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Abstract

Temperature Stabilization and Modular Design Approach for Microfluidic

Systems

by Michael Unger

Microfluidics is a wide field where applications span microbiological applications such as
cancer cell detection, blood analysis, chemical synthesis, spectroscopy and much more.
Microfluidic chips are usually made from silicon, plastics or glass where the channel
size is limited by the material and manufacturing technology. If a certain technology
is applicable for a given task, temperature range, the material itself and its mechanical
properties, electrical characteristics and temperature stability have to be taken into

account.

The LTCC (Low Temperature co-fired Ceramics) technology opens a wide field of ap-
plication due to its layer based manufacturing process and the ability to create 3D-
structures in a 2.5D process where electrical functions, high temperature stability, me-
chanical robustness and chemical inertness as well as bio compatibility can be combined
in a single module. Depending on the LTCC-material used, limitations are encountered
in the different criteria. Therefore, several materials have been characterized and their

stability tested.

For the temperature control, an analytical method for predicting the temperature devi-
ations was established and a test module designed. This design potentially replaces a
bulky Peltier temperature-control system for the use inside a blood-gas analysis system.
The test modules were developed using FE-simulations and prototypes were built and

characterized.

A through flow heater for further improvement of the module performance was designed

and prototypes built and investigated.

In order to employ a modular design methodology using building blocks in a printed
circuit board or an LTCC software package, a procedure for transfer of highly complex
layered geometry data was devised. Because the amount of model data plays an impor-

tant role, new algorithms for data reduction of the model geometry were developed.
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Kurzfassung

Temperaturstabilisierung und Modularer Designansatz fiir

Mikrofluidiksysteme

verfasst von Michael Unger

Mikrofluidik ist ein breites Feld und umspannt zahlreiche Anwendungen wie Krebs-
zellenerfassung, Blut Analyse, chemische Synthesen, Spektroskopie und vieles mehr.
Mikrofluidik-Chips werden iiblicherweise aus Silizium, Kunststoffen oder Glas gefertigt,
wobei die Kanalgréfe durch das Material und den Herstellungsprozess eingeschrankt ist.
Ob eine bestimmte Technologie anwendbar ist, wird durch das Material und seine Ei-
genschaften bestimmt, wobei sowohl mechanische und elektrische Kenngréflen als auch

die thermische Bestdndigkeit des Materials ausschlaggebend sind.

Die LTCC (Low Temperature Co-fired Ceramics)-Technologie erdffnet ein breites An-
wendungsfeld, da es sich um eine Lagen-basierende (2.5D) Herstellungstechnik handelt
und dadurch die Herstellung von 3D-Strukturen erméglicht wird. Dabei kénnen sowohl
elektrische Funktionen als auch Eigenschaften wie hohe Temperaturbestandigkeit, me-
chanische Robustheit und chemische Bestdndigkeit sowie Biokompatibilitdt in einem
Modul vereint werden. In Abhéngigkeit der Einschrdnkungen, die vom Material aus-
gehen, miissen die Materialien beziiglich ihrer Stabilitdt und Eignung charakterisiert

werden.

Fiir die Temperaturregelung wurde eine analytische Methode entwickelt, die es erlaubt,
Abweichungen der Temperaturverteilungen vorherzusagen und zu optimieren und ein
potenziell sperriges Peltier-Temperaturregelsystem eines Blut-Gas-Analysesystems unter
Zuhilfenahme der FE-Simulation zu miniaturisieren und Prototypen herzustellen, und

diese zu charakterisieren.

FEin Durchlauferhitzer zur weiteren Verbesserung der Temperaturprofilgiite und Dyna-

mik des Systems wurde ebenfalls entworfen, hergestellt und ausgemessen.

Um modulare Designverfahren komplexer Mikrofluidikmodule einsetzen zu kdnnen,
musste auch ein Verfahren entwickelt werden, um hochkomplexe lagenbasierte Module,
die in einem Leiterplatten bzw. LTCC Softwarepaket entworfen werden, in die Simula-
tionssoftware einlesen zu kénnen. Dabei spielt auch die Datenmenge eine Rolle, die bei
der Datenkonversion auftritt, weshalb auch Algorithmen zur Reduktion der Modelldaten

entwickelt wurden.
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Chapter 1

Introduction

Since ancient times ceramic products have been created as decoration objects, containers
and tools. Over time, the use of purified raw materials from nature have been replaced
by synthetically mass produced highly pure powders where high performance ceramics
with defined physical properties were created. This ranges from cutting tools, thermal
insulators, temperature shock resistant sheets like Ceran®, electrical circuit carriers
(thick-film technology, LTCC, HTCC) to human body implants. The application of
ceramic materials as biocompatible implants (artificial joints) is state of the art now.
Still, ceramic is an expensive material because of its high manufacturing effort and not
widely used for microbiological, chemical and general microfluidic applications. The
material itself is rather cheap, but to obtain a product many steps are necessary and
a lot of optimizing for the sintering process must be conducted. Therefore, mainly
glass and disposable plastics are used as far as possible. The same is true for chemical
synthesis where borosilicate glass is the standard material for reaction vessels followed
by PTFE. In the industrial field, special corrosion resistant steel alloys or enameled
steel vessels are employed. For laboratory-sized synthesis, miniature glass reactors are
available but offer a limited pressure and temperature range. The following chapter
gives an overview of potential applications where the use of LTCC-technology because
of mechanical, thermal, electrical and chemical properties of the materials are beneficial

and also because of the need of a precise temperature control.



1.1 Microbiological and analytical applications

1.1.1 Column chromatography

Column chromatography is a separation technique that allows separating compounds
based on their retention time inside a packed column as shown in figure 1.1. While this
technique is used for post-processing reactions to isolate the desired compound it is also
used for analytical purposes as High Performance (or pressure) Liquid Chromatogra-
phy (HPLC) at elevated pressure at around 60bar. The substance to be analyzed is
eluated /dissolved and the molecules travel through the column while interacting with
the porous column packing depending on their charge and hydrophilic or hydrophobic
nature. The charge of the molecules itself depends on the pH-value of the eluent and
can be controlled during the process to achieve optimal separation. At the end of the
column, usually an optical detector is employed that gives a signal proportional to the
concentration of the current molecules species. The optimum separation of a column
is when the output signal reaches the baseline (base-line separated). While usually the
analysis is carried out near room temperature, HPLC at higher temperature up to 100 °C

has also been investigated [10]. Carr et al. found a significant change in the retention

— Entry of column
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Sample applied on top of column filling
(stationary phase)

Separation of molecule species due to
different migration speed along column

T Stationary phase (e.g. alumina or silica)

Separated compounds

) ™~ Exit of column
¥i Y
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FIGURE 1.1: Schematic of column chromatography.

Light source

parameters over temperature as can be seen in figure 1.2. The chromatographic reten-
tion SP in equation 1.1 denotes a logarithmic capacity factor of a molecule species. The
subscript 2 designates a solute property such as molar volume (V2/100), polarizability-

dipolarity (73%), hydrogen bond acidity (a2), or hydrogen bond basicity (52). SPy is an



independent retention introduced by the column (intercept), the coefficients m,s,a and b
are obtained by experiment and fitting parameters of the mathematical equation to the
measured characteristics. For a given phase system consisting of stationary phase and
eluent, a measure of separation between two compounds can be obtained by subtracting

the chromatic retention of the two compounds. [4, 11, 12].

While the temperature stability or distribution might be “good enough” for a small
quantity of known compounds, this situation changes when a multitude of compounds
is present and separation suffers. The molecule species can ”overtake” each other based
on the temperature dependent retention time in extreme cases. In this case, chromatog-

raphy needs highly stable conditions for operation.

SP:SP0+m-V2/1OO+S7r§—|—aag+b62 (1.1)
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FIGURE 1.2: Temperature dependence of retention parameters [4].

1.1.2 Enzymatic measurement methods

The basic principle of enzymatic measurement methods is the use of a selectively acting

enzyme that processes the substance to be detected (analyte) where the change of a



parameter or the secondary substance itself can be detected (photometric absorption,
polarization, electric conductivity, fluorescence, etc.). For an automated measuring sys-
tem, the detection itself is preferably done by a method that delivers an electronic signal.
In case that optical properties change such as absorption, polarization or fluorescence a
photo-diode or a CCD detector with an optical filter can be employed. In certain cases,
it is possible to use electrolysis to translate the amount of a substance into a charge,
which is the quantitative indicator for the molar amount. One of the classic examples
of enzymatic measuring methods is the blood glucose content measurement. The mea-
suring principle relies on the enzyme glucose oxidase which decomposes glucose into a

lactone and hydrogen peroxide (H2O2) as shown in figure 1.3. Enzymatic glucose detec-

OH

OH OH
glucose
0 o 0
Ee—
"ﬂgéﬁ == H&, "%év\*
HO HO
OH

HO O

a-D-glucose fi-D-glucose oxygen D-glucono-  hydrogen
1,5-lactone peroxide

FIGURE 1.3: Glucose-Oxidase reaction:
Glucose + O —— D—glucono—1,5—lactone + HyOq

tion uses an electrode instead of Os to take up the electrons needed to oxidize glucose
and to produce an electric current[13]. The total amount of charge that is passed as
current through the cell is equivalent to the total amount of glucose in the blood sample.
The accuracy of the measuring principle is determined by the volume of the sample and
the temperature that greatly influences enzyme activity. As an example the activity of
alkaline-phosphatase which was essayed by Peterson et al. [5] is shown in figure 1.4. The
enzyme shows a maximum activity around 37 °C which correspond to the normal body
temperature. All enzymes show such a behavior but the temperature range is matched
to the living environment of the organism (e.g. bacteria living in the arctic or near
volcanoes at the bottom of the ocean.) The problem of the reproducibility of the sample
volume can be solved by using a capillary that automatically takes up the right amount
of blood from the sample. The temperature sensitivity itself is not a problem as long as
the temperature is kept in the activity range of the enzyme and a long enough measure-
ment time is allowed. Because the measurement accuracy is high enough small portable
units with disposable capillary assemblies are now widely used by diabetes patients as
glucometers [13]. A measurement device was already realized as LTCC module [14]. If
a fast cyclic sample exchange (mass sample analyses) or continuous measuring setup
is needed (online patient monitoring in intensive care) that require highly temperature
stable operation (e.g. enzymatic measuring techniques or other temperature sensitive
applications like blood gas analyses) often bulky setups with Peltier-temperature con-
trollers are used in these situations. This makes it extremely hard or impossible to

design a small portable unit [15].
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FIGURE 1.4: Temperature activity of alkaline-phosphatase [5].
1.1.3 Optical detection

Column chromatography and enzymatic measuring methods are usually coupled with
optical detection in order to quantify the analyte. The problem is that under different
pH or at different temperatures a wavelength shift or change in quantum efficiency can
occur which influences the accuracy of the measurement. Figure 1.5 shows a significant
change of optical properties of Chlorophyll A in the relevant temperature range of 25 to
37°C. Ross et al have used a temperature sensitive Rhodamine B solution (figure 1.6)
to measure the temperature inside a microfluidic channel [7]. Not only absorption and
emission maxima but also excited state lifetime and wavelength might be temperature
dependent. Although these dyes might not be directly related to microbiological mea-
surements it gives a good impression that optical properties of chemical compounds can
vary with temperature to a great extent. Significant amounts of stains and dyes have
been developed for hematology, histology and chromatography. An enormous amount
of laser dyes as optical amplifier has been investigated [16] and many of them such as

chlorophyll occur in different organisms.

1.1.4 DNA replication by polymerase chain reaction (PCR)

The polymerase chain reaction is a means of multiplying DNA fragments in order to
increase the amount of DNA for further processing (e.g. forensic identification). The
PCR is based on a very simple principle of overheating the DNA (denaturing) to 97 °C
in order to split it in two half strands. After that, primer binding is accomplished at 48
to 69 °C where the double strand rebuild is started. After priming, the Tag-polymerase

is reconstructing the full strands by coupling amino acids are contained in the reaction
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FIGURE 1.5: Temperature dependent absorption of chlorophyll A (one of the dyes used
in photosynthesis) in 3-methylpentane solution [6].
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FIGURE 1.6: Normalised fluorescence intensity as a function of temperature used to
calibrate the fluorescence-based temperature measurement [7].

medium. In the ideal case, the number of DNA-strands is doubled with each cycle.
Microfluidic chip modules and LTCC modules have been already developed by several

research groups [17, 18] greatly decreasing the size of the apparatus previously used.

1.2 Chemical synthesis

The application of thermally optimized ceramic reactors can be beneficial in different

fields of synthesis. Chemical synthesis often involves fast exothermic reaction requiring



proper thermal management. For reactions that are performed under harsh conditions
like elevated temperature and high pressure or high temperature reactions over 500 °C
where borosilicate glass reactors cannot be used anymore ceramic, quartz or enameled

steel is the only option.

1.2.1 Exothermic temperature sensitive reactions

Many reactions are fast and exothermic and are difficult if not impossible to conduct in
typical reaction vessels. A whole field of fast and simple reactions are summarized under
the term ”flash chemistry”. The problems with such fast and exothermic reactions in-
clude polymerization, side product formation or unwanted racemization of the product.
In such a case, the reaction must be carefully analyzed and a proper reactor designed
to allow efficient cooling of the reaction medium. Depending on the amount of heat
liberated even synthesis in a 25 ml flask can lead to extremely low yields. Figure 1.7 and
table 1.1 show the schematic and the yields of the Swern-Moffat oxidation in different re-
action setups[8]. The Swern-Moffat reaction converts secondary alcohols to ketones and
primary alcohols to aldehydes. The reaction between cyclohexane-carboxylic acid and
oleum is another example of an exothermic reaction that leads to by-product formation,

which reduces the yield of the mixed acid anhydride [19].

Method R‘e81dence T in °C Selectivity of
time tR1 cyclohexanone
2.4 -20 88
Micro reactor 0.01 0 89
0.01 20 88
-20 19
Flask 70 33
TABLE 1.1: Swern-Moffatt oxidation of cyclohexanol using a microreactor and a
flask.[8]
DMSO
M1
(CF,C0),0
OH o
R A

EtN

FIGURE 1.7: A micro reactor system for room temperature Swern-Moffatt oxidation:
M1, M2, M3: micro-mixers. R1, R2, R3: microtube reactors.[8]



However, some synthesis require a minimum temperature for the reaction to start but
also have a maximum temperature only several degrees above starting temperature where
side product formation or polymerization becomes prohibitive. Because higher temper-
ature means higher energy in the system, a direct synthesis might not be possible and
makes it necessary to employ protection groups or perform the synthesis in several
steps to avoid bad yield. However, a mini- or microreactor may be designed allowing
the synthesis to be run under optimal reaction conditions. The rather small synthesis
throughput can be increased by running microreactors in parallel where LTCC as mass

production technology can be fully utilized.

