear
relationship was established between the average current density and the resultant Te content.
SEM and EDS were used to characterize the morphology and the composition of the thin films
created. With the fabricated thermoelectric materials, analytical models could be developed
using known material properties of thermoelectric films with a given Te content. The analytical
results obtained by the developed optimization equations were comparable with the FEA models
produced by using COMSOL, a multiphysics program with powerful solving algorithms that was
used to evaluate designs. Further improvements to device performance can be achieved by
designing a segmented thermoelectric device with multiple layers of thermoelectric material to

allow the device to operate across a larger temperature gradient.
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CHAPTER ONE: INTRODUCTION

As the world searches for more ways to supply a power hungry populous with new
energy sources, innovation has become rampant in a field where fossil fuels long dominated as
the primary source of energy. Efficiency once an afterthought in design practices has become
the prime focus of nearly every energy consuming product made. Vehicles are the most
ostensible example of increasing efficiency, however combustion is fundamentally flawed due to
a large portion of the thermal energy generated being squandered into the environment. A less
pronounced waste of thermal energy would be in electronic devices. Microprocessors can
generate hundreds of watts of heat that not only needs to be managed but adversely affects the
performance of the devices. Looking even closer at wasted thermal heat; the human body could
create enough excess heat to power microelectronic devices or medical implants. There are
countless more examples of wasted thermal energy in the world; but harnessing excess thermal
energy is not only difficult, it is quite inefficient in itself.

Thermoelectric modules (TEMs) offer a crucial bridge between wasted thermal energy
and useable electricity. TEMs are a scalable, clean, and with further advancements a cost
effective way to harness excess thermal energy. TEMs have no moving parts, no working fluid,
and can be shaped into a multitude of patterns. It is with this flexibility that TEMs can be placed
in nearly any environment that even minute temperature difference exists. Applications that
involve relatively small amounts of electrical power can be fitted with a TEM to power them
indefinitely but utilizing the environment they are placed in. A proven example of this
application is for use in radioisotope thermoelectric generators (RTG), which use a radioactive

1



heat source that emits a steady amount of heat for a long period of time in conjunction with a
thermoelectric generator (TEG) to create sustainable power. This technology was used in the
Cassini space probes which had to endure the vacuum, isolation from solar energy, and extreme

temperature of space. A diagram of the RTG is shown in Figure 1 below.
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Figure 1: Diagram of RTG used in Cassini space probe [1]

TEMs are not only limited to power generation and recovery, they can be configured to
provide cooling as well. For microelectronics this is a boon due to the ability for a small device
to provide pin point cooling without the need for fans or a working fluid. These devices are
commercially available already in the form of compact Peltier coolers used to cool CPU’s and
even beverages.

For all of their advantages the use of TEMs as a whole is relatively low. The materials
and compounds used to create TEMs are in their infancy as far as research is concerned with

some of the more advanced techniques for fabrication and deposition only being developed in the
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past twenty years. These devices are subject to material selection much like many other
electronic devices where the application and cost must be taken into account. For TEMs the
temperature range for which the device operates is of keen importance. Finding a balance of all
design variables is the key to optimization which is the remedy for reducing costs and allowing
TEMs to be placed in nearly every power consuming device. Figure 13 below shows a
comparison of various thermoelectric materials given a temperature range.

The second area in which TEMs can be optimized is in geometry of the thermoelectric
elements themselves. Geometric optimization includes placement of the thermoelectric
elements, their aspect ratios, and number of elements in the device. The focus of this study is to
investigate the effects of both geometry and material selection when designing a TEM and to
fabricate a TEM with cost effective methods in an attempt to produce a cost effective, optimized,
multifunctional micro device.

The market for TEMs has been steadily increasing as developments that lead to increased
efficiency also increase. Miniaturization is also a major contributing factor, on the micro and
even nano scale TEMs are gaining a commanding presence. The ability to provide precise
compact cooling without the need for bulky heat exchangers or fan systems is an attribute that is
highly desired in the mobile phone and computer industry. Figure 2 shows how the world
market for thermal management products is growing at a healthy pace. Fahrner et al. [1]
demonstrates how even the automotive industry has an interest in TEMs by using them as
sensory equipment to control cabin temperature. Figure 3 shows the entire market for TEMs.
Tapping into this market requires innovation and being able to break the conventional mold that

dominates the design of TEMs currently.
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CHAPTER TWO: LITERATURE REVIEW

While practical applications for the thermoelectric effect were not found for several years
after its discovery by Thomas Johann Seebeck in 1821; Thomas Seebeck contributed to many
fields of science during his career as a scholar and is pictured in Figure 4 below. Seebeck was
trained as a physician early in his career, his contributions to science in the fields of optics,
medicine, and physics. He also discovered of the light sensitivity of wet silver oxide the
foundation of photography. In 1821 Seebeck discovered the thermoelectric effect when studying

the magnetism of the galvanic series [1].

Figure 4: Thomas Johann Seebeck 1770-1831 [1]

The principals that allow TEMs to operate are a combination of many different branches
of physics and natural phenomena. According to Min [2] the effects of thermoelectric
phenomena are the result of an interaction and conversion of heat and electricity in solids. These
interactions are the key to providing TEMs their flexibility. Thermoelectric phenomena are

summarized by three distinct effects; The Seebeck effect, the Peltier effect, and the Thomson



effect. These effects offer different “modes” for a TEM to operate under. Depending on the
application a device could be optimized for any one of these effects.

The first effect for consideration is the Seebeck effect. This effect allows a TEG to
operate by essentially converting a temperature difference into a voltage potential. This
relationship defined in Equation 1 below where V is the generated voltage (Volts), a,, represents
the Seebeck coefficients, and AT is the temperature difference across the material. The
temperature difference AT across the material refers to a “hot” Ty and “cold” T¢ side which are
relative terms for defining the side with a lower absolute temperature. Min [2] describes the
constant a,, as being “approximately a constant over a certain temperature range”. This constant
is known as the relative Seebeck coefficient as it is relative to the material properties of materials
aand b.

V = ay, * AT [2]
Equation 1: Seebeck Effect

The second effect for consideration is the Peltier effect. This effect can be seen as an
opposite to the Seebeck effect in the sense that it is operating in reverse when compared to the
Seebeck effect; instead using a voltage potential and converting it into a temperature potential
across the device. Using this mode of operation a TEG becomes a thermoelectric cooler (TEC),
and can be used in any environment where either a cooling or heating operation is required and a
power supply is readily available. The flexibility of a TEC is so great that an intrinsic property
of a TEC is the ability to determine which side becomes hot and which side will cool; this is
achieved by simply changing the direction of the current flowing through the device. The
equation that defines the Peltier effect is shown in Equation 2 below. Where dQ/dt is the amount

of heat moved from one end of the device to the other per unit time, I is the electrical current,



and m,, is the Peltier coefficient. The Peltier coefficient is similar to the Seebeck coefficient in
the sense that it owes its values to the material properties of the materials being used. Figure 5 is
a graph showing how the Peltier coefficients of P and N type silicon vary with temperature.
Fahrner et al. [1] relate the Seebeck coefficient and Peltier coefficient at a given temperature T
by Equation 3 below. This is one of the Kelvin relationships that relate the different
thermoelectric effects together. Figure 6 is a schematic comparison of the Peltier effect (A) and
the Seebeck effect (B). Both “legs” of the thermoelectric element are connected by a conductor
at the top so that multiple elements would be connected in series.
Q=g+l
Equation 2: Peltier Effect [2]
Tgp = Qgp * T

Equation 3: Relation of Peltier and Seebeck coefficients [2]
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Figure 5: Peltier coefficient for P and N type Si [1]
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Figure 6: Comparison of Peltier and Seebeck effects [1]

The third effect for consideration is the Thomson Effect. By contrast the Seebeck and
Peltier effects require the presence of two different materials in order to work. The Thomson
effect is the phenomenon that occurs when a material is subjected to both a temperature potential
and an electrical current producing a heat flux in or out of the material. This effect is illustrated
in Figure 7 below. Min [2] explains that this mode is not considered unless the temperature
difference across a thermoelectric is large; and no device would be designed to operate in a
“Thomson” mode alone. Despite not being accounted for in most thermoelectric designs, the
Thomson effect is present in every thermoelectric conversion. The equation to define the
Thomson effect is given in Equation 4. Similar to the Seebeck and Peltier effects the Thomson
effect has an associated coefficient f. The second Kelvin relationship that relates the Thomson
effect, Seebeck effect, and Peltier effect is shown in Equation 5. Notice the presence of two f
coefficients one for each material present. Each constant can be measured under isothermal

conditions.
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Figure 7: The Thomson effect [2]

Qr =B *1*AT
Equation 4: Thomson effect [2]

d*aabzﬁa_ﬁb
dT T

Equation 5: Second Kelvin relationship [2]

Design

Typically a TEM contains multiple pairs of n and p type thermo-elements arranged so
that they can be connected electrically in series. While the topography of the device can vary
depending on the application individually a single pair of thermo-elements will not generate
sufficient voltage to be of use. By wiring pairs in series enough voltage can be generated to
operate a useful device. Conductors can be of varying materials, depending on the application

and the intended manufacturing process. For example when making a micro scale device it



could be prudent to use gold for the conductors due to the need for strong acids in the fabrication
process.