1.2.2 High pressure and mid temperature range reactions

These types of reactions are usually conducted inside an autoclave at temperatures
<300°C and pressures up to 60 bar as hydrothermal synthesis[20]. These reactions in-
clude carbonylations [21], deoxygenations of carbonic acids like benzoic acid [22] and
oxidations of alkyl-aromatic compounds to carboxylic acids [23]. Using potentially poi-
sonous, corrosive and lethal chemicals makes it unattractive to investigate such reactions
in a lab when the reaction conditions include water at 250 °C and high pressure. There-
fore, such synthesis are scaled down and investigated using microreactors made of etched
glass or are performed in metal capillary tube reactors. The disadvantage is that due
to thermal expansion in hot regions stress can appear leading to rupture of the glass
reactor. The metal capillary approach is also not always suited because of the required
chemical inertness of the reaction tube. An alternate approach is to use a PTFE-tube
which is reinforced by a metal part to withstand the pressure; However the tempera-
ture range is limited to about 250°C. In contrary, ceramic reactors using HTCC- or
LTCC-technology can be designed to withstand 60 bars [24], at elevated temperature

the decrease in Young’s modulus must be taken into account.

1.2.3 High temperature reactions

High temperature reactions up to 700 °C are usually used for the petrochemical industry.
The reaction setup usually includes a protective gas system (e.g. using Argon to prevent
oxidation) and a tube furnace. A well-known application is the dehydration of acetic
acid to acetic anhydride or acetone to ketene [25]. It is possible to design LTCC reactors
for operating temperatures (only) below 700 °C, since LTCC materials frequently start
softening already at this temperature. For even higher reaction temperatures, HT'CC-

ceramic is appropriate with a softening temperature well beyond 1000°C. The high



pressure range as can be utilized at room temperature is not applicable at high operation

temperature.

1.3 DMotivation

It is easily verified, that numerous applications require a precise and stable temperature
distribution and are influenced by changing boundary conditions. This is why temper-
ature regulation is an important integral part of a microfluidic system. Depending on
the application and location of operation (in the field or in the lab) the size can also
play an important role. The temperature control can be a major problem if a system
should be miniaturized to create a portable unit while maintaining the quality of the
temperature stability especially when several section on the same module need different
stable temperature levels. In order to control the temperature the main components
are the heater or cooler, the temperature measurement and the regulator or controller.
The overall microfluidic module can be too complex to be optimized in a single step. It
would be highly desirable if the module could be split into independent building blocks.

Those blocks can be one of the following;:

o Thermally passive blocks that do not change the temperature (they do not release

or consume thermal energy) like Sensor-cells, mixers and connectors.

o Thermal insulation of building blocks to suppress mutual influence (high temper-

ature section must not overheat low temperature section).

e Thermally active blocks that change the temperature by liberating or consuming

thermal energy like reactors, heaters and coolers.

e Interface blocks connecting the fluid lines, which can have any temperature to
the internal function blocks such as flow-through heater or cooler for inflowing or

outflowing medium.

The idea is to design blocks with equal temperature at the lateral boundaries when
exposed to the chosen boundary conditions at upper and lower surfaces. Although the
method of arranging such function blocks might not be optimal for achieving maximum
miniaturization it greatly eases the design of such systems. If a fluid is to be kept at
constant temperature even without any endothermic or exothermic effects, a heating or
cooling solution can only be designed if the fluid itself does not influence the temperature
profile. This means the fluid has to remain static or in a stationary flow, which basically
negates the possibility to exchange it discontinuously unless it already has the desired

temperature when it enters the critical section of the module.
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A second important application for the temperature field synthesis is the control of
thermomechanical stresses that arise from a temperature gradient inside a device. If a
part of a substrate is hotter than its circumferential part (even if only one material is
involved) it will tend more to expand but will be hindered by the cooler surrounding
structure. This leads to bulging of the material and results in a bad thermal contact or

the destruction of the device due to excessive thermomechanical loads.

The following chapter focuses on a method to easily creating complex systems by defining
boundary conditions and dividing these systems into building blocks. Latter ones can be
assembled arbitrarily to form the desired function - basically a Thermo-"LEGO®” that
is based on electronic schematics programs and PCB layout CAD systems. The overall
system will differ in its performance from the separately designed and optimized blocks.
A major task will be to transfer the data of the whole - now complex - physical model as
a 3D-model into the simulation package allowing for multiphysics simulation (electrical,
piezo-electric, thermal, thermo-mechanical, fluidic, magnetic, etc.). This procedure has
to be done for rather simple geometries and building blocks as well as for the whole

highly complex device.
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Chapter 2

Modular Design

2.1 Design process

In order to achieve a highly stable temperature distribution it is necessary to protect the
device from unforeseen influence like parasitic air streams or wind caused by other appli-
ances or thermal and solar radiation imposing a temperature gradient onto the module.
Furthermore, the different sections like mixers, heated or cooled reactors, measuring
ports, etc. have a different influence on the complete module and make it quite compli-
cated to find an optimal solution for the whole structure. The first step in designing the
heater or cooler structure for the desired temperature distribution is to determine the
operating environment of the module such as freely operated inside a lab or inside an
appliance where it might be exposed to air streams from cooling fans. If the environmen-
tal influence is strong but not (sufficiently) predictable, it is crucial for further design
to protect the module from such influences. The most obvious solution is to mount the

module inside an enclosure and achieve stable boundary conditions. Figure 2.1 illus-

Zone with precise Electrical connection

temperature
\ ‘ / / Celli_j
S AN 1‘
} Design-grid
[ L
Inlet Function 1 Function 2 Outlet

section mixer + reactor measurement  section

FIGURE 2.1: Design concept using separately optimized sections illustrating the sub-
division into cells inside a grid.

trates the design concept showing the building blocks for different functions. In order to
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optimize the blocks separately the mutual influence of these blocks is simply considered
non-existent. The reason is that each module subsection will be designed in such a way
that they have the same temperature along the interfaces. For blocks with significant
temperature differences lateral boundary conditions are defined to substitute for the
rest of the module. The subdivision into building blocks also matches the technique of
sub-modeling when using finite element analyses (FEM) where the adjacent section is
only represented as boundary condition instead of considering the model of the adjacent
block. Most importantly, the fluid that enters the module is simply considered to have
already the desired temperature and thus fluid flow will not change the temperature
profile. Practically this will not be the case and an interface (inlet or outlet) block will
have to be designed to cope with this problem. Interface blocks for fluid exchange, which
make sure the temperature profile inside the module remains undisturbed, can also be
designed independently from the other blocks. Their purpose is to heat or cool the fluid
to the desired temperature when it enters or leaves the module. For each block a heating
or cooling structure is designed that compensates heat loss (e.g. by convection) and pro-
duces the desired temperature profile. For this purpose, it is important to consider not
only the static or stationary temperature distribution but also take the heat capacity
into account that is coupled to the volume elements of the heater. Figure 2.2 shows the
heat creation and flow in neighboring volume elements, only one of the four laterally
linking thermal resistors and the one to the ambient are shown. If the temperature is
equal inside two adjacent cells these volume elements can be treated as not coupled and
show the same temperature over time function.

conv

Aij-1
Heat transfer to Cell ‘ Heat transfer to Cell, |
1 I <4 >
T _ — P Heat transfer to Cell iy
, N "
Heat transfer to Cell | Heat generation P,

Thermal mass CiJ

FIGURE 2.2: Heat transfer and heat generation inside cell; ;.

2.2 Heater design

If a module is sufficiently thin, an important simplification can be applied successfully:
the heat generation can be assigned to a 2D-section of the module. If this is not the case

the heat diffusion in the out-of-plane direction is related to non-negligable temperature

12



differences, which could be compensated by increasing the heating power. However,
in order to avoid temperature transients and overheating it is necessary to heat up
the entire module slow enough. If the design requirements cannot be met with one
single, centrally positioned heater layer the power must be distributed more equally by

employing several heating layers.

Considering a discretized module with an equidistant grid (figure 2.1) which is indepen-
dent from the FE-model and only serves the design of the heater structure, an equivalent
circuit can be given for a cell; ; that liberates a heat P; ;. This element has a heat capacity
C;,; which is coupled to the heat source. Convection is modeled by a resistor R4, ; that
is determined by area and convection film coefficient A and the ambient Temperature
T,. Adjacent cells are coupled through the resistances R;_1 j—1,Ri—1,j+1,Ri+1,j—1 and
R; 1,41 to the correlating element temperatures T; 1 j_1,7; 1 j41,T541,j—1 and T 1 1.

From the equivalent circuit the heat F;; can now be calculated:

1 1
Py =T = Tog) e+ (g = Tog) - o
1—1,0— ? 0]
1 1
+(Tic1 41 — T3 5) - + (Tis1 ixq1 —Tp ) - —— 2.1
( i—1,5+1 m) Ri—l,j+1 ( i+1,5+1 w) Ri+1,j+1 ( )
1 dT; ;
T —T. .. J O
o= T) gt g G

Assuming that a flat temperature profile is achieved in the desired area, the heat flow
to neighboring cells is zero leaving only convection and heat capacitance to determine
the temperature of an element.

1 d7;,;

Pa = e Tl gl a

-G j (2.2)

If the spacing a of the cells with thickness d is equidistant R,(; ;) and C;; can be

expressed as

1
Ragjy) = ——— (2.3)
(4,9) h-Aij
and

CZ‘Vj:CP-Q-GQ‘d (2.4)

yielding

1 dT; ;

Pj= (T, T;;) — “.Cy-0-a*-d 2.5

This differential equation is of the standard type and a time constant can be expressed
as
(2.6)



The border cells in the region of the flat temperature profile will have to supply heat
flux to the cells with lower temperature. If the time constants are equal for all the
cells and the power dissipation matched, it is possible to heat up the whole structure to
the steady state temperature distribution without a rate limit. Without the necessity
for several control loops, a single reference temperature measuring point and power
amplifier can be used. This makes it possible to avoid major temperature transients and
to control the thermo-mechanically induced stress. In practice the heater geometry will
be not a continuous area but rather some conductive track (e.g. meander) and the heat
generation is not uniform across the desired areas. Therefore, it is important to estimate
the temperature ripple caused by the heater geometry or create a design rule for the
heater structure. Depending on the heat diffusion through the material a heating rate
has to be chosen that keeps the temperature ripple in lateral direction under a given

limit.

Depending on thermal conductivity and specific heat, a grid with sufficiently spatial
resolution can be chosen and a mean thermal capacity per element together with a
thermal resistance can be calculated. A mini heater can be placed inside each 2D-element
where the trace width determines the electrical power loss. Therefore, a matched heating
power distribution can be designed that compensates local heat loss. Depending on the
time constant 7; ; given by heat removal resistance R 4; ; and thermal capacitance Cj ; it
is possible to heat the module in such a way that the temperature rises proportionally

in all locations to the final temperature distributions.

The quicker the heating has to be performed, the finer the 2D-grid has to be to avoid in-
homogeneity in the temperature distribution. Depending on the manufacturing method,
it might not be possible to achieve this goal. Thin film technology creates very homoge-
neous material distributions with basically no defects where as thick film technology has
higher tolerances regarding lateral dimensions and thickness and also can have defects
like pinholes. Small structures may be feasible to manufacture in thick film technology
but the defects and tolerances create too much deviation between desired and actual
heating power distribution. Figure 2.3 shows the heater array principle. The single
heater structures can be connected either in series or in parallel using additional ground
and supply voltage layers. In order to extract the heating power for each 2D-element an
equidistant grid representation of the proposed microfluidic module has to be created
so the heat removal per element can be calculated. A procedure to transfer the CAD-
data to the simulation package is described in chapter together with an algorithm to
reduce the amount of data for the simulation by coarsening and mesh creation. If the
timing requirements are less stringent, a large structure can be designed spanning over

the whole module. In such a case the properties of the structure can be modulated with
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mathematical functions to optimize the temperature profile. This strategy is presented

in the following chapter.

FIGURE 2.3: Proposed heater array that compensates heat losses due to convection.
Red: resistor paste with varying trace width, green: conductor paste in a 2D-grid,
structure connected in series for constant current operation.

2.3 Temperature measurement

In order to assess the temperature inside the sections, temperature sensors have to be

embedded into the module. Basically three possibilities exist for an LTCC module:
a) Resistive temperature sensors

Resistive temperature measurement used in thick-film and LTCC technology can be
divided into two types. A mostly linear temperature sensor with a PTC characteristic
that can be expressed as Rt = Ry (1 + (T — Tp) - «). Deviations from the ideal linear
characteristics can be considered by adding higher order terms. Platinum based resinate
pastes result in a very thin (100nm) metal film which has a temperature coefficient of
approximately 2500 ppm/K. Resinates can only be applied on the outside of the modules
in a post firing process and cannot be embedded. PTC-resistor pastes are available that
are compatible with the co-firing used in LTCC and have a similar sensitivity than a
platinum based resistor. A further possibility is the usage of an NTC-Paste based on
Ruthenium oxide. NTC-Resistors have an exponential characteristic anld exhibit a high

11
sensitivity which is based on the following equation: Rt = Ry -eT0 T. NTCs have a

significantly higher sensitivity at lower temperatures and are highly nonlinear.
b) Thermocouples

The measuring principle is based on the Seebeck effect where the difference in work
function manifests as a temperature dependent contact voltage. It always needs a ref-

erence contact at a defined temperature and delivers only signals in the range of several
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10V K~!. However, a contact can be kept very small and, therefore, a point measure-
ment of temperatures is possible. Thermocouples are usually built as welded wires, in
the case of thick film and LTCC technology they are screen printed using two differ-
ent contact pastes. However, their rather low output signals make them less attractive
for the use in such a module because small resistors are easy to implement. On the
other hand, thermocouples offer low resistivity and, therefore, they are less sensitive to
electromagnetic interference. Moreover, they can be applied at high temperature when

resistors would suffer from premature aging.
c¢) Capacitive temperature sensors

The measurement principle is measuring the capacitance of an electrode structure that
is influenced by the geometric change (thermal expansion) and changing dielectric prop-
erties. A small sensor will have a very small capacitance and a high impedance and
is therefore even less attractive than the realization of a thermocouple. Especially the
behavior of the dielectric can be quite unexpected as impedance spectroscopy showed. A
study on the temperature dependence of the permittivity of dielectrics has been included

as section in Appendix A).
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Chapter 3

Blood analysis subsystem -

feasibility study

Based on an existing design of a blood diagnosis system, a simplified module design is
derived. This design serves as a proof of concept and is first studied using finite ele-
ment simulation and after optimization is realized as thick film module. The weight
is placed on optimizing the thermal design rather than the function as a real blood
analysis module. As pointed out in chapter 1, for enzymatic measuring methods it is
of crucial importance that the temperature distribution is stable at and around the
sensing elements inside the fluidic channel. Figure 3.2 shows an explosion view of the
module set-up. The original inner core consists of a metal base plate that is fixed to
a Peltier temperature control unit. This metal plate is coated with an inert polymer
layer, which in turn carries various sensing electrodes and enzymatic sensing areas. The
electrodes themselves are covered by another polymer layer; only the sensing areas are
exposed to the fluid. A plastic part is clipped onto this plate employing a gasket form-
ing a micro-channel system. For operation, a homogeneous temperature distribution is
needed inside that channel and a tight temperature tolerance must be kept. Because of
intellectual property of a company, further details cannot be disclosed. Instead of plac-
ing the module onto a regulated Peltier-element for heating and cooling, an integrated
heater on a ceramic baseplate is designed to substitute the costly and bulky set-up.
This approach eliminates the need for the large Peltier temperature-control system and
combines the temperature control with the sensing functions in one ceramic module.
For this purpose, a ceramic substrate made of alumina AlyO3 is used where heaters
and sensors as well as the passivation layers can be applied by conventional thick film
technology. Along the channel, a temperature of 37+0.25 °C must be guaranteed. Inside
the channel, the temperature of a 100 pm thick fluid layer above the sensors is critical

for reproducible measurement results. The steady state final temperature distribution
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should be reached 15s after power-up or after the exchange of the fluid sample. The

design process is schematically outlined in figure 3.1, the fixed dimensions and material

data for all simulations is summarized in table 3.1.

(@)

Matenal selection (for
temperature sensors und heater

structure)

Influence of convection and
necessary heater power

N

Characterisation of the
temperature sensors

Design of

heater structures
|

!

Characterisation of the
heater structures

Creation/optimization of
finalized design

)

Correlation of temperature
distribution aquired with
thermography with
temperature sensor values

Result meets
requirements?

F1GURE 3.1: Design workflow of sensor module.
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FIGURE 3.2: Simplified model build up.
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3.1 Preliminary investigations for the feasibility study

In order to create a homogeneous temperature distribution inside the fluid at the desired
locations it is first necessary to check the influence of the boundary conditions like
module placement inside the housing and resulting convection. Furthermore, it is crucial
to check from the very start if the module geometry allows it to reach the goals with
a single heater underneath the fluid channel or if further measures must be taken (e.g.
multiple regulated heated zones). Based on an estimation of heat loss (coarse simulation)
it is possible to obtain the maximum stationary heating power the heating resistor must
be designed for. The dynamic behavior must also be taken into account not only for
the power up but also for the fluid exchange, as these are different scenarios. Fur future
mobile use the heating power applied should be just high enough to heat up the unit in
the specified time and use as little as possible continuous heating to keep the temperature

stable.

3.1.1 Heat loss and temperature distribution with constant tempera-

ture boundary condition

In order to obtain basic information about the feasibility of the approach in a static case
(the fluid is resting, as the module has been pre-filled) fluid a finite element analysis is
carried out and the heat losses through convection is calculated. For this purpose, the
model is reduced to a simple geometry consisting of the ceramic substrate and plastic
cover connected to it. Any conductor traces are not yet considered (see figure 3.2). For
the calculation the area underneath the channel where the constant temperature must
be obtained is simply set to Ts =37°C and the ambient temperature is assumed to be
Ty =22°C. On the bottom side of the substrate, an insulation of plastic is weakening

the effect of the natural convection the module is exposed to.

3.1.2 Calculation of necessary heating power

For investigation of the influence of varying convection, two cases were modeled: Case a:
The convection film coefficient h is varied from 1 to 30 W/m?2K and the total dissipated
heat is calculated. The thickness of the bottom insulation is held constant d;=1 mm.
Case b: The convection film coefficient h is assumed to be constant (10 W/m?K) and
thickness of the bottom insulation d; is varied. The total heat flow out of the model
is again calculated. The simulation parameters for this study are summarized in table
3.2, the material parameters are listed in table 3.1. The calculated heat flux which

is removed through the outer surface (=necessary heating power) is as expected highly
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Boundary condition symbol value
Ambient temperature Ty 22°C
Substrate temperature Ts Tg=37°C
thickness of bottom insulation d; 1 mm or variable
convection film coefficient h 10 W/m?K or variable

TABLE 3.2: Boundary conditions and parameters for FE-analysis.
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F1cUre 3.3: Dissipated heat with variable convection and fixed insulation thickness
d;=1mm (case A).
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FIGURE 3.4: Dissipated heat with constant convection h=10 W/m?K and variable
insulation thickness d; (case B).

dependent on the convection (figure 3.3). This means that the resulting temperature
distribution of the module is mainly (figure 3.5) determined by the thermal contact
resistances due to mounting inside the housing and the convection acting on the module
inside it. For still air and free convection a convection film coefficient of h=10 W /m?K is
assumed. An insulation on the bottom side will have the same effect like the reduction of

the convection coefficient but does not play such a great role as can be seen in figure 3.4.
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F1GURE 3.5: Temperature distribution on substrate and fluid with constant convection
h=10W/m?K and variable insulation thickness d; = 1 mm (plastic part not shown).

3.1.3 Homogeneity of temperature profile inside channel

The sensor principle requires that the temperature difference inside the fluid within
a 100 pm thick layer above the sensors must not exceed 0.5K. For the temperature
distribution the results from case A with a convection film coefficient 10 W/m?K) and a
bottom insulation thickness of d; = 1mm were selected. Figure 3.2 shows the location
of the planes where the cross sections (figure 3.6 and 3.7) were obtained. A significant
temperature gradient exists vertically inside the fluid channel but is sufficiently small
(for the detailed view see figure 3.8). This gradient is caused by the heat loss through
convection over the outer surface of the plastic lid. However, the temperature variation
along the channel is extremely small <0.1 K while the temperature difference between the
two parallel channel sections is 0.5 K. This shows that an appropriate regulated input-
power is needed to compensate for slight changes in convective thermal losses as well
as a properly designed heating power distribution to optimize the temperature profile
inside the channel and across the substrate. The following conclusions are drawn: The
Tin°C

channel A channel B 37.0
777777777777777 Ty A 36.5

36.0

i _ 35.5
I S —— — — 350

Y m34s
plastic lid / ‘ 34.0
substrate - i35

bottom insulation

FIGURE 3.6: Temperature distribution of cross section inside channel.

temperature gradient that occurs along the vertical axis inside the channel is sufficiently
small 1 K/mm) and allows constructing a module with heaters in only one plane without
the use of additional insulation measures. If the heating zones are significantly larger

than the channel, the plastic lid is also heated over a greater area reducing the heat flow
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FI1GURE 3.7: Temperature distribution of longitudinal cross section inside channel.
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FIGURE 3.8: Detailed view of temperature distribution inside channel.

out of the channel into the surrounding material. This, in turn, helps further reducing

the gradient inside the channel.

3.1.4 Material selection for manufacturing

For the realization of the sensor module, standard thick film technology materials were
considered. As substrate a 1 mm thick 96% AloO3 ceramic was chosen, which is the
most common substrate material and was supplied pre-cut to the desired geometry by
a company. This material allows the application of a wide range of thick film pastes
optimized for this substrate type. For temperature measurement, the PTC2611 resistive
paste was selected that is used for precise temperature sensing resistors. For the heater

structure, a cost effective heater paste ESL29230 was selected which can be used where
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high power dissipation densities occur. For the interconnects, the frequently used solder-
able AgPd-paste ESL9695 was employed. As passivation layers the low sintering glass
past ESL4771 as well as the polymer paste ESL245SB were used. The latter offers a cost
advantage compared to the glass paste and does not influence the resistors because it is
cured at 120°C. It can be expected that the glass paste is sufficiently bio-compatible
and inert to the liquid whereas no information is available regarding the polymer paste.
Compatibility between the materials has to be evaluated first as a mutual influence of

conductor paste and passivation is expected.

3.2 Evaluation of the temperature homogeneity created by

heating structures

This section discusses aspects and progress of the design of a heating structure that
allows forming a homogeneous temperature distribution. At first, several distributed
rectangular heating zones were used to check if this undertaking is possible at all. A
heated band structure was derived from these results and the stationary and dynamic
quality of the temperature distribution is studied. Further improved structures (fence-
and meander structure) were characterized and finally the meander chosen as best so-
lution for the targeted application. Later verification samples of fence and meander

structures were built and characterized to validate the simulation results.

3.2.1 Distributed evenly heated zones

Based on the studies in the previous section a design was derived where several heating
zones are located on both sides of the fluidic channel. These heating zones surrounding
the channel will compensate for vertical heat loss due to convection and also compensate
the lateral heat flow inside the substrate which, in turn, will hopefully help stabilizing
a homogeneous temperature profile inside the channel. For further improvement of the
temperature profile, a well thermally conducting silver stripe is located directly under-
neath the fluid. The proposed layout can be seen in figure 3.9, the sizes of the zones
are listed in table 3.3, the boundary conditions are the same as in previous simulations
(table 3.2. The results show a good homogeneity of the temperature distribution in the
relevant areas (figure 3.10). In the cross sectional view in figure 3.11 a reduced vertical
temperature gradient can be observed compared to figure 3.8. The reason lies in the big-
ger heated area that also compensates the heat flow out of the fluid into the surrounding
material of the plastic lid in a better way. The total heating power comprised of the con-
tributions from the single zones (216 mW+78 mW+91 mW+462.5 mW=447.5 mW) shows
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Component Dimensions
Length | Width | Thickness | Power
mm mm pm w
silver heat spreader 30 2 12 —
heating zone 1 42 2 12 0.216
heating zone 2 15 2 12 0.078
heating zone 3 21 2 12 0.091
heating zone 4 10 2 12 0.0624

TABLE 3.3: Component geometry, material properties and operating parameters.

a good match with the predictions from the previous section where the dissipated heat
has been calculated for constant temperature regions on the substrate (figures 3.3 and

3.4) that is now the required heating power.

Bottom isolation
Substrate

Heat spreader

Heating zone 2
Heating zone 1

Heating zone 4

Channel system

Heating zone 3

FIGURE 3.9: Model with 4 heating zones and a silver layer heat spreader(plastic lid
not shown).
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FIGURE 3.10: Temperature distribution when using 4 heating zones (plastic lid not
shown).
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F1GURE 3.11: Detailed view of the temperature distribution in the channel cross-section
when using 4 heating zones.

3.2.2 Heated band structure

The separate heating zones are now combined into a heated band structure (figure 3.12)

and further modifications are performed:

e The heating zones are adjusted to the shape of the fluidic channel and are electri-
cally connected in series by a silver track, which is 12 pm thick and also forms the

contacts for external supply.
e The silver heat spreader does not improve results and is therefore removed.

e The sensor connections are now taken into account and are modeled as 12 pm thick

silver tracks.

¢ Because the sensor module will be mounted inside a housing, the bottom insulation

is no longer needed and also removed.

o The plastic lid that is forming the fluid channel is reduced in size so that the

contact pads are accessible.

The boundary conditions are summarized in table 3.4. The temperature distribution

shows a satisfactory flat profile which is shown in figure 3.13.
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Boundary condition symbol | value
Ambient temperature Ty 22°C
convection film coefficient h 10 W/m?K or variable
Heater voltage
static operation UHeater | 2.1V to reach desired temperature at reference
point
control loop operation Usupply | 12V as controller supply voltage

TABLE 3.4: Boundary conditions and parameters for FE-analysis.

FIGURE 3.12: View of heater sections (green) and interconnects (yellow) of heated
band structure.

FIGURE 3.13: Temperature distribution on top side of substrate of heated band struc-

ture.

Power-on step response of the module

This simulation is performed to extract the characteristic values for controller opti-

mization. When operating the heater at a static voltage level of Ugeqter=2.1V the

temperature at the measuring point reaches the desired value of 37°C see figure 3.13.

The step response is depicted in figure 3.14. The system shows PT1Td behavior with a

time constant 7 =270s and a delay time of 75 <1s.
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FIGURE 3.14: Step response of the heated band structure with Ugeqter =2.1V.
Closed loop operation

The Pl-control algorithm was chosen and realized by means of an ANSYS-script us-
ing 100 ms time steps. This time-stepping defines moments where the temperature at
the reference point is evaluated, a new supply voltage is computed and the boundary
conditions set accordingly. The optimal controller parameters were chosen after Chien,

Hrones und Reswick[26] and were calculated with following equations:

K, = (2, Kp = 03445, 71 = 1.211
Tstep is the temperature step between start and stationary value, Ugyp is the voltage
accordingly, 7 is the major time constant and K, is the proportional value of the
unregulated system. The Pl-controller parameters are calculated to be Kp =8.9 for the
proportional part and 77 =324 s integral part for closed loop operation. Although the
controller is able to regulate the desired temperature at the reference point within only
7s (see figure 3.15 and figure 3.16), it takes over 30s for the temperature distribution
to settle in the entire module (figure 3.17). This shows that a single control loop with
only one temperature sensor can only be used with restrictions to stabilize the overall
temperature profile. In order to heat the whole volume up to the desired temperature in
a minimum amount of time, it is necessary to couple the majority of the heat capacity
to the heater. Therefore, this approach using multiple heated zones was discarded from

further investigation.
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FIGURE 3.15: Step response of the controller loop of the heated band structure.
3.2.3 Fence-structure with variable geometry parameters

The aim is to design a heater structure that allows rapidly achieving the desired sta-
ble temperature distribution over the whole substrate without further drifts after the
desired temperature has been reached at the reference point. For the first design a
fence structure has been chosen where parameters like trace width, distance and overall
dimensions can be arbitrarily chosen and the temperature profile adjusted accordingly
while still maintaining easy implementation of the parallel connected heating strips in
the FEM-software (see figure 3.18). Figure 3.19a shows the temperature distribution on
a simple design for a fence-structure (32 spokes with width by = 0.5 mm) on a rectangular
substrate (size 26.5x49.5mm?, thickness 1 mm). With this design, an elliptical static
temperature maximum is obtained with a heater voltage Upeater of 0.5 V. To improve

the result several geometry parameters can be adjusted:

e Total width and height of the heater structure

o Width or height modulation of the whole structure

e Number of spokes

o Density of the spokes

e Modulation of the spoke width
By sinusoidal modulation of the spoke width of the heater structure (narrow spokes
in the middle with higher resistance and therefore lower localized heating power), the
resulting temperature maxima occur at the outer regions of the heater structure. The

resistance modulation can be easily composed of mathematical functions to optimize the

temperature distribution in the critical regions. In the first step, the original structure
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FIGURE 3.16: Temperature distribution on substrate surface after t =T7s.
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FIGURE 3.17: Temperature distribution on substrate surface after t = 30s.
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Ficure 3.18: Simplified model for study of the spoke width modulation.
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(¢) bs = 0.256mm - (1 + 0.5 - sin(t)) (d) bs = 0.25mm - (1 4 0.3sin(t) + 0.05 - sin(3z))

34 35 36 37 38 °C

FicUure 3.19: Temperature distribution of the fence-structure with spoke width by
modulated by a mathematical function.
a) and b) on bare substrate, ¢) and d) inside module.

is changed by modulating the spoke width according to by = 0.5mm - (14 0.5 - sin(t))
witht = 1-z/l fence- The resulting temperature distribution is shown in figure 3.19b.
By using more terms in the above expression further optimization of the temperature
distribution is easily possible (figure 3.19¢ and d) and after reducing the size of the
heater structure the layout can be included in the original design (figure 3.23) to obtain
a homogeneous temperature distribution inside the channel. Based on these results an
optimized design is created (figure 3.20), the proposed layout is shown in figure 3.21.