TEMs need to also be packaged in such a way that they remain thermally conductive and
that they fit the environment they are being placed in. For use in biomedical applications for
example the packaging would have to be nontoxic and be able to function at body temperature.
For many commercial applications the TEM is typically packaged between two thermally
conductive substrates of a scalable thickness and overall dimension. The substrates are made of
thermally conductive ceramic, silicon or glass for micro scale applications, or thin polymer
substrate membranes for biomedical applications. Packaging should also not short circuit the
device, if using an electrically conductive substrate care must be taken to isolate the individual
thermoelectric elements. It is not uncommon that the substrates are adhered on either side with
some type of thermal grease to ensure even heat distribution and good contact between the
substrate surfaces.

The topography for a device should be chosen depending on the intended use. The
typical topography for use in a TEM is the monolithic style [3]. By using the monolithic style a
temperature gradient can be established across the device and both substrates have large areas of
contact available. This pattern also allows for a wide range of deposition methods for the
thermoelectric materials. Lastly the monolithic topography is scalable from the macro down to
the nano-scale and benefits from the rapid change in aspect ratio that occurs when scaling down.
Figure 8 is a diagram of the monolithic topography.

Other topographies include a “strip” design that takes the traditional monolithic
thermoelectric element and lays it on its side. The “strips” are deposited in an alternating n and p

type pattern via a sputtering PVD system that allows multiple targets to be used in order to
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combine the thermoelectric materials together [4]. The strips are then wired in series by sets of
contacts on either end of the strips. This topography may be desired for thin film designs or
where the overall thickness of the device is critical. The fabrication process is also less
complicated than the traditional monolith style. However this design suffers from increased
joule heating and resistance from the long lengths of thermoelectric material with a thin cross

sectional area. A strip design is shown in Figure 9 below.

Figure 8: Basic thermoelectric design layout [5]
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Figure 9: Strip design TEM [4]

The design of TEMs like most other products would need to start with an intended
application in the design process. By knowing the intended application the device could be
designed and scaled around the specific property in question. For example if the expected
operating temperature was to be room temperature, optimal materials could be chosen, proper
aspect ratios for the devices could be evaluated, and the performance of the design could be
predicted. Simulation software and optimization equations aid in this endeavor. Given a set of
parameters basic design concepts are determined and processes can be chosen to fabricate the

device.

Optimization

Thermoelectric design optimization can take many routes, however no matter the path
that is taken they all must include maximizing the Ioffe figure of merit Z to some degree [6].
Chen et al. [6] explain that the scientific community has determined that in order to optimize a
thermoelectric module both the module geometry and thermoelectric materials must be selected
in order to increase the figure of merit Z in addition to controlling heat transfer through the
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device. Equation 6 and Equation 7 below define the thermoelectric figure of merit for the
thermoelectric material and module respectively. The Seebeck coefficient a is the largest factor
to contributing to a higher figure of merit, p is the electric resistivity, while R is the internal
resistance of the system; k represents the thermal conductivity and K is the conductance of the
system. These equations show that in order to have a successful device a material should have
the highest Seebeck coefficient possible while minimizing resistance and thermal conductivity
[7]. Minimizing thermal conductivity may seem counter intuitive for a material designed to cool
or heat a targeted area, but with increasing thermal conductivity the thermoelectric materials
would become uniform in temperature thus inhibiting their ability to produce a usable
temperature gradient necessary for heat transfer. This could be exploited by a designer who
would like to create some sort of “thermal switch” that would have the thermoelectric module
“switch off” at a given temperature. A thermal switch could be used as a sensor device that can
be activated when the given region becomes too hot or cold thus inhibiting the flow of electric

current through the device.

Equation 6: Figure of merit for thermoelectric material [6]

a2

7 =
Rx*xK

Equation 7: Figure of merit for thermoelectric module [6]
Several assumptions are made when determining performance parameters for a TEM.
The device i1s considered adiabatic to the environment with the exception of the two thermally
conductive substrates and contact impedance is ignored for simplicity [6]. With these basic

conditions met optimization of individual parameters can be investigated. Figure 10 is a
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schematic representation of a TEG system. A waste heat source T, provides a heat flux Q
through a medium with thermal conductance K; to the hot side of the TEG. The temperature at
the hot side of the TEG is T} with the corresponding cold side temperature T.. The heat flux
coming from the cooler side to the heat sink Q. passes through the bottom side material with
thermal conductivity K, to the ambient heat sink T,. The voltage induced by the temperature
difference across the thermoelectric legs induces a current I in a closed circuit with load
resistance R;. The two heat flux equations for Q, and Q. are shown below in Equation 8 and

Equation 9 below.

Waste heat source { Tw)

Ambient heat sink (Ta)

1 =
Figure 10: Schematic of a single couple TEG [6]
Qn=aTy =1+ K(T, —T.) — 0.5I?R

Qn = Ki(Tw —Tn)

Equation 8: Rate of heat transfer from heat source to the TEG [6]
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Q.=aT.x1+K(T, —T,) + 0.5I%R
Qc = Ko (Te — To)
Equation 9: Rate of heat transfer from cold junction to heat sink [6]

Equation 10 below details the total internal resistance for a TEG using a thermoelectric-
coupled model. This model takes into account both internal and external irreversible heat
transfer where p, and p, are the electrical resistivity’s of the p and n type material respectively; L
is the length of the thermoelectric elements which for the n and p type legs are assumed to be
equal, and the cross-sectional area of the p and n-type legs are S; and S, respectively [6]. This
equation accounts for much of the losses in a TEG device and would require significant
consideration to the element leg lengths and cross sectional areal with respect to the resistivity of
the material. The thermal conductance of a of the module K is summarized in Equation 11
below and with the variables defined above in addition to the thermal conductivity of the p and

n-type materials k, and k.

L L
R = Pt + Pnt
Sy Sn
Equation 10: Total internal resistance [6]

k,S, k,S
K = (Spop nn)
<L+L

Equation 11: Thermal conductance of a TEG couple [6]

Calculating the output current from a TEG requires a close circuit analysis with a load
with a given load resistance R;. The Seebeck coefficient for the module o is equal to the
difference of the p-type Seebeck coefficient a, and the n-type Seebeck coefficient o, for the
semiconductor materials. The output current is summarized in Equation 12 below for a given

temperature difference AT. The output voltage from the TEG is defined in Equation 13 below as
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Vour. The output power is defined in Equation 14 below. Lastly the power conversion efficiency

which is a ratio to the power generated to the input heat Qy and is shown in Equation 15 below.

I_a*AT
" R+R,

Equation 12: Electrical current generated under load [6]

_ aATR,
" R+R

Vour = IR,

Equation 13: Output Voltage for a TEG [6]

a?AT?R,

P=IR, =—~
" (R +R))?

Equation 14: Power output for a TEG [6]

_ Q=0 _ P
Qn Qn
Equation 15: Power conversion efficiency for a TEG [6]

The equations for TECs differ in from their generator counterparts. Equation 16 and
Equation 17 describe how to calculate the coefficient of performance (COP) and the optimum
COP. These equations hold promise for a TEC because a COP of greater than one can be
achieved for relatively small AT values of less than 30K [8]. The COP value is a ratio of the
energy supplied to the load and the amount of heat energy adsorbed at the hot junction [9]. In

addition to knowing the optimum COP values, the current at which the COP values are

maximized is given by Equation 18.

2
IAT + 12P
@ Y

T, — 2122 _ oyt
cop = Y

Equation 16: Coefficient of Performance [8]
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Equation 17: Optimum COP[8]

cop

aldTy

i =
P p(TH 2T g — 1)

Equation 18: Optimum Current [8]

The aspect ratio of the individual thermoelectric elements is an important parameter to
consider and is the primary advantage of miniaturization for TEMs. The aspect ratio v is defined
as the thermoelectric geometry area to length ratio and uses the macro scale unit meter(m) [8].
Taylor indicates that at an aspect ratio of 0.001 m at a AT of 30K will produce a COP of greater
than 1 [8]. The final optimization equation for consideration would be for the aspect ratio shown
in Equation 19 below. A temperature of 50 C is used for T, and a current of 1 A is assumed;
from this a parabolic relation is formed and a maximum value can be derived[8]. Optimization
of a TEM can be achieved by using these equations in conjunction with a set of design
parameters in mind. Other optimization equations exist for different topographies and fabrication
methods. Xuan and Wartanonicz discuss how to optimally design a multistage TEM and provide

detailed equations on how to maximize performance while minimizing cost [10, 11].

pl |
Yopt = m( 1+ ZTavg - 1)

Equation 19: Optimum Aspect ratio [6]
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Thermoelectric materials processing

Fabrication of microscale TEMs has taken advantage of recent advances in fabrication
technologies particularly in the field of high aspect ratio fabrication and electrochemical
technologies for thin film applications. Scaling of TEMs by means of new fabrication methods
increases overall performance of the devices and lowers costs. The performance increase comes
from increasing the specific power (W/cm?) of the device while maintaining a favorable aspect
ratio [12]. TEMs have the advantage of being very flexible with respect to design considerations
and having no moving parts enables for the selection of a wide selection of manufacturing
processes. Using optimization equations and basic design principles specific processes can

identified for use in fabrication of a TEM.

After selecting an application that the TEM will operate in, material selections are made
to fit the application. Biomedical applications for example would likely use a biocompatible
polymer for a substrate while higher temperature applications could use a silicon or glass
substrate. Surfaces that allow for strong adhesion for metals are highly desirable for a TEM due
to the relatively large and high aspect features that are built on to the surfaces. Substrate
selection should also allow for desirable heat transfer properties to allow for desirable
temperatures on either ends of the device. Lin et al. [12] fabricated a working TEM using glass
slides and discussed using oxidized silicon as a suitable substrate. Oxidized Si wafers can also

be used to create a TEM using traditional N and P well transistor technology.