The boundary conditions and operating parameters are summarized in table 3.5.

Fence heater structure
Substrate

Silver contacts

Plastic lid

FI1GURE 3.20: Model with optimized fence heater structure.
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FIGURE 3.21: Dimensions of the optimized fence heater structure.

Power-on step response of the module

The same strategy to obtain the characteristic value for the Pl-controller optimization
was followed like the heated band structure. The fence structure requires a substantially
lower heater voltage of Ugeqter =0.546 V to reach the desired temperature distribution
due to significantly lower resistance (see figure 3.23). The step response at the reference
point is shown in figure 3.22 which shows the same PT1Td behavior with a slightly larger

time constant m; = 290s compared to the 270s and a negligible delay time 74 < 1s.

Closed loop operation

The same control algorithm (PI-controller) was used with the same 0.1s time steps.
The controller parameters were calculated with the same equations that were used for
the heated band structure: Kp = 2.8, 77 = 348s. Due to the much lower operating

voltage, the proportional term is higher and the integration time constant is 20% larger.

Summary for the fence structure

The simulation results are very promising as the desired temperature distribution can
be reached very quickly. Nonetheless, several drawbacks can be recognized: In order not

to obtain a too low electrical resistance, it is necessary to choose a minimum trace width

Boundary condition Symbol | Value
Ambient temperature Ty 22°C
Convection film coefficient h 10 W/m?K
Heater voltage Ugeater | 0.546V to reach the desired
temperature in steady state,
2.5V as controller maximum output voltage.

TABLE 3.5: Boundary condition for the fence-structure simulation.
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FIGURE 3.22: Temperature step response of fence-structure.
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FIGURE 3.23: Steady state temperature distribution of fence-structure with
Upreater=0.546V.

of 180 pm which can be considered within technical limits of the printing process. The
problem lies in variations of the geometry caused by the printing process that cause over-
proportional changes in temperature distribution. Although very thin conductors are
used an overall resistance of less than 12 is achieved which leads to increased influence
of the silver contact areas and connection lines. The fence structure could prove as
problematic during manufacturing and is treated with less priority - by using a high

resistance paste and for future projects, it could still be interesting for some purpose.

3.2.4 Meander structure with varying geometric parameters

In this part of the study, two different variants of meander structures were considered
while modulating their geometry parameters. When designing heating resistors it is
important to keep in mind that a limited supply voltage - in this case 12V - is available.
This limits the maximum heating power that can be liberated with a certain resistor
value that is determined by the number of loops and track thickness and width. The

number of loops are important for homogeneity of the temperature profile because a
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FIGURE 3.24: Step response of the controller loop of fence structure.

low number of loops leads to a high temperature ripple. For further investigations the
meander structure as in figure 3.25 was chosen where a good temperature distribution
is reached after adjusting geometry parameters. The geometry and material parameters
as well as the boundary conditions are summarized in table 3.6, the proposed layout is
shown in figure 3.26. The applied conductor track adds an anisotropic thermal conduc-
tivity to the substrate. A 90 degree rotated meander structure proofed to be detrimental
to the goal of having a flat temperature profile due to increased thermal conductivity in

the wrong direction as depicted in figures 3.27 and 3.28.

Meander heating structure

Plastic lid

Substrate Vertical trace

FIGURE 3.25: meander heating structure with 14 vertical traces.

Power-on step response of the module

The meander requires a heater voltage Upeqter=3.05 V to reach the desired temperature
distribution in the sensing areas with a desired value of 37°C (see figure 3.30). The

step response at the reference point is shown in figure 3.29 which shows the expected
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FI1GURE 3.28: Temperature distribution of a 90 degree rotated meander structure.

PT1Td behavior with a time constant 7 = 280s and again a negligible delay time
74 < 1s. These values are close to the time constants of the other two structures. The

temperature profile is perfectly flat in the desired areas as can be seen in figure 3.30.

Closed loop operation

The PI-control algorithm was applied again with the calculated parameters: Kp=17.9,
71 = 3368, the maximum operating voltage is limited to 12 V. The proportional factor Kp

is twice the value that has been determined for the fence structure while the integrator
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Boundary condition Symbol | Value
Ambient temperature Ty 22°C
Convection film coefficient h 10 W/m?K
Heater voltage Utreater | 3.06V to reach the desired
temperature in steady state,
12V as controller maximum output volt-
age.

TABLE 3.6: Boundary condition for the meander-structure simulation.

time constant 77 is 4.5% smaller. Figure 3.30 shows the power-on step response for the

closed loop operation.

3.2.5 Dynamic behavior (Power-on and fluid exchange)

In a further simulation, the settling time of the control loop was determined at power-on
and after fluid exchange. For temperature control a Pl-controller with the parameters
Kp = 17.9 and 77 = 336 s was used that allowed the pre-filled channel to be heated
to the desired temperature within 11s without overshoot (see figure 3.32). At the time
of 20s a pressure of 0.2 bar is applied for 3s which causes fluid exchange (figure 3.33top
shows the temperature distribution at t =20 s before fluid exchange).The maximum flow
velocity occurs in the middle of the channel and reaches a magnitude of 56 mms™'. After
fluid exchange (see figure 3.33 middle) a homogeneous temperature profile is obtained
within 14s (t=37s) which is shown in figure 3.33 bottom. While the temperature
at the reference point shows only minor fluctuations (blue curve), the drive voltage
output by the controller shows a significant response and a damped oscillation as the
temperature settles(orange curve). The device is capable of achieving the desired stable
temperature distribution after 14s, both after power-on and fluid exchange and thus
meets the requirements for measurement. However, after fluid exchange and settling of
the temperature distribution still an asymmetry is observable. A possible improvement
would be the use of a flow-through heater to prevent the incoming fluid from altering

the temperature distribution to a large extent.

3.3 Manufacturing of samples, characterization and aging

Based on the results of the simulations two types of heater structures (fence in figure 3.34
and meander in figure 3.36) were manufactured and verified. The meander structure was
evaluated with an early design that was further improved during and after verification

of the heater paste. In order to obtain statistical characteristics of the heating elements,
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FIGURE 3.29: Temperature step response of the meander-structure.
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FIGURE 3.30: Steady state temperature distribution of the meander-structure with
Ut cater=3.05'V.

30 samples of each type (meander and fence) were manufactured at first without passi-
vation (figure 3.37). After the first characterization of the resistors (heater and sensors),
a glass passivation layer was applied by screen printing and sintering with the manufac-

turing parameters shown in table 3.8 which were also used for the demonstrators later.

For the characterization of the samples, the same setup as for the characterization of
the temperature sensors was used. The samples were fixed to the Peltier-temperature
control system (figure 3.38 and 3.39 developed by Michael Weilguni [? | which provides
a flat temperature profile on top and bottom side of the sample (figure 3.40. Exchange-
able probe adapters make it possible to efficiently test different sample and electrode
geometries. The samples were measured using the 4-wire (Kelvin) method employing a

Keithley 2000 high resolution multimeter. For the measurement those five samples were
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FIGURE 3.31: Step response of the controller loop.
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FIGURE 3.32: Temperature versus time function (blue curve) and temporal heater
voltage function (red curve) during power on and fluid exchange cycle in closed loop
control.

chosen that showed resistance values equally distributed over the total resistance range.
This allows checking of correlations between resistance variations and temperature co-
efficient of resistivity. After this characterization, the samples were further coated with
a glass passivation layer and characterized again. This was followed by aging at 300 °C
for 300 h and another characterization. The differences indicate the long-term stability
of the resistors. Table 3.7 shows resistance values and temperature coefficient of the
samples after manufacturing, aging and application of the glass passivation layer. The
temperature dependence of the resistance is shown in normalized diagrams in figure 3.42a
after manufacturing, in figure 3.42b after application of the passivation layer and in fig-

ure 3.42c after 300 h aging. The statistical distributions are shown in figure 3.41.

The variation in resistance of the samples lies in the expected range of +15% with this

technology. The application of the glass passivation layer causes a significant increase
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F1GURE 3.33: Temperature distribution at t=20s before fluid exchange, t=23s imme-
diately after fluid exchange and at t=50s, 14s after fluid exchange.
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F1cURE 3.34: Resistive and connection layer of fence structure.
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F1GURE 3.35: Resistive and connection layer of the meander structure.
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F1GURE 3.36: Passivation layer for the fence- and meander-structure.

FIGURE 3.37: Fence- and meander-structure in layout version 1.
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F1cUrE 3.38: 3D-model of the TCR measurement setup.

Peltier element top

Spacer

PTFE holder

Guiding pins

Probes with sleeves

PCB for PT100 sensors

Mask for PT100 sensors

Guiding sleeves

Ceramic substrate

Peltier element bottom

with glass
Simula- no with glass passivation
Sample . o L .
tion passivation | passivation + aging
300h
. 33.2 51.6 52.54
meander | TeSistance € 297 111.8% 155.0% 11.8%
3365 3310 3250
-1
TCR ppmK 3000 +12.2% 1.6% “1.8%
. 0.78 1.24 1.25
Fence | resistance {2 0.68 +14.2% +59% (+0.8%)
2846 2783 2951
-1
TCR ppmK 3000 51% 2.2% 16.0%

TABLE 3.7: Results from paste characterization (percentage indicates change of resis-
tance and TCR based on previous fabrication step).

of resistance compared to the bare heater geometries in both cases(see table 3.7), the
temperature coefficient of resistivity is also influenced (meander: -1.6%, fence: -2.2%).
The change of the resistance over time is proportional the squre root of a diffusion

coefficient D and the time ¢ according to [27, p47]:

AR x VDt
41

(3.1)



FI1GURE 3.39: Image of the TCR measurement setup.

238°C

F1GURE 3.40: Temperature distribution of the temperature controlled plate of the
TCR measurement setup.

The changes of the resistance due to diffusion effects are described using the Arrhenius
law [28, p356] where E4 is the activation Energy, kg the Boltzmann constant and T the
temperature in K. The diffusion coefficient D depends according to the Einstein relation
on the temperature itself.

R = Del‘%}f (3.2)
A worst-case can be estimated by choosing a relatively low activation energy of 0.9eV
[27, p153]. The acceleration factor a can be calculated by

PA (A —2)

a=ekB ‘Top Tt

(3.3)
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FIGURE 3.41: Resistance statistics of a) meander and b) fence heating resistors.

with the operation temperature T;, and the test temperature T;. If a worst-case oper-
ating temperature of 70 °C is assumed, a test temperature of 100 °C, 200 °C and 300 °C
corresponds to acceleration factors of 11, 4269 and 200563 respectively. The aging pro-
cess (300 °C for 300 h) shows significant influence on the properties of the heater geome-
tries (meander: Rgs +1.82%, TCR -1.8%, fence: Ros +0.8%, TCR +6%) but stability is
still high as this accelerated aging test corresponds to an operating time of 700 years at
70°C. The slight difference in TCR after passivation between the two structures can be
attributed to the very thin lines of the fence structure and the bigger influence in paste
boundary and interface regions, which shows that the meander is superior to the fence

structure.

3.4 Verification of temperature distribution

For analyzing the temperature distribution of the substrate, a thermography camera is
used. Because the camera calculates the temperature based on the received thermal
radiation of the surface, the emissivity of the surface has to be known. Because only
a limited temperature range has to be considered, the sample is coated with a high
emissivity varnish and the substrate temperature is measured with the embedded sens-
ing resistors underneath the channel. In this way, a qualitative measurement for the

temperature distribution can be obtained.

3.4.1 Estimation of self-heating of sensing resistors during operation

For precise temperature measurements, it is important to measure the resistance values
of the sensing resistors with great accuracy. Therefore, a high enough voltage drop must

occur to achieve the desired resolution. This could lead to self-heating of the resistors
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Maeander structure without cover layer

1 -——-———- Fence structure without cover layer
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FIGURE 3.42: Experimentally assessed temperature dependence of resistance of fence
and meander structure after distinct fabrication steps: a) without cover layer, b) with
glass passivation and ¢) with additional aging for 300 h.
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influencing in turn the temperature profile as well as the temperature measurement itself.
In a simple FE-analysis the influence of the sensing resistors on the temperature profile
is investigated. For this purpose, a simplified model was designed where a simple resistor
is placed onto a AlsOg-substrate. The substrate is exposed to natural convection on all
sides (Ty =22°C, h=10 W/m?K). The results show that a voltage drop of even 100 mV
is fully acceptable and no critical self-heating takes place. These values correspond to a
current of less than 1mA. In figure 3.43a and 3.43b the resulting temperature profiles
with higher power dissipation are shown. Figure 3.43c depicts the temperature increase
over time at different voltage levels at the sensing resistor. In case that the measurement
leads to a significant distortion of the temperature profile, there is still the possibility of

a pulsed measurement.

3.4.2 Manufacturing of demonstrators

Based on the results from the resistor and heating structure characterization a sensor-
module with an improved meander structure together with the three temperature sensing
resistors R1, R2, and R3 was realized. For practical use a build-up as shown in figure 3.44
was used with glass passivated sensing resistors that measure the temperature at critical
points. Figure 3.45 shows the lateral locations of the resistors and the channel layout.

The production parameters for the different process steps are summarized in table 3.8.

layer paste screen print process drying sintering
mesh mesh ste.ncil sinter
type size thick- burnout phase
ness
heater
ESL29230 325 50
structure
intercon-
nect ESL9695 325 50 150°C, | 580°C, | 850°C,
top
intercon-
nect ESL9695 stain- 325 50 15min | 10min | 10 min
bottom
tempera-
ture PTC2611 less 325 30
Sensors
glass o o
passivation | ESL4771 steel 200 50 350 .C’ 550 .C’
10min | 10 min
top
polymer
passivation | ESL242SB 200 50 curing 150 °C, 30 min
bottom

TABLE 3.8: Process parameters for component pastes.
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FIGURE 3.43: Self-heating of a 100 €2 sensing resistor.
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heating structure (maeander) ESL29230

Contacts array with heating structure
and temperature sensor contacts

Polymer passivation ESL 242-SB

FI1GURE 3.44: Explosion view if complete sensor build-up.
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FIGURE 3.45: Positions of sensor resistors on the substrate.
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The verification samples were manufactured using a 50 pm stencil reducing the resistance
to roughly 12€). The temperature sensing resistors R1, R2, and R3 were printed with
a 30 pm stencil to increase the resistance with an applied glass passivation layer to
values around 65(). Resistors R1 and R3 have a uniform, while R2 has an increased
layer thickness. The reason is the topology of the substrate caused an increased created
stand-off height between stencil and substrate during the screen printing process which
occurs for R2 to a greater extent. This leads to a thicker paste deposition and results in
a lower resistance compared to R1 and R3 which can be seen in figure 3.46. Usually the
resistor paste is printed first. In this case, however, the approach to apply the conductor
lines first was chosen to fire the sensing resistors only once at high temperature. The
substrate was glued to a plastic lid matching the dimensions used in the simulation and
the channel was filled with water. The inlet and outlet ports were closed with sticky

tape to seal the fluid in.