Metallization of substrates and subsequent components of the TEM can be done by a
wide variety of methods. To create working bottom electrodes thin film deposition processes are

used and are a requirement for miniaturization. Typically monolith type topographies will have
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interconnecting bridges that are deposited by an electrochemical bath and must be thick enough
to remain rigid over large gaps between the columns. Another popular option is the use of a
sputtering deposition machine with multiple targets to deposit a seed layer of Cr followed by the
contact layer metal. This provides superior adhesion as vacuum is not broken between
depositions meaning that oxidation is eliminated and the contact metal will adhere to the seed
layer without interruption. The strong uniform adhesion supports the large high aspect ratio
thermoelectric structures and prevents them from lifting off the surface. In addition a sputtering
process is less susceptible to the shadowing effect that is common in evaporation based systems
due to the source being directly perpendicular to the surface of the wafer. The shadowing effect
is illustrated in Figure 11 below. The operation of a sputtering machine is shown in Figure 12

below.

Partially Totally
shadowed shadowed

region region

Figure 11: Shadowing effect during evaporation [13]
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Figure 12: Sputtering deposition system [13]

When selecting a material, the figure of merit for the operating temperature range must
be considered. Different materials operate with higher efficiency at different temperatures
leading to a wide selection of materials available for use in the TEM. Figure 13 and Figure 14
below show how efficient various materials perform at different temperatures for n-type and p-
type materials. For room temperature applications a Bismuth Telluride combination works best.
High temperature applications benefit from materials commonly found in CMOS technology.
From the graphs however there are massive efficiency gains from operating at near room
temperature ranges. This suits the miniaturization of the devices very well due to the fact that
joule heating on the micro scale is magnified by the volumetric changes scaling to the third
power. Having a higher figure of merit will also enable the devices to have a fewer number of
elements in order to operate with an appreciable efficiency. This results in the number of
couples only being tied to the power handling of the device and not its effective performance [6].
A summary of thermoelectric materials and their corresponding figures of merit and resistivity

are shown in Figure 15 below.
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Figure 13: Comparison of p-Type TE materials [14]
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Figure 14: Comparison of n-Type TE materials[14]

21



Material p (£l m) o, (UV/K) Z (K"

Si 3.5 x 10°° 450 4.0 x 10-%

Positive thermoelements
ZnSh 1.0 x 10
PbTe <1.2 x 107}
PbSe <1.2 X 10~*
Sh.Te, 5.0 X 10~ +130 1.2 X 10
BisTey + 190 1.8 X 10-4
Ge (thin film) 8.3 x 104 +420 33 x |0-®
InAs 20x 103 4200 8.0 x 10-3
Bi;Te, 1.2 x 10 22 x 103
Bi;Te; —25%Bi1,Se, 2.7 X 10-3
Bi;Te;—10%B1:Sey 2.8 x 10

Negative thermoelements
PbTe 7.7 X 10-° 15 % 107
Bi;Tes —-210 23 x 10
Ge (thin film) 6.9 x 10 —548 6.8 X 107
InAs 20 % 103 —180 2.7 X 103
InPy (Asg e 6.0 x 10-°
BisTey 8.2 x 10" 26 X 107
Bi;Tey—25%5b,Te, 2.2 % 107
Bi;Te:—50%Sb, Tes 2.8 x 107
Bi;Tes—74%Sb,Te, 3.0 x 1077

Figure 15: Summary of thermoelectric material properties [15]

Having materials with well-defined major carriers is essential when developing a TEM.
In order to achieve this and to maximize the Seebeck coefficient one type of carrier be it
electrons for n-type conduction or holes for p-type conduction, must be major carrier type.
Figure 16 below compares important properties of thermoelectric materials with the carrier
concentration. Higher carrier concentration results in higher electrical conductivity which is
beneficial for a TEM to an extent; higher electrical conductivity comes at the expense of the
Seebeck coefficient which suffers from the higher thermal conductivity. Naturally there is an
ideal balance that can be achieved for a given material. Figure 17 below summarizes relevant
thermoelectric properties and compares them to different material regions with scale. Increased

electrical conductivity can be gained by other improvements in the device.

22



Electrical

o a
o \ power factor Electrical
Seebeck a’o conductivity

coefficient

/\

i

In carner concentration(n)

1x10¥ cm™?
A / Electronic thermal

Thermal A, conductivity
conductivity 1
L

Loffice thermal

A conductivity
1
In carrier concentration(n)
Insulators Semiconductors Metals
- —

Figure 16: Dependency of thermoelectric properties based on carrier concentration [9]
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Figure 17: Summary of thermoelectric properties [14]
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Electrochemical deposition is a favored deposition method for thermoelectric materials
due to the relative low cost and complexity of the technology. Electrochemical deposition
allows for both N and P type thermoelectric materials to be deposited in thin films into molds
created by photolithography or other techniques. For a TEM device typically positive
photoresist is used due to the favorable image width to thickness ratio [16]. Electrochemical
deposition of the thermoelectric materials is done with strong electrolytes; typically strong acids
of at least 65% concentration are used. Nitric acid diluted with deionized to make a 1 M solution
with a pH of 0 offers a flexible electrolyte that allows for good dissolution of the thermoelectric
materials [17]. Figure 18 below shows the deposition and stripping voltages for bismuth
telluride of a concentration of 8.2 mM Bi and 10.3 mM Te in 1M HNO;. With low potentials
thermoelectric material can be bonded to the surface of many common metals including nickel,

copper, stainless steel, and gold making it a cost effective way to form thermoelectric elements.
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Figure 18: Cyclic voltammogram for deposition and stripping for optimized bismuth
telluride 8.2 mM Bi, 10.3 mM Te in 1 M HNO; [17]
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Electrochemical Deposition of n-type and p-type Bi,Tes
Bi,Tes has a hexagonal crystal system with lattice parameters of a=4.382 A and c=30.483

A [18]. The first reaction metallic Te is reduced from the HTeO," ions with the Bi’" ions
receiving electrons on the Te precipitates to form Bi,Tes alloy shown in Figure 19 below [18].
Miyazaki et al. [18] were able to produce both p-type and n-type Bi,Tes; at E<+20 mV and +20 <
E <+80 mV versus Ag/AgCl respectively. The solution used contained 10 mM Bi,O3 (99%) and
10 mM TeO; (99.9%) in diluted HNO; (pH =0.50) and was electroplated onto a Ti sheet with a
stirring rate of 500 rpm.

HTeQ; + 3H" + 4e~ = Te(s) + 2H50,

2Bi'" + 6e~ + 3Te(s) = BisTes(s).

3HTeOF +9H" + 18¢~ + 2Bi™

= BisTes(s) + 6H.0.

Figure 19: Summarized reaction for Bi,Te; [18]

In order to achieve optimum performance from a TEM the materials which the elements
are made from need to be chemically pure and balanced. The Bi,Te; phase exists at 59.5-60.5
at% Te; for a p-type semiconductor this phase expands to 59.0%-62.6% Te and 62.6-66.0 at%
for an n-type semiconductor [17]. There are several options available to achieve the desired
composition; the first is to dope the sample with sufficient amount impurities such as Sb,0Os.
Another option would be to control the cathodic potential until the desired composition is created
[18].

Tittes et al. concluded however that even with sample with an excess of Bi above the
chemical threshold listed above only n-type carriers were observed. B.Y. Yoo et al. [19] also
came to the same conclusion that the Te content while in the Bi,Te; phase affected carrier
concentration as shown in Figure 20 below, the major carrier type was always n-type. This
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allows for a wider window of flexibility when electrochemically depositing Bi;Te;. The point of
contention from the scientific community seems to be the question of whether or not producing
p-type Bi,Tes is possible or not. B.Y. Yoo et al. [19] postulates that previous research performed
by Magri et al. [20] that demonstrated a linear relationship between film composition and carrier
concentration which does not match other scientific results was caused by differences in Bi Tey
composition. Magri et al. studied film composition from a range of 63.6 at. % Te (Bi; sTes>) to
70.0 at. % Te (Bi;sTe;s) which is well into the Te rich phase meaning that the microstructure
would vary significantly [19]. So based on this it can be concluded that using a single chemical
bath but altering the deposition potentials both an n-type and p-type BicTe,. Figure 21 below
illustrates how the major carrier type of a Bi,Te; compound is affected by the amount of Te

present.
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Figure 20: Carrier concentration as a function of Te Content[19]
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Figure 21: Major carrier type as a function of at. % Te [15]

Variables to control the stoichiometry of the thermoelectric material include the amount
of precursors in the electrolyte, current density applied, duty cycle if applicable, and stirring rate.
The amount of precursors in the electrolyte typically range from 1mM to 10 mM amounts, to
obtain BiyTe; a ratio of 3:3-4:3 is used [17, 21]. Current densities vary depending on the type of
electrical signal used; AC signals with a low duty cycle ~2-4% require an average current density
between 5 mA/cm® and 20 mA/cm®. DC signals with a full forward duty cycle would have
current densities between 2 mA/cm? and 5 mA/cm® [17]. The last major variable to consider
would be the stirring rate of the electrolyte by magnetic stirrer. Stirring can affect the both the
mechanical and chemical properties of the deposited thermoelectric film. For Bi,Tes, the amount
of Te can vary wildly due to the stirring in the electrolyte. Figure 22 below shows the effects of
stirring on the current density for a solution containing Bi,Tes precursors. Stirring causes an
effect where the effective current density increases due to an increase in the diffusion rate of ions
in the solutions. From observations of experimental data a higher current density typically
correlates to a lower Te content however Soilman et al. observed that although the current

density increased with stirring the content of Te actually increased with the effective current
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density [22]. Soilman et al. [22] postulate that a similar effect observed from the interelectrode
distance and attributes it a change in flow conditions and a change in oxygen levels on the

surface of the samples.
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Figure 22: Voltammogram comparing a solution with and without stirring [22]

Electrochemical Deposition of p-type Bi,..Sb,Te;

The ternary alloy Bi,,SbTe; is a more challenging material to deposit with
electrochemical deposition than its binary counterpart. Bi, Sb,Tes electroplates at a much lower
average current density leading to a slow growing film; in addition there are extra processing
steps and additives that much be used. The addition of antimony Sb, adds a host of new
problems in controlling composition and solubility limits for the electrolyte [23]. At room
temperature however Bi, (SbyTe; provides the best performance as shown in Figure 13 and

provides a counterpart to the n-type Bi,Te; for a TEM. For a segmented TEM this p-type

material could be used for the material on the cool side of the device.