3.4.3 Verification of the temperature distribution

With the sensor-module, application-relevant measurements were performed and the
temperature at the reference locations measured with the integrated PTC-resistors. The
samples were contacted by means of a soldered contact pin array and secured in an ar-
ray socket (see figure 3.47). This allows the fast exchange of devices to be tested, the
thin contacts assure little heat removal and influence on the temperature profile. The
resistance measurements were carried out with the Kelvin method using an OMEGA
OMB-DAQ-56 USB Logger with 22 bit resolution in a 1.5V range. The resistors were
connected in series, supplied with a measuring current and the voltage drop of each
resistor recorded (see figure 3.49). For acquiring the temperature distribution, a PCE-
TC3 thermography camera was used. The samples were painted with varnish with an
emissivity of 0.98 because the ceramic shows a significant reflection of thermal radia-
tion. The heating power was set to 0.33 W without a controller and a stable temperature
distribution with 37°C at the reference point was reached. Before measuring the tem-
perature distribution, the temperature dependence of the sensing resistors had to be
determined (calibration measurement). For this purpose, the sample was mounted on
a Peltier-temperature control system and the resistance recorded at several tempera-
tures (figure 3.50, resistor properties see table 3.9). Following this measurement, the
sample was placed inside a plastic box to shield it from air streams and connected to
a power supply. In the thermography images (figure 3.48), the temperature distribu-
tion shows the desired homogeneous distribution in the channel areas. The temperature
values obtained from the embedded temperature sensors (table 3.9) match the ther-

mography recordings very well and also qualitatively with the simulation results (see
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FIGURE 3.46: Topology of temperature sensing resistors.
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P black painted sample

with soldered pins ~ 50-pin ribbon cable

: ~ twin row 50 pin connector
plastic box (only one row used)

FIGURE 3.47: Measurement set-up for thermography recording.

FIGURE 3.48: Thermography image of the meander-structure.

figure 3.30). Because the module was not enclosed completely, the higher convection
caused a reduction of the temperature from 37 °C to only 34.7°C. Still an exceptionally

flat temperature distribution with a spatial variation of only 80 mK can be observed.

Resistance 2 66.67 | 55.78 | 66.86
TCR ppmK-—1 2996 3014 3000
calculated temperature C 34.682 | 34.670 | 34.603

TABLE 3.9: Measurement results of resistors and correlated temperature.
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FIGURE 3.50: Sensor resistors temperature response.
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3.4.4 Homogeneity of the temperature distribution of the fence-

structure

For the verification of the temperature distribution of the fence structure a sample with-
out embedded temperature sensing resistors was used. The sample was connected to the
power supply only by a thin wire to reduce the temperature profile distortion caused
by the heat escaping via the connection. The fence structure was heated like the mean-
der structure by a power of 0.33 W. The temperature profile obtained by thermography
matches the simulation results (compare figure 3.23 and figure 3.52). Further investiga-
tions were not conducted because this design was not considered useful for the realization

of the demonstrators.

d e

FI1GURE 3.52: Thermography image for the fence-structure.
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3.5 Conclusions

The study shows that it is possible to achieve a homogeneous temperature distribution
on the carrier substrate alone with a heater structure where the lateral temperature
gradient as well as the vertical gradient inside the channel is exceptionally small and,
therefore, allows the measurement with the sensors placed inside the channel. The mea-
surement results obtained from the test vehicles match the simulation results very well.
The temperature profile recorded with thermography of the final optimized meander
structure has the high homogeneity as expected and shows a very well correlation with
the temperature values from the integrated temperature sensors. The application of a
passivation layer causes an almost doubling in resistance value for both, the meander
and the fence structure. The aging tests confirmed a high stability of heating and re-
sistor paste. However, the increase in resistance caused by the passivation layer must
be considered during the design phase. The fence structure is in general useful but not
applicable to this design due to a very low resistance. It exhibits an opposite change of
the TCR during aging compared to the meander structure (+6% compared to -1.8%).
This is caused by boundary effects where the resistor paste is influenced largely by pas-
sivation and conductor interfaces. This means that the track width is simply too narrow
and will cause problems. The polymer passivation had no effect on the behavior of the
resistors as it is cured at a much lower temperature compared to the glass passivation.
The remaining small but noticeable asymmetry in temperature distribution suggests
that the usage of a flow-through heater could further improve the performance of the

module if necessary.
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Chapter 4

Flow-through heater

Many biochemical or biomedical applications involving enzymatic measurement methods
require highly stable temperature distribution during measurement - usually 37 °C as for
instance with alkaline phosphatase [5]. If the measurement is carried out on a per cycle
basis where the channel system is flushed and the sample liquid exchanged, the heating
during discontinuous flow is generally not critical. The measurement module including
the fluid can be heated together and the desired stable temperature distribution will be
reached after a given time. This is no longer possible when the cycle rate is increased and
the settling time can no longer be met or the measurement is carried out continuously
e.g. to monitor blood contents in real time. The fluid exchange must not change the
temperature distribution inside the critical measurement sections of the module. For
this reason, a separate continuous-flow heater with controller circuit is required to allow
immediate measurement after fluid exchange. Care must be taken that the fluids are
heated to an maximum allowable temperature level bot not overheated. This chapter
of the thesis focuses on the temperature profile inside the fluid channel of the flow-
through heater module and presents an optimization process yielding a homogeneous
temperature profile at the heater outlet for varying geometry at different flow rates and
fluid temperature as well as their possible realization in LTCC technology. The first
step is performed as an FEM-study to investigate the quality of the temperature profile
using a small defeatured model [29]. The second step is the design of an LTCC module

with heating meanders that is then simulated (multiphysics), built and characterized.

4.1 Finite Element Modeling Based Study

For modeling the continuous-flow heater, the section containing the heater is investi-

gated regarding the effects of varying heater chamber width, number of heating layers
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and heating power. Different solutions are then compared and conclusions are drawn.
According to the Hagen-Poiseuille-law for a rectangular shaped channel [30], the velocity
profile inside the channel has parabolic shape. In order to simplify the calculation, an
analysis is run with a test pressure to extract the overall flow resistance of the channel
geometry. Because the flow rate is proportional to the pressure drop, it is possible to
calculate the necessary pressure that has to be applied to achieve the desired flow rate

according to the following equation:

-_K-h3-w

124 -1 Ap = R;l})w -Ap (41)

where V' denotes the volumetric flow rate, K the correction parameter for the aspect
ratio of the channel, u the viscosity, [ the channel length and Ap the pressure drop.
The height h of the channel is smaller than the width w of the channel. For channels
where h>w, h and w have to be exchanged. K depends on the aspect ratio w/h of the
channel and ranges from 0.42 for w/h = 1 to approximately 0.9 for w/h = 7.5. The
effect of all these parameters can be expressed as a flow resistance Ry;,,. The heating
power is calculated via equation 4.2 from the theoretical energy carried by the fluid when
heated from room temperature 22°C to the desired temperature of 37°C. The actual

heat transfer rate to the fluid is determined via the temperature profile at the outlet.
Pfiuia =V - pcp - AT (4.2)

Pf1yiq is the required heating power, p the fluid density, ¢, the heat capacity respectively
and AT the desired increase in temperature. Because fluid simulations can be problem-
atic regarding the convergence, it is important to check not only the plausibility of the
temperature distribution but also the heat balance if the heat carried by the fluid Ppyy;q

and losses through convection P, are consistent with the input power.
P = Peonv + Pfiuid (4.3)
Based on equations 4.2 and 4.3 a heat transfer efficiency can then be defined as
n = Pfiuia/ P (4.4)

whereby this formulation expresses that any n < 100% is due to heat losses by convection

at the module’s surface.
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4.1.1 FE-Model

In a provisional approach, a model containing only two heating layers was considered.
The module consists of a ceramic block with an embedded fluid channel that widens
into the heating section. The bulk material of the module is Heraeus CT800, CeramTec
GC or AlsO3z. These materials have been proven usable for biological applications,
sinter sufficiently dense and are compatible with the available pastes [31, 32]. Figure 4.1
shows the model setup with inlet and outlet port and a heating chamber of 10 mm
width. Tables 4.1 and 4.2 give an overview of applicable material properties and the
geometric dimensions. For this study, the heater geometry has been simplified to be a
homogeneously heated section of bulk material as shown in figure 4.1. For all surfaces
except inlet and outlet port, free air convection was specified. Fluid outlet pressure

pouT was set to 0 at the outlet and inlet pressure was calculated to achieve the desired

flow rate.
Material Bulk material (fired) Fluid
Heraeus CeramTec Al,O3 H,0O Air
Property CT800 [6] GCI7] [5] [5] [5]
density p [kgm?] 3200 2920 3900 1000 1.2
heat capacity ~ Cp [XKg'K™] | --- 4187 1.005
therm. 4.3 2.2 27 0.597 0.055
conductivity  k  [Wm'K™]
viscosity p [Pag - - - 1 17.1E-6
TABLE 4.1: Material properties for FE-model.
Length Width Height .
Component mm mm mm Material
. Heraeus CT800 or
Ceramic Block 15 15 4 CeramTec GC
Channel inlet & outlet 16 16 fluid
Heater section 5 w 16 fluid
Widening section 3 l6tow 16 fluid
Heraeus CT800 or
Heating fin layers 5 w 0.1 CeramTec GC
2-5 layers

TABLE 4.2: Model Geometric parameters.
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FIGURE 4.1: FE-Model overview as cross section along symmetry axis.

4.1.2 Influence of heating chamber width on the temperature distri-

bution

It can be foreseen that at a high flow rate heating up fluid layers close to the horizontal
symmetry plane (due to their larger distance to the heater planes)enough effectively is
possible (due to their larger distance to the heater planes). In order to reduce the flow
velocity the chamber width is increased between the heaters. The steady-state tempera-
ture distribution in the entire module, particularly the profile in the fluid, is analyzed by
applying such a heating power level Py;,;q according to equation 4.2 that at the outlet a
mean fluid temperature of 37°C is obtained. Under this condition, we can observe that
the heat loss Py, dissipating from the module’s surface by convection increases with
diminishing flow rate. In figure 4.3 this tendency is expressed by the dependence of the
heat transfer efficiency in a range of 0.1 < V < 25mlmin~!. A strong non-linearity is
visible: the gain of efficiency becomes very small with increasing flow rate above a level
of around 5mlmin~!. This is important because a further increase of flow rate degrades
temperature homogeneity and is related to overheating of the fluid in the vicinity of the
heaters. On the other hand, by increasing the chamber width the flow velocity at a given
flow rate is lowered. Figure 4.4 depicts this tendency. But it also shows that lowering
of the fluid’s maximum temperature 7},4. Fiuia becomes less significant above a width
of around 12mm. Similarly, the flow resistance Ry, showing a strong decrease with
increasing width, becomes almost insensitive to variations of the width beyond the same

level of about 12 mm (figure 4.5). Based on these results we consider a variation range of
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the channel width of 1.6 mm < w < 12.5mm for further investigations and refinements
on the heater design. Figure 4.2 shows the temperature distribution in the longitudinal
cross-section resulting from simulations with a flow rate of 5mlmin~'. The highest flow
velocity is obtained with the smallest channel width (1.6 mm) leading to the lowest sur-
face temperature, but to high temperature differences in the outlet plane (figure 4.3).
The successive improvement of the homogeneity of the fluid temperature profile in the
outlet can be recognized in the following illustrations obtained from simulations with
increasing width. At a channel width of 12.5 mm (figure 4.2) the flow velocity is already

so low that a significant part of the applied power is dissipated at the module surface.

)

H

20 38 46 74 92 100°C

FI1GURE 4.2: Temperature distribution using CT800 as bulk material with different
chamber width: a) 1.6 mm, b) 2.5mm, c¢) 5mm, d) 7.5mm, e) 10mm, and f) 12.5mm

and a flow rate V=5mlmin—!.
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FIGURE 4.3: Heat transfer efficiency obtained with different applied materials using
two different flow rates in dependence of the channel width.
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FIGURE 4.5: Resulting flow resistance for varying chamber width.
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4.1.3 Influence of material properties on the temperature distribution

The heating power is assumed to be generated at the inner sides of the heating layers
over a rather large area. The parabolic flow profile of the fluid across the flow axis
leads to a strong spatial dependence of the heat transfer coefficient between fluid and
heaters. This causes a temperature gradient across the flow axis and in turn influences
the temperature homogeneity of the fluid. Nevertheless, a uniform temperature profile
can be expected if the heat is spread effectively inside the module block. For this reason,
it is important to consider the influence of the thermal conductivity of the chosen block
material. In the following investigation, a 10 mm wide heating chamber and flow rates
of 1 and 5mlmin~! have been selected. The calculated heating power necessary to
heat the fluid from room temperature to the desired level of 37°C has been applied
evenly distributed over the inner surfaces of the two heater layers. Figure 4.8 show the
temperature distributions in the longitudinal symmetry plane of the channel obtained
for three different values of bulk material thermal conductivity. The maximum observed
temperature T},q.Fig is decreasing with increasing thermal conductivity regardless of
flow rate and the respective channel width (figure 4.7). While at low flow velocity
(1mlmin~!) a high thermal conductivity (Al;O3, 27 Wm~!K) leads to higher losses
due to convection, a higher flow rate 5mlmin~' the same good thermal conductivity
helps to improve the heat transfer efficiency 7. This effect can clearly be recognized
in figure 4.6 where 7 is more than 10% higher at a flow rate of 5mlmin~! than at

1 mlmin—!.