The process of forming a Bi-Sb-Te ternary system has a complicated reduction system

that occurs in layers [24]. Li et al. [24] concluded that the TeO, ion is reduced to Te’ on the
28



surface of the electrode which induces a co-deposition of Bi*" to form Bi,Te;. The newly
formed Bi,Te; shifts the polarizing potential negatively to the point of inducing the co-deposition
of Bi*" and Sb™ with Te® will form the Biy«SbyTes [24, 25]. The entire process is summarized
below in Figure 23. The structure of Bi,,SbyTe; is also prone to surface roughness
complications due to the crystal structure of Bi,(SbyTe; shown in Figure 24 below, and the
substitution of Bi and Sb atoms with Te atoms. Richoux et al. [26] showed how altering the
experimental conditions could affect the stoichiometry of the alloy even if the average current
density remained the same; with an increase in Te content surface roughness ranged from 10nm
to 360 nm for Big33Sb; 43Tes.19 and Big33Sb; g7Tes ¢ respectively. Changing the duty cycle also
affected the surface roughness with a higher duty cycle and average current density having a
lower roughness value. Richoux et al. [26] determined that there was an inverse relationship
between roughness values and grain sizes with the rougher surfaces having smaller grain sizes
produced by using a lower duty cycle. This change in grain size is attributed to nucleation of the

grains and the atomic radii of the elements used.

HTeO,* + 3H* +4e~ — Te® +2H,0
3Te? + 2Bi+ + 6e~ — Bi,Tes
3Te® + 0.5Bi>* + 1.55b"! + 6e~ — Big.5Sby 5Tes

Figure 23: Reduction of Bi-Sb-Te system [24]
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Figure 24: Bismuth antimony telluride rhombohedral cell [26]
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CHAPTER THREE: METHODOLOGY

Design of a complete thermoelectric device requires studying of all aspects of production
including composition and fabrication, analytical optimization, processing procedures, and
analyzing the design with finite element analysis. By first studying different types of
thermoelectric thin films further processing designs can be based on the results of the material
study. For example if it is discovered that a particular film process yields a cost savings or a
higher quality film, the fabrication process for a final device can adjust to accommodate the
superior film type. After determining the thermoelectric films that are to be used during
processing analytical models based on known material properties of the fabricated films can be
used to design a device. Lastly the production devices can be analyzed by finite element models

to evaluate expected performance parameters.

Bi,Te; Fabrication Study

Fabrication of TEMs by electrochemical deposition requires precise control over the
electrolyte and the precursors diluted in the electrolyte. Maintaining control of errant particles
and contaminates in the electrolyte solution is essential to obtaining working solutions of
thermoelectric materials. To obtain a 1M solution of HNO;, 64.10 mL of 65% concentration
HNO; is slowly poured into 500 mL of deionized water and is then filled to 1000mL with
deionized water in a thoroughly cleaned 1000mL beaker. Next the molar mass of each precursor
is carefully weighed using a Denver Instrument APX-60 scale on weighing paper and added to
the solution; for a solution containing 8.2 mM of Bi;O, and 10.3 mM of O,Te that would
correlate to 3.821g of Bi,O, and 1.644g of O,Te. The beaker containing the electrolyte and
precursors is placed into a Fisher Scientific FS60D ultrasonication device for 15 minutes to allow
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for the particles of precursors to break apart and further dissolve into the electrolyte. After
ultrasonication the solution is placed on a magnetic stirring plate and allowed to stir at 500 rpm
for 24 hours. The solution will be cloudy after stirring and must be filtered prior to use. A
thoroughly cleaned funnel with Fisher Brand P8 filter paper is placed into a second 1000 mL
beaker as shown in Figure 25 below. A glass rod is used to coax the solution into the filtered

funnel slowly.

Figure 25: Filtration of precursors

The samples used for experimentation 0.254mm thick 99.9% pure copper foil that are cut
into 2X1cm sections. The samples are then cleaned in an acetone bath with an ultrasonication
machine for 15 minutes followed by a deionized water rinse with ultrasonication for 5 minutes.
A dilute (1:10) HCL bath with ultrasonication is used for 15 minutes to remove surface oxidation
on the samples. Lastly the samples are rinsed in deionized water with ultrasonication for 5
minutes and are air dried.

A two electrode deposition system is used to deposit the thermoelectric material on the

surface of the sample substrates. An Alfa Aesar 99.9% platinum wire mesh is used as a counter
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electrode for the two electrode setup. The wire mesh is suspended in a 250 mL beaker that has
been thoroughly cleaned and filled with the electrolyte. The working electrode is suspended in
the beaker with a copper wire and the unused area of the sample is masked with Teflon tape.
The sample however is not placed into the beaker until the power cell and program are initialized
in order to reduce oxidation and muddling of the film with copper reacting with the dilute acid.
The power cell used for experimentation is a Dynatronix Pro Series power supply and is
controlled by DynaComm II software. The wire mesh is connected with the anode wire and the
working electrode receives a signal from the cathode connections. After selecting a program to
operate with the power cell is turned on and the sample is carefully placed into the solution
approximately lcm away from the anode. The experimental setup is pictured in Figure 26

below.

Figure 26: Experimental electrochemical deposition setup

In order to test a wide variety of parameters the experiments were first separated into
categories according to the signal used. With the exception of the first two experiments that

were used as test runs to test the equipment and plating process, the majority of the experiments
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were done using pulse plating techniques. A goal of experimentation was to find a solution to
growing n-type materials quickly that had favorable mechanical and electrical properties.
Conventional methods for growing n-type materials use a DC signal however this leads to slow
growth rates thus longer processing times and increased costs; the use of an AC signal with a low
duty cycle is shown to produce materials with the same chemical composition but are grown
faster and with compact structures. The usual results of plating from DC signals were spherical
grains with needle like crystals on the outside. In some cases the alloys produced were uniform
and with few grain boundaries. Table 1 below contains the parameters for the AC signal
experiments and Table 2 contains the parameters for DC signal experiments.

For the AC experiments a wide variety of parameters were changed to experiment with
different pulsing techniques. The power cell used had a minimum allowable peak current as 1
mA. For all experiments the peak voltage was held at 10 V and all samples had an area of lecm”.
Experiments 1 and two were conducted as test runs and were conducted with a solution that was
far less concentrated than the following experiments. The change in the formula was a result of
observations that the plating was slow and uneven. The higher concentration was used for
further experimentation. Experiments 3 through 5 the peak current was altered to measure the
effects altering the peak current to high levels with a low duty cycle. Experiments 6 through 8
involved altering the duty cycle. Experiments 9 through 11 focused on lower current densities
after examining results from previous experiments. The DC signal experiments were conducted
after running a variety of AC experiments to provide more information about the electroplating
process. The DC signal experiments had fewer variables to contend with since the electroplating

is continuous; experiments 12 through 16 vary the peak current to test a range of average current
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densities and are summarized Table 2 below. Experiments 17 through 23 were performed to
further test AC signal parameters.