4.1.4 Effect of additional heated bridges on the temperature distribu-

tion

Increasing the channel width slows down the fluid flow inside the heating chamber but
the fluid is still only heated on the channel walls. The heat diffusion through the
fluid to the channel center is still limited. For higher flow rates, it is necessary to
subdivide the volume of moving fluid into separately heated streams. For this purpose,
heated bridges or lamellas are introduced into the channel at the widest section. For
this study, the overall channel height was kept constant (h=1.6 mm) and additional
100 pm thick layers were introduced as bridges inside the heating chamber (figure 4.9).
Figures 4.10 and figure 4.7 show the heat transfer efficiency and the maximum fluid
temperature in dependence on the number of heated bridges. The relation between
number of heated bridges and flow resistance is shown in figure 4.12. Figure 4.13 shows
the temperature distribution of the fluid volume with a chamber width w=10mm and

a flow rate V =5mlmin~! for a different number of heated bridges: a) two layers as

60



0.96 —

=+ -+ - 4 CT1800
a & -9-%cc
®-0-0A1r203
5 ml/min
o924 === 1 ml/min
= - 5
0.88 — o- -
”-—__'______:::*
& _-- o __-@
i +- " __e----
[ 4
LA I L L B B
0 2 4 6 8 10
win mm

FIGURE 4.6: Heat transfer efficiency with different applied materials.

400 —
] 5 ml/min
————— 1 ml/min
380 — 4+ -4 - w=16mm
i O -©O-©Ow5mm
®-0-@-10mm
< 360 —
£
-
3 i
3
320 — h
S L L L LI B
0 5 10 15 20 25 30

kin Wm 'K

FIGURE 4.7: Maximum fluid temperature for different flow rate and bulk materials.

before (at the upper and lower side of the body) and b) to d) with additional one to
three heated bridges (sub figures a to d) for the two materials A) Al,O3 and B) Heraeus
CT800. With increasing number of heated bridges, a generally improved homogeneity
of the temperature profile over the cross section of the channel can be observed. When
in addition a material like AloO3 with a better thermal conductivity is used, the heat
can be distributed across the heating layers more easily and thus a greater amount of
heat is transferred to the fluid at lower differential temperature. This results in a further

improvement of the temperature profile at the module outlet.
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F1GURE 4.8: Temperature distribution using different bulk materials:
a) CeramTec GC (k=1.2Wm™K™), b) Heraeus CT800 (k =4.3 Wm™'K™") and ¢) Al;Os
(k=27 Wm'K1!) at a flow rate of V =5mlmin~! and a chamber width of w=10mm.
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free convection
h=10 W/m?K

Tams=22°C

fluid channel
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FIGURE 4.9: Extended model of flow-through heater with additional heated bridges.

62



_ z O—0—9O A0,
= + -+ - 4 CT800

: 1 mi/min
————— 5 ml/min
— - — 50 ml/min

0.96

=092

0.88

084 — : I T

3 4
Number of heating layers

FI1GURE 4.10: Heat transfer efficiency for w =10 mm, depending on flow rate, material
and number of heated bridges.

OH—O0—0 AL,
360 — & + -+ cT800
—— 1 ml/min
N . mmmm 5 ml/min
. . +* — - — 50 ml/min
x N ~
= _ .
= 340 0\ ~
2 : +
>
=~ E N ~
S ~
320 9~ T ~o
S~ e

300 T I T

3 4
Number of heating layers
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FIGURE 4.12: Resulting flow resistance for varying chamber width and number of
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FIGURE 4.13: Temperature distribution using different materials and number of
heated bridges: A) CT800 and B) Al;O3 as bulk material with 2 to 5 heating layers(1 =2
heating layers, 4 = +3 heated bridges), V =5mlmin~—! and w=10mm
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4.1.5 Result Summary

The FE-analyses showed that a high thermal conductivity is beneficial for the temper-
ature profile. Also the additional heated bridges improve the temperature homogeneity
and the heat transfer efficiency. Therefore, AloOgs sintered at high temperature 1500 °C
would be desirable as bulk material. However, only LTCC pastes are available with the
required electrical properties that are not compatible with the high sintering tempera-
ture. For this reason, Heraeus CT800 was chosen instead, which is fired at 865 °C as the
best alternative to AloOgs tapes for the realization of a prototype. The study also showed
that an optimal flow rate exists where the temperature profile at the outlet is mostly
homogeneous. If the channel is widened too much an equally distributed power across
the bridges leads to a hot spot inside the channel. This means the design parameters
channel width and number of heated bridges can pose a limit regarding the range of
flow rates. Therefore, an adjusted power dissipation and heater design considering the
localized flow rate of each specific lamella is a further possibility to reach the desired

temperature distribution.

4.2 Design of Test Vehicle Design and Realization of Pro-
totype

At the first glance, the design presented in this section seems oversized for its purpose
especially when using a very large bridge structure inside the module. However, the
reason that this particular design was chosen to explore the feasibility not only as a
flow-through heater that is operated near room temperature but also for potential ap-
plication in high temperature chemical synthesis. The feasibility is not only determined
by the fact that the module can be manufactured but also to obtain the predicted qual-
ity of the temperature profile. An important topic is therefore the verification of the
achieved temperature profile inside the channel. A measurement system using a scan-
ning technique with a CNC-system employing a miniature thermocouple was developed
and successfully used for this purpose. Additionally, the design was first created inside
a PCB-layout system and the geometry data transferred to the ANSYS simulation en-
vironment. A special method had to be developed in order to transfer the layout-data

to ANSYS easily, which is described in the next chapter.
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4.2.1 Prototype design and simulation based optimization

As a trial for the feasibility of the proposed setup, a module layout with three heating
layers was considered (one bottom, one top and one additional heater in the middle of the
fluid channel). The heater structure is a simple meander resistor with one temperature
sensor in the up- and one in the downstream region. For simplicity of fabrication, the
layout is equal for all three heating layers with cut-outs enabling the access to the
embedded layers. Figure 4.19 gives an impression of the layer stack-up. This simplistic
approach was chosen to minimize the number of screens required and to omit vias, which
require additional process steps during prototype realization. The design of the module
was created using PCB-CAD Software and further processed using the in-house tool
TRESCOM [33]. The actual simulation was again performed in ANSYS. The inlet was
set to the respective inlet temperature of 25°C and zero inlet pressure. A negative
pressure was applied to the outlet in order to achieve the desired flow rate. To the outer
surfaces, a convection boundary condition was applied using a heat transfer coefficient
of I0Wm™2K and the same temperature like the inlet of 25°C. The simulation was
performed with two separate solver runs for electrical simulation and fluid simulation
with mutual exchange of electrical power loss created by the temperature dependent

resistance and temperature distribution calculated from the fluid flow.

Figure 4.14 shows the temperature distribution on the topside of the module as well
as a cross section through the module where a significantly higher temperature at the
heater /fluid interface is observed. The channel outlet’s temperature profile as well as
the fluid velocity is shown in detail in figure 4.15. The temperature distribution inside

the heater section hints at two problems:

a) The localized higher temperature of the heater can cause thermomechanical problems.

Therefore, this effect is limiting the possible input power to the heater.

b) The fluid is already overheated at the heater while at the outlet the desired tem-
perature is not reached at the particular flow velocity. Furthermore, the fluid velocity
profile exhibits a slight asymmetry in vertical direction, which is caused by the single
sided input flow. In addition, the asymmetry of the conductor lines in vicinity of the

heater influences the quality of the temperature profile in a negative way.

The electrical simulation results show that no significant difference in power loss density
is present across the meander, only at the bends of the meander the expected maxima
are observed (figure 4.17). Also the voltage drop is without abnormalities as can be seen
in figure 4.16.
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FIGURE 4.14: Temperature distribution using AloO3 substrates with 3 heating layers
and a flow rate of V=20mlmin~! as a) top view and b) cross section.
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FIGURE 4.15: a) Temperature distribution at the outlet surface and b) corresponding
fluid velocity profile.

4.2.2 Manufacturing

For the heating bridges (lamellas) the unfired tape layers were first structured with
a g-switched Nd:YAG laser. Then resistor and conductor structures were applied via
screen-printing followed by a drying step. The heating layers were combined with a cover
layer of same thickness to seal in the electric components but provide acceptable thermal
coupling to the fluid. The rest of the module was processed using three different methods
to achieve the most reliable and geometrically correct prototype. Figure 4.18 shows the
proposed stackup for the LTCC version, which can be replaced by an equivalent version
made in thickfilm technology. The layers are laser-structured sintered-alumina substrates
that after applying the conductive and resistive traces followed by sintering are joined

with glass solder.
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FIGURE 4.16: Simulated potential across meander with an operating voltage of 12'V.
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FIGURE 4.17: Power loss density of the meander with an operating voltage of 12V.

Method A: Step-by-step lamination

In order to ensure proper lamination of all layers a complex step-by-step lamination
process had to be developed in order to avoid damaging of the channel structure on
one hand but also to achieve sufficient adhesion between the layers on the other hand
(figure 4.19). No problems occurred during the pre-lamination steps. Figure 4.20 shows
the pre-laminated layers inside the press form before final lamination. During the final
lamination the module was deformed. Both top and bottom surface in the heater section
bulged into the fluid chamber. The heating resistors and temperature sensors were
distorted and resistance values differed by a factor of 5. The channel cross section
depends on the lamination pressure as can be seen in figure 4.21 after sintering. A
reduced lamination pressure leads to a less deformed module but also to delamination
as the lamination pressure is 24 Nmm~2. It was not possible to reduce the lamination
pressure far enough to achieve an undeformed but well laminated module (figure 4.22).

From this investigation it becomes obvious that the use of sacrificial filler cannot be
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FI1GURE 4.18: Layer stackup for continuous-flow LTCC heater module.

avoided and that a particular fabrication process had to be developed to cope with this

deformation problem.

Method B: Single step lamination with sacrificial material filling

Because the pressure distribution inside the module during lamination is severely dis-

torted by the cavities, a lamination process with sacrificial material had to be developed.
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FIGURE 4.19: Lamination procedure for continuous-flow LTCC heater module.

The principle of using a filling material during sintering that evaporates or burns off dur-
ing firing was successfully applied by Bruno Balluch et.al. [31, 34]. However, the use
of powder or liquid material is limited when it comes to narrow cavities or high aspect
ratios. It cannot be guaranteed that the material will settle equally well throughout the
channel system. Especially powders can clog the channels during filling and a homoge-
neous filling is impossible. Furthermore the particles can be easily distributed between
the tape layers if the layers are not properly clamped which is impossible for structures
like bridges inside the channel. For this reason, PMMA tape in similar thickness as
the LTCC tapes structured by laser cutting was considered. Another readily available
material is polystyrene. Both materials where evaluated as a sacrificial material. The
processing of the tapes including printing was the same as Method A, but for lamina-
tion sacrificial inlays were cut with a COq-Laser (see figure 4.23) and stacked together
with the LTCC tapes inside the lamination fixture. The complex lamination process
was reduced to one lamination step (70 bar, 70 °C, 4 min) which gives good results after
lamination (see figure 4.24). The results after firing showed that melting of the sacrifi-
cial material leads to transportation of ceramic particle in both cases - polystyrene and
PMMA. At the glass transition temperature the polymer exhibits a much higher thermal
expansion which leads to either rupture of the chamber or shearing of the bridge due to
slight asymmetries during manufacturing of the yet unsintered stack (see figure 4.25). In-

vestigations show that PMMA decomposition starts at 360 °C with a strong temperature
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FI1GURE 4.20: Assembled pre-laminated parts of heater module before final lamination.
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FIGURE 4.21: Heater modules channel cross sections near outlet.

sensitivity[34]. Temperature variations of few degrees can cause excessive decomposition
and pressure build-up inside the module leading again to rupture. Boiling and decompo-
sition during binder burn out of the polymers also caused transport of ceramic material
that settles on the bottom of the channel. If the inlay is to thick, high compression of

the tape occurs in the chamber region (slightly visible as darker tape color) whereas the
neighboring regions show slight delamination because of reduced lamination pressure.

71



FIGURE 4.22: Squashed module after lamination and sintering when using the required
lamination pressure for layer adhesion.

This causes warpage of the chamber cover layers due to reduced shrinkage during sin-
tering. The opposite is the case for samples with to thin sacrificial inlays. The color of
the cover layers in the chamber region is slightly brighter than the surrounding material.
The sample with the thinnest inlays already showed some wrinkle-like coloring of the
cover layers which were also bent into the chamber. After binder burnout, delamination

of the cover layers became obvious.

Method C: Multi Step lamination with constrained sintering combined with

adhesive

The problem during lamination is that the free bridge sections carrying the heating
meander must not be compressed a second time during the final lamination step which
also leads to forcing material inward the channel. Compressing causes stretching and
thinning of the conductor tracks and makes the free bridge buckling slightly during lami-
nation. By reducing the lamination pressure and using constrained sintering layers made
from alumina the main module is prevented from shrinking laterally which puts tensile
stress on the bridges keeping them straight after sintering. Additionally, transparent nail
paint thinned with isopropanol was used to fixate the layers before lamination. This is
necessary because the heating layers are laminated to the cover layers in a separate step,
but do not have any contact where the contact arrays are during the following lamina-
tions. The result showed that the constrained sintering works in principle but due to
the thickness of the module the bridge experienced too much tension and the resistors
had too high resistance or no contact, which can be explained by cracking of the bridge.
An investigation in which only the pre-laminated blocks were sintered showed a paste
incompatibility that becomes especially a problem with the low lamination pressures

that had to be used.
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F1GURE 4.23: PMMA inlays as sacrificial material

F1GURE 4.25: Heater module incorporating sacrificial material after binder burnout

Method D: Multiple alumina substrates bonded by glass solder

Because the LTCC variant was very problematic when using resistor and conductor
pastes inside the design an alternate approach was needed. The layout remained un-
changed but the substrates made of 600 pm thick alumina were used. The heating
meander (ESL29230) and the conductor paste (ESL9I695) were applied in two sequential
series of printing/drying/sintering steps and the bridge heater was passivated by a glass
layer (ESL4771). Figure 4.26 shows the fired separate alumina substrates, details of the
meander and sensor resistors can be seen in figure 4.27. The module is finished after the
sinter and final reflow cycle for the glass paste (ESL4031-B). Eventually, the method D
proved to lead to a functional prototype (figure 4.28).

73



FIGURE 4.27: Heater bridge for heater module FIGURE 4.28: Module with
using prefired substrates. wires and water connection.

Manufacturing summary

The original goal of using LTCC technology and only 80um thick layers could not
be achieved. Instead, 240 pm thick tape had to be used because of excessive sagging
and tearing of the bridge. This is a disadvantage at higher power densities, which are
required for higher flow rates. A strong temperature gradient inside the bridge can lead
to mechanical stresses in addition to the forces created by the flow resistance and system
pressure that leads to structural failure. Due to paste incompatibilities and problems
with sacrificial material, a satisfying prototype could not be realized in LTCC technology

although dummy samples without electrical functionality suggested otherwise. By using
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alumina substrates (method D) combined with a low-temperature-firing glass paste a

working prototype was obtained.

4.2.3 Verification measurement

Because the most important property of the flow-through heater is the temperature
distribution in the fluid cross section, a measurement method had to be developed
to assess the quality of the temperature profile. The temperature inside the fluid is
not easily accessible and can hardly be determined by observation from outside. The
temperature dependence of a fluorescent dye has been used for temperature measurement

[35]], but the set-up for the optical measurement is rather complex.