Table 1: AC signal experiments for Bi,Tes, peak voltage 10V, 1cm’ sample

Experiment Peak Avg. Measured Measured Time | Stirring | Duty | Composition in
Current Current Voltage Current (min) (rpm) cycle IM HNO;3
(mA) Density V) (mA) (%)
(mA/cm?)
1(Test run) 263 5 0.09 5 40 60 2 0.8 mM Bi
ImM Te

2(Test run) 40 60 0.8 mM Bi

1 mM Te

3 263 5 0.04 5 40 60 2 8.2 mM Bi
10.3 mM Te

4 500 10 0.05 10 40 60 2 8.2 mM Bi
10.3 mM Te

5 750 15 0.06 14 40 60 2 8.2 mM Bi
10.3 mM Te

6 500 50 0.32 50 10 60 10 8.2 mM Bi
10.3 mM Te

7 500 20 0.14 20 40 60 4 8.2 mM Bi
10.3 mM Te

8 250 10 0.12 10 40 60 4 8.2 mM Bi
10.3 mM Te

9 275 5.5 0.05 5 120 60 2 8.2 mM Bi
10.3 mM Te

10 275 5.5 0.05 5 120 60 2 8.2 mM Bi
10.3 mM Te

11 300 6 0.06 6 120 60 2 8.2 mM Bi
10.3 mM Te

17 288 5.76 0.05 6 120 500 2 8.2 mM Bi
10.3 mM Te

18 288 5.76 0.07 6 120 100 2 8.2 mM Bi
10.3 mM Te

19 325 6.5 0.06 6 40 125 2 8.2 mM Bi
10.3 mM Te

20 350 7 0.05 7 40 125 2 8.2 mM Bi
10.3 mM Te

21 250 5 0.07 5 60 125 2 8.2 mM Bi
10.3 mM Te

22 260 5.2 0.05 5 60 125 2 8.2 mM Bi
10.3 mM Te

23 270 5.4 0.06 5 60 125 2 8.2 mM Bi
10.3 mM Te
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Table 2: DC Signal Experiments for Bi,;Tes, peak voltage 10V, 1cm” sample 500 rpm

Experiment | Peak Current | Avg. Current Measured Measured Duty cycle | Composition in
(mA) Density Voltage Current (%) IM HNO;
(mA/cm’) 4% (mA)
12 5 5 1.77 5 Full 8.2 mM Bi
10.3 mM Te
13 6 6 1.82 6 Full 8.2 mM Bi
10.3 mM Te
14 7 7 1.81 7 Full 8.2 mM Bi
10.3 mM Te
15 8 8 1.85 8 Full 8.2 mM Bi
10.3 mM Te
16 4 4 1.82 4 Full 8.2 mM Bi
10.3 mM Te

Bi,.«Sb,Te; Fabrication Study

Preparing the electrolyte for Bi,(SbyTes is significantly more complex than its n-type
counterpart. The first p-type Bi,«SbyTes electrolyte is prepared by first diluting 64.10 mL of
nitric acid into 500 mL of DI water. Next the precursors are weighed and diluted into the
solution. To obtain the desired solution 1.5 mM (0.699¢g) of Bi,O,, 10 mM (1.596g) of O,Te ,
and 6mM (1.749g) Sb,0;. To aid in dissolving Sb,0s, 0.67 M (100.56 g) of tartaric acid
C4H¢Og, a chelating agent is used [27]. The tartaric acid when added to the solution formed
large lumps of material that needed to be broken up manually with a plastic rod and heat was
used to fully dissolve the tartaric acid into the solution. The solution is then filtered in a similar
fashion as the n-type solution was to remove excess particles leaving a clear solution.

Initial experiments with electroplating the p-type material were problematic due to poor
adhesion and achieving the desired chemical composition. Several of the researched formulas

and procedures called for using sub mA current densities with continuous deposition and with
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the equipment available this would have been impossible thus some improvisations were used.
Using pulse plating techniques low current densities could be achieved although the results were
often not favorable. The sub mA current densities led to slow plating and film development.
Often the surfaces would be uneven and large areas would be devoid of any electroplated
material. Improvisations such as using variable electroplating parameters and altering stirring
rates did not yield any significant results. After exhausting options for constant electroplating
with the available equipment pulse electroplating techniques were tested. Using a target current
density of 2.74 mA which is cited by Richoux et al. [26] as an ideal current density for
depositing Bi,,SbsTes; even with following the prescribed procedure with precision and
contacting the author for possible improvements to film quality, a usable film was unable to be
produced. This may have been a result of using a copper substrate as opposed to a gold
substrate; the copper substrate was in the form of copper strips and not sputtered in a smooth
layer over a wafer causing increased roughness. The copper strips were also oxidized and had to
be treated prior to use; it is possible that the combination of excessive surface roughness and
residual oxide caused the poor adhesion. Several publications indicated similar problems with
film purity and adhesion; likely causes included excessive contaminates in the film. It is for
these reasons that Bi,.«SbyTe; was not chosen as the p-type material and instead a p-type version
of Bi,Te; would be selected for the relative simplicity in manufacturing useable thin films. The
experiments for Bi, (SbyTe; characterization are summarized in Table 3 below. Note that two
solutions were mixed denoted as Solution A from Wijesooriyage [27] and Solution B from

Richoux et al. [26].
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Table 3: Bi,..SbyTe3 p-type experiment parameters: Peak voltage 10V Solution A: 1.5mM
Bi 6mM Sb 10mMTe 0.67M C4H40O¢ in 1M HNOj; Solution B: 1.1 mM Bi 8.8mM Sb 10mM

Te 0.1M C4H406 in 1M HNO3
Experiment Peak Avg. Measured Measured Duty Stirring Temperature
Current Current Voltage Current cycle (rpm) ©
(mA) Density V) (mA) (%)
(mA/cm?)
24A 4 4 1.87 4 Full 500 23
25A 260 5.2 0.07 5 2 125 23
26A 2 2 2.02 2 Full 0 23
27A 25 5 - 1 2 0 23
28A 4 2 0.89 2 50 60 23
29A 130 2.6 0.05 3 2 125 23
30A 13 2.6 0.40 3 20 125 40
31B 13 2.6 0.37 3 20 125 23
32B 9 3 0.56 3 30 60 23
33B 9 2.7 0.56 3 30 60 23
34B 7 2.8 0.87 3 40 60 23
35B 28 2.8 0.24 3 10 60 23
36B 9 2.7 0.65 3 30 60 23
37B 9 2.7 0.56 3 30 125 70
38B 9 2.7 0.56 3 30 125 70
39B 150 3 0.05 3 2 125 23
40B 137 2.7 0.05 3 2 125 23
41B 274 2.7 0.01 3 1/(1Rev) 125 23
Analytical Modeling

Creating an analytical model of a TEM requires understanding the environment that the
device will be operating in and the desired mode of operation. The problem in creating a
universal design for a TEM is the differences in the optimization equations for the power
generation mode and cooling mode. For a power generation device the aspect ratio favors a
device that has columns that have a large surface area and short length; the aspect ratio X is the
ratio of the length to surface area and decreases the internal resistance of the device. It is

important to understand that the longer the elements are the more internal resistance that is

encountered. The linear relationship between resistance and aspect ratio is shown in Figure 27
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below. The corresponding power output defined in Equation 14 is plotted as a function of aspect
ratio in Figure 28 below. These diagrams reinforce the notion that a power generation device
must have shorter legs resulting in a thinner device. Figure 29 below shows how the power
output is affected by the temperature difference across the junction AT; it is for this reason that a
TEM operating in a power generation mode must have a low thermal conductivity through the
device legs in order to be able to produce an appreciable amount of power. Lastly the conversion
efficiency which is a function of the amount of output power per unit of input heat benefits
greatly from having a high aspect ratio and is shown in Figure 30 below. All of the graphs were
plotted assuming a temperature difference of 10K with the exception of Figure 29. All relevant

calculations are shown in APPENDIX B.
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Figure 27: Internal resistance R as a function of aspect ratio
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Figure 30: Conversion efficiency as a function of aspect ratio X

Testing device design

In order to fabricate a working device a large collection of design ideas were
implemented into a single feasible TEM fabrication method. A monolithic topography was

determined to provide the best device for testing purposes as it is easily scalable and has been

benchmarked by other research.

The testing mask and device were designed to be easy to dice and manipulate on the bulk
level while providing useful scalable information. The mask design is also in the dark field
configuration for the positive photoresist processing. Another constraint for making the test

device was using a diced wafer rather than a whole three inch wafer. This decision was made to

save money on sputtering runs but added another level of complexity

mask aligner being used.
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to the device due to the

In addition to complicating the use of the mask aligner, large Si



particles would be created by dicing the wafer; particle mitigation can be done by coating the
wafer with photoresist prior to dicing in order to “catch” many of the particles being created. Si
particles are notoriously difficult to remove from a wafer due to their ability to adhere to the
smooth Si wafer surface. An individual device on the wafer is 0.5 cm by 0.5 cm. with a total of
9 devices being made per wafer quarter leaving room for dicing lanes and alignment marks. The
mask was designed using AutoCAD 2010; due to the mask fabrication machines available on
campus the mask had to be made using “solid” elements in AutoCAD thus limiting the design of
the mask to items composed entirely of rectangles.

The first layer in the mask is a bottom contact layer. Large contact pads are created to
provide testing areas in addition to providing sufficient contact area for wiring the device. An
array of bottom contacts with dimensions of 60 pm by 180 um are arranged and spaced to make
good use of the available space. The dimensions of the contact pads were designed to allow for
simple processing for the testing device. An array of scaled smaller pads, were arranged below
the larger pads to allow for testing a second aspect ratio on the same device. The contact pads
were connected to the ends of certain rows to test the scaling of using more pairs of thermo
devices. In the current configuration the first row of 24 couples can be tested individually in
addition to testing four rows, seven rows, and then the entire array. The scaled smaller array is
arranged to test the first row and the entire array of three rows. Lastly the fiducial marks are
arranged to provide sufficient alignment information for a dark field mask. The contact layer
mask is shown in Figure 31 below; note that the mask would be inverted for the dark field

design.
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Figure 31: Contact layer of testing mask pattern

The second mask layer is used to pattern the p-type columns over the contact pads. The
pattern is used to open columns through the thick photoresist and allow for the depositing of the
p-type material into the photoresist molds created. The design allows for scaling depending on
the thickness of the photoresist; for example the each layer of photoresist can be a maximum of
10 um, so the aspect ratio can be adjusted by layering multiple photoresist layers and then
exposing with this mask pattern. The columns are arranged to be placed at one end of the
contact pads created earlier during processing. The larger columns are 50 um by 50 um and the
smaller columns are scaled to fit the corresponding smaller contact pads. Again this format
allows for multiple avenues for testing the effects of the aspect ratio on a single device. The p-
type column mask pattern is shown in Figure 32 below. The n-type column creation pattern is a
similar design but opens columns on the opposite end of the contact pads. The n-type column

mask is shown in Figure 33 below.
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Figure 32: P-type column testing mask pattern

Figure 33: N-type column testing mask pattern
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The final pattern to be applied would be a top interconnection pattern that would wire all
of the columns in series. This final pattern connects the tops of the n and p-type columns
together in an efficient manner. Tolerances were built into the pattern to account for alignment
errors. The top interconnects also string together the entire device meaning that the testing of
individual strings of thermocouples is done with the bottom contact pattern. Lastly the top
interconnection pattern will be patterned onto a thin layer of photoresist applied over the

remaining thick layer of photoresist.
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Figure 34: Interconnect testing mask pattern
The culmination of these mask designs were printed on to a single mask in order to save
on production cost for the testing device. Each layer was arranged in a three by three pattern
designed to fit on to a quarter of a three inch wafer. A series of windows were made in the mask

to use as macro scale alignment marks while the smaller micro scale alignment marks present in
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each unit cell; are used for fine adjustment. Note that this mask is dark field and would be

inverted.
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Figure 35: Production mask for testing device
Production of the testing device would begin with a three inch <100> Si wafer that is
thoroughly cleaned and dried. The wafer would then be processed through a sputtering machine
to apply a 0.1 pm layer of Cr for adhesion followed by a 0.1 pm seed layer of Cu. Residual

oxide then removed prior to the next process. The bottom contact mask pattern Figure 31 is then
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patterned on to the substrate surface using 0.6 um of S1818 photoresist. The device is then
processed again through a sputtering machine in order to add an additional 0.3 um of Cu to form
the remainder of the contact layer. The layer is then lifted off using a combination of acetone
and ultrasonication leaving a raised contact region and a thinner sacrificial layer of metal to be
removed later in production.

The creation of the columns for the monolithic topography begins with the application of
SPR 220-7 thick positive photoresist in three 10 um layers for a total of 30 um. This process
would take a significant amount of time for baking processes and would need to be monitored
carefully. Next using the pattern shown in Figure 32 above the columns for the p-type columns
is exposed and developed opening an array of columns to the raised contact pads. Next the p-
type column pattern is filled using electrochemical deposition with p-type thermoelectric
material. Next a thin layer of S1818 photoresist is spun over the device to cover the p-type
columns and is followed by opening the n-type column pattern shown in Figure 33. The n-type
columns are then filled with the n-type material.

The top interconnection pattern creation begins with removing the thin layer of S1818
over the columns and applying another layer of S1818 to pattern the top interconnection pattern
shown in Figure 34. Next a thin Cr adhesion layer is sputtered on to the surface of the columns
followed by a thick aluminum layer to be used as the top interconnection layer. All photoresist is
then removed slowly with developer in order not to remove the top interconnections via lift off.
Lastly the bottom connections are isolated with copper and chrome etches to remove the thin
sacrificial layer in order to isolate the columns and contact pads. The device would then be

cleaned thoroughly with oxygen plasma followed by a 250 C inert gas annealing process in order
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to strengthen the thermoelectric materials and improve their electrical properties. A device

profile of the testing device is provided in Appendix A.

Production device design

A second optimized device was designed in order to produce a more feasible device for
commercial use. Optimization of a TEM requires that a mode of operation be chosen; so a
device to be used as a localized power source would require a thin cross section while a cooling
device would be optimized with a thicker cross section. The operating temperature is 10K which
is small enough to be used in a wide variety of applications including biomedical and room
temperature waste heat recovery. The optimization study performed earlier in combination with
research of the power requirements of common sensors culminated in a device that was both
practical and innovative. The fabrication process described for production of the testing device
is a common production method for TEMs; the problem with this production method is the
excessive amount of photoresist applications required through the device production process.
The fabrication of the optimized device makes use of some fabrication techniques and material
choices in order to reduce the number of processes required to fabricate the TEM.

The first major change between the testing mask design and the optimized device is that
each layer would have its own its own mask meaning that an entire wafer would be used for
production rather than fragments for testing purposes. The first mask shown in Figure 37 below
is the bottom contact layer of the updated device. Each contact pad is oversized at 35 um by 35
um to allow for connections. Rather than having a blanket connection for all of the contacts for
the electrochemical deposition; the contact patterns are instead wired with an array of smaller

interconnections that will be etched away later. Another fabrication improvement would be the
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deposition of both the n and p-type material from the same electrolyte. Bi,Tes can be produced
in both carrier types from the same electrolyte by altering the current density of the deposition.
When submerged in the electrolyte the wafer would have two contacts connected to rows of
contact pads which in turn would lead to macro contact pads used to connect the wafer to the
power supply. Using this design both the column types can be deposited without ever having to
remove the wafer from the electrolyte or cover the previous columns with photoresist between
depositions. One of the major advantages to using a thermoelectric device is the scaling ability
that is inherent to the optimization equations. Altering the thermocouple dimensions scales the
device in addition to the number of thermocouples present meaning that unit cells within the
device can be scaled to operate at a predetermined parameter. Using this mask pattern at there
are six 0.5 V unit cells comprised of 256 pairs of thermoelectric thermocouples. These are
subsequently wired later in the processing using the other contact patterns to allow the device to
operate at different voltages effortlessly. Strings can be made in any combinations meaning that
the device can operate as 6 0.5 V cells or as a single 3.0 V cell or anywhere in between adding

another dimension of flexibility to an already versatile design.

Figure 36: Macro view of bottom contact mask
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Figure 37: Unit cell view of bottom contacts

The next mask layer is the column pattern used to create the thermocouples for the TEM.
The columns are 15 pm by 15 um and are centered over the contact patterns from the previous
mask layer. The column pattern macro view is shown in Figure 38 below and the unit cell view

is shown in Figure 39 below.

wew s

Figure 38: Macro view of column mask

50



Figure 39: Unit cell view of column mask

The next mask is used to sever the connections between the contact pads and is arranged
over the contact layer. The columns need to be isolated as not to short the device during
operation. The long conduits used to connect the rows of contacts to the large contact pads are
also exposed for an etching process. The areas covered by this mask in red are slightly oversized
in order to account for alignment errors and earlier errors during processing. Figure 40 shows
the macro scale view of the isolation mask and Figure 41 shows the unit cell view of the isolation
mask. Notice in Figure 41 the exposure between column contact pads; after use of this mask and

processing only an array of bottom contact pads should remain.
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Figure 40: Macro view of isolation etch mask
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Figure 41: Unit cell view of isolation etch mask

The final mask pattern is the final connection pattern that reconnects the columns in

In the mask shown below in Figure 42 and Figure 43 below

series on two different levels.

connections are made at the bottom contacts and at bridging between the top contact pads.

Figure 44 shows how the interconnection pattern creates paths for input and output from each of
52
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Figure 42: Macro view of interconnection pattern
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Figure 43: Unit cell view of interconnection pattern
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Figure 44: Unit cell view interconnection to contact pads

Fabrication of the 10K device would begin with a three inch <100> Si substrate that is
thoroughly cleaned and prepared for photoresist application. A 0.9um layer of SPR 1818 is
applied over the surface using the pattern from Figure 36 for use in a lift off process. Next the
wafer would be processed by a sputtering machine that would apply an adhesive 0.1 pm layer of
Cr followed by a 0.2um layer of Cu for use as the bottom contact layer. After sputtering the
wafer would undergo a lift off process removing excess metal leaving behind the bottom contact
layer. Next a 10.0um layer of SPR-220 positive photoresist is applied using the mask pattern
from Figure 39 to open up the columns for the thermoelectric material to be deposited into.

The electrochemical deposition process would begin by growing a seed layer of the n and
p-type material on the corresponding contacts in order to protect the copper substrate from
excessive exposure to the electrolyte. Next p-type material is grown using the corresponding
contacts to a height of just under 10.0pum to allow room for mushrooming and surface roughness.

The n-type material would then be grown to the same height to produce two legs with roughly

the same profile. The next process would be using the isolation etch mask from Figure 40 to
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open a pattern through the photoresist and sever the connections between contact pads used for
the electrochemical deposition processes. The interconnection layer pattern from Figure 42 is
then applied to sputter a large array of connections at both the bottom and top of column
structures. The remaining photoresist is gently removed with developer and the completed
device would be annealed and thoroughly cleaned. The complete device profile is shown in

Figure 45 below for reference.
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Figure 45: Complete production device profile
This method of microfabrication provides a cost effective alternative to the conventional
production method for micro TEM’s. The testing device discussed earlier was designed to be
fabricated with a procedure outlined by NASA’s JPL scientist and Caltech[5]. Significant
improvements to reduce the number of fabrication steps hinge on using a single electrolyte
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during processing. This eliminates the need to cover the previously deposited columns between
electrochemical depositions. Additionally chemical costs are reduced by the need of only having

to use a single electrolyte bath.