Therefore, a type-K micro-thermocouple was made of two 50 pm thick wires (Ni-NiCr).
The small wire diameter is necessary in order to prevent excessive distortion of the
temperature profile or fluid flow. These wires are very thin and without further rein-
forcement, unpredictable motion in the streaming fluid may result. An epoxy-coat was
successfully applied strengthening the wires and forming a sharp needle-like probe that
could easily be operated inside the fluid stream (shown as detail view in figure 4.30). The
probe was moved by a stepper motor positioning system while measuring the tempera-
ture with a synchronized data acquisition system in a pre-programmed zigzag pattern.
By using a sync signal from the CNC control, the sampling for the measurement is easily

synchronized to the motion of the probe. Figure 4.29 shows the schematic for the veri-
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FIGURE 4.29: Verification measurement schematic for the flow-through heater.

fication measurement of the flow-through heater and figure 4.30 an image of the actual
measurement setup. The pump a) feeds water from reservoir b) into the heater module

c¢). On each heater layer, a resistor R;y and Royr are used to measure the temperature
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at the upstream and downstream region immediately before and after the heater. The
latter is shown as heating resistor Ry par, the index number denotes the corresponding
layer. The fluid leaves the module and passes a thermocouple e) that is positioned using
a CNC system d). The reservoir temperature is monitored by another thermocouple f).
The module was mounted vertically on a rail by means of a tube adapter, which was
glued to the module using epoxy. The adapter is connected by a silicon rubber hose to
a brushless-DC pump. For the measurement, the pump was adjusted to the desired flow
rate and checked again after the measurement. The heater voltages UggaTER12,3 are

manually adjusted to match the input powers obtained from the simulation. Figure 4.31

FIGURE 4.30: Verification measurement setup.

shows the simulated and the measured temperature profile in comparison, table 4.3 sum-
marizes the corresponding resistance and temperature values all of which are in perfect
agreement with those verified by the measurements. Several deviations are noticeable
because of the slight misalignment of the ceramic layers that have a large impact on
fluid flow and the temperature distribution. The measured temperature distribution
shows that the maximum is broader than predicted by the simulation. This has two
reasons: the water wets the sensor even outside the cross section of the fluid channel
and makes the peak appear broader. However, the asymmetric fluid flow also increases
the temperature and does indeed broaden the maximum. The temperature minimum in
the center of the channel is also broader and deeper, which should not be the case. The
reason for this deviation is most likely the different layer thickness of the glass solder
with possible air gaps that allow the water to flow in a not enough precisely predictable

way.
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FIGURE 4.31: Simulated (a) and measured (b) outlet temperature profile: P =3 x 4 W
and V' =20ml. (y denotes the width koordinate of the module and z the height.

Layer | Resistor Value TCR Temperature
Q ppmK~1 | measured °C | simulated °C
Ry 0.95 2830 26.8 27.1
1 Ry 1.02 2870 40.9 41.3
Ry 52.3 3360 — —
R, 0.98 2841 24.9 25.1
2 Ry 0.97 2846 34.0 34.2
Ry 49.6 3339 — —
R, 0.99 2851 27.0 27.1
3 Ry 0.95 2856 42.0 41.3
Ry 52.2 3350 — —

TABLE 4.3: Resistors of flowheater for each layer and their corresponding measured
and simulated temperature where applicable.
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4.3 Summary

The FE-analyses showed that it is possible to design a continuous-flow heater and obtain
a homogeneous temperature profile at the outlet. For a high flow rate, the velocity
profile inside the channel must be taken into account as the heating resistor structure
has to be matched to the flow profile and the resulting heat removal in lateral direction
perpendicular do the flow. The simulation results show that the current simple design

is able to heat water at a flow rate of 5mlmin~' to the desired temperature.

The study of the manufacturing process revealed that before a stable ceramic continuous-
flow heater can be realized in LTCC technology, it is important to evaluate sacrificial
material like PMMA as filler. Care must be taken that the filler does not influence the
properties of the fired conductor and resistor traces inside the structure due to wash-
out of the paste and LTCC binder and particle transport. A frame to stabilize the
structure and achieve a homogeneous pressure distribution inside the structure during
final lamination is necessary as well as to find a compatible paste system for the given

application that does not need high compression.

The contingency set-up using alumina substrates that were bonded with glass-paste
proved a viable option. However, the manufacturing tolerances of the different flow
cross sections lead to a small difference in flow profile and an unforeseeable distortion
of the temperature distribution. This would also be true for the LTCC module and,
therefore, this type of flow-through heater is hard to realize for temperature sensitive
applications. This means that the overall design might seem feasible during simulation
when all dimensions are perfect, however, severe problems in flow stability and heat
transfer, especially for higher flow rates, might appear. It can be concluded that the
design can be used for the intended application but for creation of a precise temperature
profile a lot of work has to be done regarding material selection, process optimization

and the design of the structure itself.

As the design was first created inside a PCB-layout system the geometry data had to be
transferred to the ANSYS simulation environment. The attempt to use the exported lay-
out inside SolidEdge to create the 3D-model and further process it in ANSYS-Workbench
or ANSYS-Mechanical failed during gluing of the separate volumes. It proved rather
difficult to combine very thin layers that represent electrical screen-printed parts of the
module with the larger fluid layers. Additionally, automatic geometry correction due to
keypoint mismatch caused by round-off errors leads to distorted and damaged geometry

itself. These hard-to-detect errors not only make it difficult in case of a simple model like
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the flow-through heater but the work involved processing highly complex data like mul-
tilayer PCB files is simply impossible. A novel method with a data reduction algorithm

was especially developed for such cases, which is presented in the next chapter.
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Chapter 5

PCB and LTCC Layout Design
and Data Transfer

The functional blocks of microfluidic systems can be defined as components in a CAD-
package like Graffy-Hyde (optimized for LTCC design) or similar tools like PCAD,
ORCAD, EAGLE, Zuken etc. as schematic parts. The components in the actual PCB-
design can be defined on a per-layer basis where cutouts for channels, resistors, con-
nectors and conductor lines are located. Additionally sub-circuits such as amplifiers
and heater drivers and even micro-controllers can be included. The transfer between
a PCB-Layout system that is used for PCB and LTCC design is usually possible for
low complexity cases via a DXF-format. Advanced packages also allow the export as
3D-geometry with additional parts like housing and mechanical components e.g. screws.
If the substructures are created as 3D-Geometry directly from the Layout system or an
external CAD-package like SolidEdge, a direct translation into a FEM-model is usually
performed, however unexpected problems can occur. For instance, the combination of
very thin geometry with long and short structures at the same time can lead to failure
when ”gluing” the volumes or minor round off errors in floating point values lead to
an automated repair of the geometry that actually destroys the model. When a com-
plicated layout is imported, it is not unusual that several thousand sub-volumes are
created. Because of the high number of entities, it is impossible to check for errors in
the resulting geometry, often because the errors are introduced not directly during im-
port but rather before the meshing starts. If the layer count and number of details get
too high it becomes problematic to create a correct mesh within a reasonable amount
of time. In addition, the dielectric which is created by a Boolean operation from the
copper structures and embedded components takes a high computational effort and only

feasible for very simple structures.
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The processing of the 3D-model when imported into the ANSYS environment can be

performed in two ways:

a) Every volume is meshed separately and special contact/target pairs of 2D-elementsare
are created to couple the elements. This means that coupling coefficients must be calcu-
lated before the solver run and fields are interpolated across the sub-component bound-
aries; a step that leads to loss of precision. However, the meshing can be performed in
parallel and is very fast. By choosing an appropriate mesh size, the loss of precision
can be controlled, but this technique might not be applicable for a multiphysics simula-
tion where the results (Joule losses in temperature dependent electrical simulation and

temperature field of the fluidic simulation) are transferred.

b) ”Gluing” of the volumes where surfaces are touching, they are united to form shared
areas and assure a continuous mesh. This guarantees high precision because a detailed
mesh can be generated in critical areas and this can be done mostly fully automatic. The
algorithm performing this task might not have problems if the key points are exactly

the same but fails when minor deviations of the coordinates are present.

Additional to the above-mentioned problems, special licenses or additional software
might be required to read the design data (eg.g ANSYS ICEpak, NETEX-G). Even
if it is possible to read the data in one software module, it is not necessarily easy or
possible to use it in a different module or software package without any problems. There-
fore, an existing thermal simulation tool named TRESCOM (originally developed at the
Institut fiir Werkstoffe der Elektrotechnik, TU Wien [33], further developed by Gernot
Hanreich and Martin Miindlein) was used as basis to create models of real world layouts
of arbitrary complexity by processing layer data into voxels (finite volume modeling with
orthogonal grid). One particular feature of TRESCOM is that a model is created by
assigning a distinct, user defined, color to each voxel representing one distinct material.
In this way complementarity of all material filled volumes and heat transfer coefficients

between them are provided automatically.

5.1 Data conversion and model creation

The most basic method to transfer model data as for instance generated by a CAD
program is to use a voxel representation of the model using bitmaps in conjunction
with the most common output routine that is available in all software packages: the
printing function. By utilizing either PostScript or PDF as intermediate format and
GhostScript® to create the bitmaps with a given resolution a voxel representation can

be easily created where the chosen resolution sets the obtainable detail level and the
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color represents the material. Because the bitmaps are rather large, in the frame of this
PhD-Work the TRESCOM source code had to be greatly modified to accommodate for
the higher data volume in both the computation part and the display part of physical
model and results. Also the solver was changed from a SOR(successive over-relaxation)-
to a Red/Black parallelizing SOR algorithm using a 64 Bit-compiler. While the data
transfer is now straight forward, fine details with comparatively large models lead to
excessive model sizes and memory consumption, which raises the need to find some

method of reducing the model size.

a) - bj | | c)

FIGURE 5.1: Rasterization of pads and copper tracks at different resolution:
a) 20 pm, b) 40 pm and ¢) 80 pm.

Figure 5.1 shows a part of a PCB conductor structure rasterized as bitmap at different
resolution. It can be clearly seen that the circular shape has been degraded into a
classical chunky form that will cause problems in certain situation where the correct
shape is important such as high frequency applications but also mechanical or fluidic
applications. For thermal or electrical simulation, it is enough that the cross-sections
equivalent. If the error made is too large, a finer rasterizing grid has to be chosen.
A simple mesh can be directly generated from the voxel data by using the size and
coordinate information to write out a node list and an element list for ANSYS. It becomes
clear immediately that the orthogonal grid representation which needs an x, y and z-size
information scales with 3 - n while the node coordinates are stored with n® memory
consumption. A representation with 2D-shell elements, which store layer information
internally, might be possible in some cases where each 2D-element represents a column

of the model. Unfortunately, this cannot be used in conjunction with fluid simulation.

Furthermore, TRESCOM only allows thermal simulation without any electrical, me-
chanical or fluidic computation. To address this shortcoming, an export routine for
ANSYS was developed that allows reducing the model with a selectable coarsening fac-
tor. In order to compare the effectiveness of the conversion procedure and the data

reduction algorithms three different models were chosen:

a) a simple D?PAK compatible package of a Schottky double diode,
b) an LTCC flow-through heater and
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c¢) a highly integrated camera module with embedded passives as well as ICs and addi-

tional SMT components on both sides of the PCB.

Figure 5.2 shows the three different models that were used as 3D view created in the in-
house tool TRESCOM. The test models have different characteristics making it necessary
to use different resolutions for rasterization, which leads to unacceptable high memory
consumption. Table 5.1 lists the key features such as vias count, size and number of
layers as well as the necessary resolution. It is evident that especially the camera module
(c) has an enormous memory consumption but also the other models result in a large
model. To reduce the data size two methods were investigated: a simple combination
of adjacent slices (x-z and y-z- planes) with equivalent material stacks and a recursive

cell-enlargement algorithm[36].

b) 0

a)

FIGURE 5.2: 3D-view of the test models:
a) D?PAK compatible package, b) LTCC flow through heater, c) camera PCB.

5.2 Coarsening by equal slice search and merge

Due to the necessary high lateral resolution, the memory consumption and computation
times needed for processing models with high spatial resolution might be quite large.
If a model has large areas without any material change, an appreciable reduction of
lateral discretization steps can be achieved by searching for equal slices of the model
in the x-z- and y-z-planes. The same method could be used for x-y-slices but as the
model is layer based, it has already the optimal discretization in vertical direction.
If equal slices are found, they can be replaced by a slice with their combined width.
This approach is simple and easy to implement (figure 5.3) but an excessive use of
this function will create elements with large aspect ratio. As can be seen in figure 5.4
using the D?PAK model as example [37?7 ], the reduction has already reached the
aspect limit and cannot be reduced by a maximum possible factor of 7.75 (table 5.1).
The reason are the vias within the stack that enforce a very fine resolution in the
corresponding areas. Furthermore, geometry angles different from 90 degree cause a
poor slice matching leading to unsatisfactory coarsening. This effect poses a significant

limitation of this approach, which is especially unsuited for the camera PCB [38]. For
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such cases a second meshing and coarsening process was developed that can overcome

these shortcomings.

start:=0
comp:=1
nfree:=0
slice[start] =
slice[compare]?
ves no
copyslice(start=» nextfree) copyslice(start=> nfree)
th[nfree]:=th[start]+th[comp] th[nfree]:=th[start]
nfree:=nfree+1 nfree:=nfree+1
comp:=comp+1 )
start:=comp ~ _C_p.mp=maxd|m-1?
_comp:=comp+1 yes - no
- . start=maxdim-1? copyslice(comp=>nfree)
yes I no| th[nfree]:=th[comp]
copyslice(start=» nfree) SRl
th[nfree]:=th[start] start:=comp
nfree:=nfree+l comp:=comp+1
(start>maxdim-1) or (comp>maxdim-1)
maxdim:=nfree

F1GURE 5.3: Slice combining algorithm.

FIGURE 5.4: External view of D2PAK compatible package model with bad reduction
at package edges due to internal fine structures.

5.3 Cell reduction recursive enlargement

For an effective coarsening of the model, the method works in three main steps:
a) Column type search

A column represents the local material sequence in vertical direction. The first stage is
to create a column type matrix (CTA) in which the column types are stored. The model
is traversed beginning at x=0; y=0 and the current column is compared to all other
columns. If a match is found, a 32 Bit column type number is written to the CTA and
the column marked as ”processed”. The column type number starts at 0 representing

empty columns and is increased by one for each new column type. The first non-matching
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Model Features and size cell count

D?PAK 4.5%x5.4x0.15mm? chip, 18.6 M
package 88 of 150 pm vias, 12 layers (2.4M)
LTCC 50x 255 x 3mm? total size, fluidic channel, 32M

Flow heater  three 12 m thick heating meander structures (7TM)

11 copper layers, 10 dielectric layers,

embedded and SMT passives + chips, 36.7M
22x23x0.8mm? total size, (36.7 M)
extremely high complexity

Camera PCB

TABLE 5.1: Number of cells for the three test models after import and minimum
number after slice combining.

location is also remembered for the start of the next loop. The next loop is started with
the next unprocessed column until all columns have been processed. The procedure is
shown in Figure 5.7a as Nassi-Shneiderman-diagram. The column type number can also
be used to create layered shell elements for ANSYS later on if desired. The 3D-model
is reduced to a 2D-representation similar to a top-view X-ray image where the material

sequence in perpendicular direction (z-direction) is considered.