FEA Modeling

Accounting for the large number of variables and challenges that are presented when
fabricating any microelectronic device is a difficult, time consuming, and costly process; with
the advent of modern modeling technologies, thousands of simulations can be calculated before a
single device is fabricated. With TEMs coming to prominence in recent years many traditional
modeling methodologies are being investigated for use in a finite element model of a TEM. A
comprehensive model of a TEM would provide valuable information at a device level and allow
for testing of various configurations and properties without ever having to fabricate a device.
Perhaps the most difficult property to account for with an analytical model would be complex
geometries which can be accounted for with a finite element model. Finite element models can
then be compared to working modules post fabrication.

COMSOL is a powerful multiphysics software package that contains a wide range of
governing equations for a variety of physical phenomena. COMSOL also contains algorithms
for solving nonlinear equations rapidly to convergence [28]. COMSOL allows for specific
subdomains to be drawn in two and three dimensions or imported from another software
package. The subdomains require governing equations be applied and boundary conditions
defined in addition to other predefined variables [29].

Sandoz-Rosado and Stevens [30] developed a robust set of solutions for a TEM system

using the governing equations listed below. Equation 20 represents the vector form of the heat
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flux on a volume subdomain where T is the absolute temperature, [a] is the Seebeck coefficient
matrix, J is the vector form of the current flux, [k] is the thermal conductivity matrix [30].
Equation 21 defines the electric current density where [c] is the electrical conductivity matrix
and E is the electric field vector. Equation 22 and Equation 23 define the thermoelectric
subdomains and indicate that current is conserved in steady state conditions [30]. Equation 24
defines the total Joule heating per unit volume. Equation 25 is a combination of Equation 20
through Equation 23; the first term is the bulk Peltier effect and is typically neglected, the second
term is the bulk Thomson heat which is used to vary the Seebeck coefficient depending on the
temperature [30].
q =Tla]l*] —[k] * VT
Equation 20: Heat Flux [30]
J =lol % (E —[a] *VT)
Equation 21: Electric current density [30]
V*q = Qoute
Equation 22: Internal heating [30]
Vx]=0
Equation 23: Conservation of Energy [30]

]2
Q]oule = ; =E ] — [a]VT *]

Equation 24: Joule heating per unit volume [30]
da
T] * V|[a] +d—TTVT *] — V= ([k] * VT) = J? /o

Equation 25: Governing equation for a thermoelectric subdomain [30]
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The FEA model is outlined in Figure 46 below; with corresponding system parameters
denoted. The model simulates steady state conditions of the device at a cold side temperature of
300 K and a hot side temperature of 310K. Figure 47 is the 3-D model from COMSOL with
subdomains labeled. For the thermoelectric subdomains Equation 25 is used with the boundaries

between the thermoelectric materials and the copper contacts are governed by Equation 20.

Top Cu Infcannection —_

o p = TH=3 10K

Pype BiZTed —, ~H-Type Bi2Te3

Bottom Cu contad pad, = \‘—Bdlum Cu cantac pad

Comnects § nExt couple connects 10 ned couple

Figure 46: 2-D Diagram of thermoelectric couple
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s

Figure 47: 3-D Diagram of thermoelectric couple system
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CHAPTER FOUR: RESULTS AND DISCUSSION

SEM and EDS Results

After testing a wide range of parameters for the production of thermoelectric
semiconductor materials, SEM and EDS analysis was conducted on the testing substrates.
Control of Te at% was demonstrated with a wide variety of control processes but most
consistently by controlling the average current density. Other important variables including film
growth rate, film strength and surface roughness were examined visually and experimentally.

The majority of experiments experienced little error and were successfully controlled by
the electrochemical deposition parameters. When preparing films, it was discovered by
experimentation that certain results deviated from the predicted outcomes. To deposit film
properly, fresh solution free of contaminates or particles from previous experiments must be
used. While the electrolyte solution used was heavily diluted with DI water, nitric acid reacts
with pure copper, thus the surface of the substrate will be dissolved slowly in the electrolyte. It
is for this reason that the substrate only be submersed into the electrolyte after the power supply
has been attached and activated. Using this method of fabrication, a seed layer of thermoelectric
material will be deposited on the surface thus protecting it from the caustic acid. This is used as
a precaution to ensure that copper atoms do not appear in the film thus adversely affecting the
film quality. Studies referenced in Chapter 2 relate current density to Te content in a
thermoelectric film. Most studies cited show an approximate linear relationship between the
aforementioned variables. Table 4 below contains the results of electrochemical deposition for
the Bi,Te; experiments. Some experiments were sullied by poor solution quality or experimental
errors. Errors in experiments 18 through 23 were deduced to be a result of depletion in available
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metal in the electrolyte. The wide range of variables tested resulted in an equally wide variety of

results with several common threads. The first is that with either signal used the current density

that represents the critical point between at the n and p-type transition occurs at a current density

between 4 and 5 mA/cm?>.

The second is the presence of a linear relationship between the

average current density and the Te content confirming what previous studies have shown. Figure

48 shows the results of experimentation with AC signals and the linear relationship between

current density and Te content. Figure 49 presents the data from the DC experiments and results

in the same conclusion.

Table 4: SEM and EDS results for Bi,Te; Experiments

Experiment Te at% Te at% error (+/-) Biat% Bi at %error (+/-) | Avg. Current Density Signal
(mA/cm’)
1 5 AC
2 74.95 +/-11.78 25.05 2.78 AC
3 83.62 3.63 16.37 0.8 5 AC
4 38.7 2.67 61.3 0.96 10 AC
5 24.51 2.63 75.49 1.05 15 AC
6 44.61 3.79 55.39 1.21 50 AC
7 41.13 2.77 58.87 0.94 20 AC
8 22.73 2.66 77.27 1.06 10 AC
9 39.85 2.77 60.15 0.95 5.5 AC
10 55.11 2.68 44.89 0.83 5.5 AC
11 47.2 2.54 52.8 0.85 6 AC
12 63.18 2.21 36.82 0.64 5 DC
13 61.72 2.18 38.28 0.65 6 DC
14 57.93 2.13 42.07 0.66 7 DC
15 55.88 2.49 44.12 0.76 8 DC
16 61.76 2.35 38.24 0.69 4 DC
17 56.72 4.17 43.28 1.23 5.76 AC
18 29.8 2.79 70.2 1.04 5.76 AC
19 41.55 2.34 58.45 0.82 6.5 AC
20 29.05 2.61 70.95 1.01 7 AC
21 36.09 3.09 63.49 0.93 AC
22 42.36 2.69 57.64 0.93 5.2 AC
23 38.73 3.12 60.62 0.93 5.4 AC
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Figure 48: Bi,Te; composition versus average current density for AC signal experiments
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Figure 49: Bi,Te3; composition versus average current density for DC signal experiments
The results summarized in Table 4, Figure 48, and Figure 49 above show that a

relationship exists between the Te content of Bi,Te; and the average current density during
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deposition. Previous studies have indicated that transition of the major carrier type of the film
can occur when the Te at. % content of the film reaches a critical point of 62.6%.

Inspection of SEM micrographs yields important information concerning film quality and
composition. Experiment 2 shown in Figure 50 shows an extremely thin layer of thermoelectric
film sparsely deposited on the surface of the copper substrate. The detected Te content is from
the targeting of specific areas on the deposited area. Figure 51 is the micrograph of experiment 3
which had an abnormally high amount of Te and can be attributed to the again targeting only a

specific area of the film.
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Figure 51: SEM micrograph of Exp. 3
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Starting at experiment 4 with the testing of higher average current densities massive
changes in film quality can be observed. Bismuth grows in large needle like create a rough
marred surface. Excessive Bi content results in poor film quality with poor adhesion, the film
would easily be damaged by washing the surface. Figure 52 through Figure 56 are the
micrographs of experiments 4 through 8. It can be seen that uniform nucleation does not occur
in these micrographs. The worst instance of this occurred in experiment 6 shown in Figure 54
where the surface roughness left nothing but crystallized Bi on the surface of the substrate.
During processing excessive Bi content could be seen by rapid darkening of the surface rather

than the dull metallic gray color which Bi,Tes should be.

. L S, }
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Figure 53: SEM micrograph of Exp. 5
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Figure 54: SEM micrograph of Exp. 6
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Figure 56: SEM micrograph of Exp. 8
The next group of micrographs shows the results of experimenting with lower average
current densities between 4 mA/cm? and 8mA/cm®. These surfaces were far more durable under

processing conditions and during processing had the correct dull gray metallic color indicating
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an improvement in film quality. Looking at the SEM micrographs for experiments 9 and 10
shown in Figure 57 and Figure 58 respectively the results of a depleted electrolyte can be seen.
Both experiments were conducted under the same conditions and at the same potentials; however
in experiment 9 the solution used was several days old and had been used in previous
experiments. Nucleation of the Bi occurred however the lack of Te content resulted in smaller
grains absent Te deposits on their surfaces. Figure 59 was performed at 6 mA/cm” and had
reduced Te content as expected; note the lack of crystals on the surface on the surface of the

large grains.
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Figure 58: SEM micrographs of Exp.10
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Figure 59: SEM micrographs of Exp. 11

After extensively testing AC parameters more established DC parameters were tested.
Figure 60 illustrates the results of experiment 12; when using a DC signal the morphology of the
Bi,Tes films changes significantly. Grain sizes are larger and the films are more compact than
the AC signals as seen in Figure 61 though Figure 64 (experiments 13 through 16). Additionally
the surface of the grains changed significantly with the larger surface crystals being replaced by
smaller spine like structures. Experiments 17 through 20 are shown in Figure 65 though Figure
68. Experiments 17 and 18 resulted in films that cracked and peeled from the surface. The
peeling is likely a result of high stress in the film and it was observed that the substrate holder
was at an angle causing some areas of the substrate to be closer to the anode therefore causing
uneven stresses across the film. Experiment 19 produced an interesting result where the film
seemed to homogenize into a single grain with small void zones; in addition the film observed to
be a light grey metallic color which was shiny. Experiment 20 shows the effects of raising the
current density and produced results similar to Experiment 4. Experiments 21, 22, and 23 are not

pictured but the films were of low quality and thus omitted.
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Figure 62: SEM micrograph of Exp. 14
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Figure 65: SEM micrograph of Exp. 17
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Figure 67: SEM micrographs of Exp. 19
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Figure 68: SEM micrograph of Exp. 20

The results of Bi,(SbyTe; experiments are summarized in Table 5 below. Several
experiments were able to be properly analyzed however the majority of the experiments resulted
in unusable results due to the films peeling off during deposition. The films often peeled off
after approximately 30 minutes of deposition with cracks forming even earlier during deposition.
These results are reflected in the data collection; with the majority of the films being polluted by
the presence of copper in the films. Figure 69 through Figure 76 are selected micrographs of Bis.
SbyTe; experimentation. Without proper film adhesion adequate samples could not be
examined. Nucleation of grains took hold in several experiments but the micrographs were taken
from fragments of films and thus of no practical use. After extensive experimentation it was
concluded that the reasons for difficulty during deposition were the copper substrates and
residual oxide in combination with the chelating agent used in the electrolyte. The surface of
Bi,«SbyTejs is also reported to be extremely rough due to the rhombohedral crystal structure it
possesses. It is for this reason that p-type Bi,Tes; was chosen as the p-type material for the TEM.
The complexity of electrochemically depositing ternary alloys and the overall durability loss

does not suit a cost effective simplified TEM device.
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Table 5: SEM and EDS results for Bi, ,Sb,Te; Experiments

Experiment | Te at% Te at% Biat% Biat % Sb at% Sb at% Avg. Current
error (+/-) error (+/-) error (+/-) Density (mA/cm®)
24A 9.91 0.63 0.01 0.16 0.86 0.65 4
25A 38.89 2.06 7.81 0.57 21.87 3.32 5
26A 33.85 3.84 9.85 0.44 52.7 2.92 2
28A 34.2 0.75 8.39 0.28 8.19 0.64 2
33B* 66.45 -- 33.55 -- -- -- 2.7
34B* 78.09 -- 21.91 -- -- -- 2.8
37B* 15.1 -- 84.9 -- -- -- 2.7
39B* 73.13 -- 26.87 -- -- -- 3
40B* 70.64 -- 29.36 -- -- -- 2.7
41B* 97.37 -- 2.63 -- -- -- 2.7
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Figure 70: SEM Micrograph for Exp. 25A
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Figure 73: SEM micrograph for Exp. 37B
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Figure 76: SEM micrograph for Exp. 41B
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Modeling Results

The FEA results provide an important practical visualization that analytical models
simply cannot provide. Visual confirmation of theories provides foresight to potential problems
during production and operation. Using the analytical results as a guide to verify the results of
the FEA model proper vetting of a module design can be sought. In addition film properties
from established studies which were compared to the results from this study were used. For
processing of the model a mesh first needs to be selected. For the purposes of this model a mesh
of “normal” size was chosen for its combination of acceptable processing time and accuracy
definition in results. Even with coarsest mesh COMSOL offers only a 3% error would be
expected [28]. Figure 77 below shows the mesh on the TEM in COMSOL. Processing the
model provides steady state results that that largely agree with expected results for temperature

models shown in Figure 78 and Figure 79 below.
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Figure 77: Mesh of thermoelectric module for COMSOL simulation
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Figure 78: Surface temperature of TEM simulation
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Figure 79: Volumetric temperature of TEM simulation
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The simulation results for electric potential yielded results on the same order of the
analytical results but with higher than expected performance values. Testing of different
temperature gradients with a constant cool side temperature of 300K resulted in a linear increase
of output voltage per thermocouple. While practical limitation of heat removal remain for the
device such as heat sink size and operating space; further output can be estimated with this

model.
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Figure 80: Electric potential across TEM from COMSOL simulation
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CHAPTER FIVE: CONCLUSIONS

This study investigated pertinent subjects concerning the optimization of micro
thermoelectric modules (TEMs) by examining thermoelectric thin film production, analytical
optimization results, finite element analysis, and processing optimizations. Fabrication of Bi,Te;
was done with an electrochemical deposition process which enabled control over a variety of
production variables. It was discovered that by controlling the average current density during
deposition, the Te at. % content can be controlled by a linear relationship, where an increase in
average current density corresponds with a lower Te content. Thermoelectric material was
deposited on to copper substrates under a variety of testing conditions; consequently, it was
found that Bi,Te; was able to be deposited from a solution containing 8.2 mM Bi and 10.3 mM
Te in a 1M HNOj; solution with both AC and DC signals. In addition to investigating both n-
type and p-type Bi,Tes; p-type Bir«SbyTe; was also investigated. After experimenting with a
variety of conditions and two electrolyte solutions, a usable film was unable to be produced
using copper substrates. This film type did not suit the device due to the complexity of
production and the low quality of the films produced. It is suspected that the amount of
impurities present from the chelating agent (tartaric acid), and residual oxide on the copper

surface contributed to the poor film quality.

Research of optimization equations yielded analytical and finite element equations that
were used to design both a testing device and a production device. The testing device created
would serve as a testing bed for optimization studies and material testing. The testing device
also utilized a conventional fabrication approach based on electrochemical deposition and a
monolithic topography. The optimized device had a unique topography that allowed for multiple

output voltages to be generated by an array of 0.5V unit cells at a temperature difference of 10K.
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The fabrication process for the optimized TEM is drastically simplified and less expensive than
the process used for the testing device. The updated fabrication process uses a single electrolyte
bath, which can produce both n-type and p-type Bi,Te;, a thermoelectric material which operates
optimally near room temperatures. The conclusion that both n-type and p-type Bi,Te; was
created is based on the Te content of the films, as well as previous studies linking Te content to
major carrier type. This processing procedure saves time and fabrication costs by reducing the
number of photoresist applications needed in order to produce a TEM; additionally, the need for
precious metals is eliminated by this fabrication procedure. FEA analysis of the device yielded
higher performance benchmarks than analytical analysis of the device. The increase in

performance was attributed to differences in load resistances and 3D effects.

Further improvement for TEMs lies in design improvements and advanced materials with
higher performance values. Segmented TEMs allow devices to operate over a larger temperature
range increasing their effective power output under large temperature gradients. Thermoelectric
devices benefit greatly from scaling and would see improvements in power density with scaling

devices to nano scale levels.
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APPENDIX A: ORIGINAL DEVICE FABRICATION PROFILE

81



<100> Si Substrate

cr Al egres LHEr

Reeiual 307

<100> Si Substrate

<100> Si Substrate

SPR II0-7 TI‘II% %Eﬂﬂ!a &
CrAgheshe Laler
Reeual 3101

[ ]

SPRII0-7ThI Fénseﬁlﬁl:eﬂr I 1 r\ 7 E g
goties
Resbiual 3131

<100> Si Substrate

PR 1207

S e ————————
Resliual 3102

<100> Si Substrate

SPRIZ0T
M &LI
Al ConactLayer ’I/
REEDLAI S0

<100> Si Substrate

82

-Startwit SubsTate. clean as
needed

- Sputer adhesiwe Crlayer
Tllawed bythin seed layer of Au

- Sputer adhesiwe Crlayer
foliowed byhin seed layer of Au

- Patem SPR 220-7 and
develop D open con'\ct pads

- Sputier Zum of Au o s=re as
botiom contacts

- ipply thick. SPR 220-7 Thick
posiive PRin three 10um
layers or 2 otal of 30 um

-Open colurm far P-Type
maerial



- DepoEl P-Type materal

L -E'
[—T] (BIZ-xSbs Ted)via ECO ~ 25 um

e
<100> Si Substrate

S— o 4 S S 4
i

g — ™ ] [;
=y

PRI — = i

= [ |7 - Coataevice win thin l2yer of
e N swisenFomepr
Resdual 502

S8 —] 1 F:

EPRIINT ————————= .

gy o - Open M-type Columng
AR

<100> Si Substrate

S —————————= q F 1 =
£
ey
SPRIN] ——————————= - -Oepoel M-ty pe material BI2 Ted
= ¥ ~ 25 um
_.E=|'_. BECDO~ 25
ST e
Reeduzl 0T

<100> Si Substrate

SRR I ——————————= - -Flood ex posure to remove
g S1GEE layer

P e
Feskiual 02
<100> Si Substrate
a7 -E-beam e‘.lapnmt! Cradhecmn
SPRINT —* LE 1ay Erfoliowed by Al
M ] Intercannection 3yer
SRR IR
Reskual 502

<100> Si Substrate

83



51818 Thin positive PR

Al interconned Layer
Cr Adhesive Leyer

SPR Z20-7

- Pattemn 51818 for AVCr efching

<100> Si Substrate

Al Ipterconned Layer ——————» L =
CrAd15mive Loy ——— =
SPR Z0-T ——— =
T - Etch AlCr
oriact

e
<100> Si Substrate

- Azh all remaining PR and
descum fom annealng

- Efc Au/Cr tayer to ksolate
columns

<100> Si Substrate

84



APPENDIX B: 10K DEVICE ANALYTICAL CALCULATIONS
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