If only a PCB without any components is considered, each layer can be composed locally
of FR4 material or copper which can be represented as 1 Bit. If all permutations occur,
the maximum expected bit count needed to store the column type is equal to the number
of layers. This means, that a 50 layer model would already consume 50 bits of the count
variable, however as the horizontal resolution of the model is limited to < 65535 cells
(16 Bit) in x and y direction each, a total of 4 Gibi (4 - 10243) permutations are possible
no matter of how many materials are actually used inside the model. Therefore, a 32 Bit

variable is sufficient to store the column type.
b) Reduction

In this step, a search is performed for locations that have the same column type num-
bers. Based on the equality of neighboring columns, points in between are marked where
potentially a higher order element can be created. Figure 5.5a shows the original rep-
resentation with filled circles where the color represents two different column types. In
the first iteration, each junction between 4 adjacent cells is marked if those cells have
the same column type. Figure 5.5b shows the larger cells that have been created. Cells
that have been altered are filled with corresponding color; unchanged cells are marked
with filled circles. Those elements that can be used to create larger elements have been

left white and marked accordingly. One drawback that can be already observed is that
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some original sized cells have been cut in half while a bigger cell has been created. How-
ever, this guarantees a finer resolution at critical areas like vias with strong heat flux
or current density. Figure 5.5c¢ shows the newly created cells where again some cells
have been cut in half into triangles. All nodes that are surrounded by higher order ele-
ments can now be marked in the following iteration — Figure 5.5d shows one final mark
with no further possibilities. Because the marks are placed where an output is required,
the marks must be placed in such a manner that no overlapping cells are created. In
Figure 5.5b a mark could be created right below the first mark but this would cause
overlapping cells. In general no mark above or below, left or right of the considered

location must be placed in even iterations. The distance for mark exclusion is given by
2Iteration—

I as this would create overlapping cells.

iteration number

2)

FI1GURE 5.5: Cells of the current size with markings for the next size increment:
a) original representation, b) 219 size, ¢) 3" size and d) 4'" size elements.

A similar situation is in figure 5.5¢ where diagonally no marks must be placed; the top
and bottom locations are also forbidden but are automatically excluded by the previous
markings determined by the algorithm. For each iteration, the resulting higher order
elements have v/2 of the side length and twice the area of cells from the previous iteration.
This principle can be continued until no more coarsening is possible or the maximum
desired level of coarsening is reached. In order to store the markings efficiently a bit
mask matrix is used where each bit represents a mark for each coarsening level and
a single ”1” starting from the LSB is shifted left for each iteration. This part of the
algorithm is shown in Figure 5.7b and c. Table 5.2 gives an overview of the number
of elements of increasing size for different models that can be created from the newly
generated elements from the previous iteration. In this Table the afore mentioned effect
can be observed where an optimum reduction is already reached with the 4th size for
the camera PCB whereas, in contrary, the flow heater and D?PAK models show that
a significant amount of the elements can be enlarged even to the 9 size and beyond.
Ideally, as the element area doubles in each iteration step, the number of larger sized
elements should be 50% of the previous iteration. The reason for the low reduction in
cells at the camera PCB is it’s high complexity as it consists of 12 copper layers with
11 dielectric layers, solder layers and embedded as well as surface mounted components

and a detailed mesh is needed at many locations within the model.
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FIGURE 5.6: Inner structure of D?PAK model processed with the reduction algorithm.

c¢) Output

An element list is created in iterations from the array holding the markings for each
element size and column type. The node numbers and coordinates are computed from
the current position and size level of the current iteration. Elements that touch a
higher order mark are cut in into triangles, elements that touch more than one mark are
discarded (figure 5.7d). At the end, a complete model file is created with the smallest
elements written first and the largest last. For practical reasons the software creates
an ANSYS input file containing the material properties for the simulation, node and
element lists, power losses and boundary conditions as well as solver commands. Post

processing is automatically performed to display the temperature distribution.

Iteration D2PAK Flow heater Camera

base size 1551875 1690956 1360216
2nd 752999 813839 463212
3rd 355032 374703 128461
4th 164200 168791 34919

5th 74668 74493 9020
6th 33890 32823 2239
7th 14613 14288 555
8th 6147 6190 224
9th 2486 2521 99

TABLE 5.2: Number of enlarged cells for the three test models that can be created
from the previous iteration.
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FIGURE 5.7: Reduction algorithm: a) cell type search, b) marking of possible larger
cells, ¢) mark decision function and d) cell output.
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5.4 Results

a) Reduction in memory consumption

The algorithm makes it possible to easily create complex models and reduce the model
data significantly as table 5.3 shows. Even for models that do not allow a great reduction
in element and node count it is possible to use layered elements (shell-elements) and
obtain at least a drastically reduced database size. The memory required for the solver

remains unchanged because the number of unknowns stays the same.
b) Influence on simulation results

The D?PAK diode model created in SolidEdge and meshed in ANSYS Workbench was
compared to an equivalent model created by the reduction algorithm. Thermal and
electrical simulation showed no significant difference. Fine details are preserved where
a change of materials occurs anywhere inside the model which is beneficial for via to
copper plane connections. If the vertical resolution has to be increased too, only the
whole layer can be split. Automatic mesh refinement based on different criteria might not
be possible in general. The algorithm mesh convergence is not automatically obtained
and has to be checked by using different resolutions. Especially when using mechanical
simulations the jagged contours of round features can create stress risers and require an

even higher resolution.

Model as imported slice combining selective coarsening
D?PAK package 11.0 GB 1.4 GB 1.6 GB(271 M)
LTCC Flow heater  16.8 GB 1.5 GB 3.0 GB(156 M)
Camera PCB 19.4 GB not applicable  14.3 GB(1.1 GB)

TABLE 5.3: Reduction method and database size as ANSYS model with
Solid70(Shell131) elements.

c¢) Computation time

Considering all steps in model creation, meshing and solving a significant reduction in
time can be achieved when processing a large number of geometric objects. Because a
continuous mesh is created, no contacts or interfaces need to be considered and while
the algorithm might not be optimal for all cases, the ease of use of the program can help
reduce manpower. Extending this algorithm to 3D mesh generation is possible but the

selective coarsening approach might require prohibitive amounts of memory.

A further improvement could be achieved by including the original associative geometry
information. This would be beneficial for automated mesh morphing in ANSYS, but

such a method requires the processing of the original vector data.
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Chapter 6

Conclusions and Outlook

The main motivation for this work was to show that intelligent modular design of mi-
crofluidic modules is possible and by designing appropriate heater structures, an existing
microfluidic system can be further miniaturized. The power requirements are compara-

tively low and allow the use in mobile appliances.
a) Design method

The investigations showed that a trial-and-error approach is not only time consuming
but also not feasible due to the unpredictable settling time. By implementing a design
rule, an automated heater design is possible where not only a desired temperature profile
is reached after a desired time but also the profile itself exhibits no transient overheat-
ing. This means the whole temperature distribution is synchronous during transients,
which is important for simplified temperature regulation using only one reference point
for temperature measurement and only one control loop. This design method also lim-
its mechanical stresses, which are caused by CTE-mismatch of the materials and the
occurring temperature gradient. For practical reasons, alternative methods like param-
eterizing a meander or fence structure is more convenient because the structure is less

susceptible to manufacturing flaws like pinholes during screen-printing.
b) Temperature profile homogeneity and settling time

The results obtained with the development of a measuring prototype show clearly that
it is possible to design stable temperature distributions with a profile flatness better
than 100 mK over the critical section. The heat-up period can be made sufficiently short
and the realization as thick film module with a plastic lid is feasible staying compatible
with existing components. From experience, it is also possible to realize such a module
completely in LTCC technology, whereas the application of the enzymes into the channel

have to be done by pipette and a lid has to be used separately. LTCC technology has the
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advantage over thick film technology as it is a 2.5D approach and it is easy to integrate

fluid channels as well as sensor structures together with the heating resistors.
c¢) Flow-through heater

The flow-through heater was meant to increase the regulation speed of the system as
well as to serve as a study object for the implementation of high-temperature-capable
structures such as heating fins for chemical applications. A flow-through flow heater
allows heating the fluid to the desired temperature before it enters the critical mea-
surement section and, therefore, lowers the settling time of the system considerably.
Unfortunately, an LTCC-based heater could not be successfully implemented because
the dimensions were too ambitious and mostly unforeseen problems with paste com-
patibility and difference in compression of the material during lamination occurred. A
thick film version using alumina substrates was successfully built and a measuring setup
designed to validate the fluid temperature inside the liquid. The temperature profile
at the output of the heater suggests that the physical model deviates slightly from the
original CAD model and, therefore, the temperature profile is a bit distorted, which is

significant at higher flow rates.
d) CAD design and simulation

The application of a standard PCB design package allows using circuit symbols in the
schematics editor to design the fluidic and electric circuitry simultaneously which is
fundamental for an easy-to-use modular design system. The problem to transfer the
CAD-data of arbitrary origin into the simulation software was solved by creating a voxel
based method and reduce the data with a newly developed reduction algorithm that was
successfully used during the EMPOWER and EDDEMA research projects.

e) Material characterization

Investigations of the behavior of some LTCC materials as dielectric showed significant
ion conductivity at elevated temperatures as well as chemical instability where material
diffusion of the conductive paste occurred. In the case of one LTCC material, even an
extremely low temperature where ion conductivity became significant was found. Some
materials also showed significant softening at the sintering temperature for thickfilm
pastes. This is important for applying additional structures in a so-called post-fire
process (sintering process after the main LTCC module has been sintered) as these
tape material can suffer deformation during further sintering cycles - they cannot be
considered "refire safe”. Because not all LTCC tapes are available for a prolonged time,
new improved materials having different composition have to be investigated regarding

their mechanical and electric properties as well.
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The thesis performed lays a groundwork for the design of not only ceramic based but
also for PCB and silicon based layered applications. The future use for designing stacked
assemblies, assemblies with embedded components, micro reactors for chemical synthe-
sis etc. is an interesting field that is worth pursuing because high frequency, optical
(embedded fibers), high temperature and high-pressure requirements can be found on

an adequate multiphysical modeling-base.
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Appendix A

LTCC-Technology, Materials and

Characterization

A.1 LTCC-Technology overview, applications and novelty

uses

For a long time ceramics have been used as isolators with a high dielectric strength and
low ionic conductivity in high voltage applications as well as in RF-applications [39].
Ceramics as circuit carriers were pursued because the polymers used at the beginning
of electrical engineering (phenolic resin and Bakelite) were not as thermally stable as
modern high-T; PCB materials and the resulting products were not sufficiently reliable.
This thickfilm and hybrid technology started in the early 1960s when IBM developed
modules based on a 1/2 inch ceramic wafer [40, 41]. In thickfilm technology where
alumina substrates are used, the conductive and resistive areas are applied by screen-
printing where every type of paste is printed, dried and fired. When using a ceramic
wafer at first only single sided circuits are possible. Hole drilling (fired) or punching
(unfired) makes it possible to create double sided ceramic circuits. However, the desire
for higher integration densities leaded to the development of isolating pastes that allow
the creation of true multilayer circuits. The main problem is the creation of so-called
pin-holes that are introduced during the printing step and create a potential air void
between two signal layers on top of each other. This can lead to breakdown when a high
enough electric field strength is present whereby this phenomenon is not necessarily
detectable during manufacturing. This leads to failures at the final inspection or after
a certain time in the field. To create a solution LTCC technology was developed where
the conductive and resistive paste layers are printed on unfired tapes that are dried,

stacked, laminated and fired as one solid block. The following sections give an overview
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of the composition and the manufacturing of LTCC modules as it is performed at our

institute.

A.2 LTCC composition and Manufacturing procedure

Chemical composition of the LTCC tapes

LTCC tapes usually consist of a large portion of alumina, only the Ferro A6 tape fires
as Wollenstite CaSiO3 The Heraeus CT700/CT800 tape series uses barium aluminum
silicate, the CeramTec GC and the Motorola T2000 is based on anorthite CaAlsSiaOg[9)].
The following tables give the chemical composition and phases present in the various
LTCC tapes. Toskov et al. [42] investigated the chemical stability of the materials,

which is crucial for chemical applications.

Tape Dupont Dupont Ferro Heraeus Heraeus Motorola
951 943 A6 CT800 CT700 T2000
Phase CM—A1203 Oz—AlgOg CaSiO;; Oz—AlgOg CE—AIQOg CY—AIQOS
Structure | Ca(Si, Al)4Os (Ca)AlyByO7 BaAl,SisOg BaAlySisOg  CaAlySisOg
Minor MgSiO3
Phases Ca(Si, Al)2Og SiO9 (Mg, Ca)Al,SisOg SiO9 CaSiO3
CaB204 (Mg, Ca)8103

TABLE A.1l: Phase structures present in the laminate tapes as determined by X-ray
diffraction analyzes. The major phases are listed first, followed by the minor phases|[9].

Element | Dupont Dupont Ferro Heraeus Heraeus Motorola
951 943 A6 CT800  CT700 T2000

Al 42 76 1.5 41 31 52
Si 47 4 48 39 42 28
Ca 7 9 47 2 5.5 8.5
K 1 0.5 1 1.0

Mg 1.5 3.5 3.5

Zn 0.5 0.5 2.5
Ti 7.5 5.5 6.5 6.0
Co 0.5 0.5 0.5 1.0

Ba 3.5 5.0 0.5

TABLE A.2: Chemical Composition (Atomic per cent) of the fired tapes by EDS[9].

Structuring

The sheets of unfired tape (size e.g. 8x8 sq.inch) are either punched with a specifically

designed tool or drilled and cut by laser which is a more universal process without
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special tooling. At the ISAS laboratory a ROFIN Solid state Nd:YAG laser is used to
cut the sheets to 7x5cm? large pieces for an internal standard press-form. The cutting
behavior of this specific laser was investigated by Balluch et al. [34] on several LTCC

tape products. These pre-investigated parameters were used for structuring in this work.

Screen-printing and Via-Filling

Laser cutting, via filling and screen-printing has to be performed for each tape layer.
Screen-printing is done using a 30 to 50 pm stencil from MURAKAMI and a screen
having 200 to 325 meshes per inch. Via filling is usually performed by using a stainless
steel stencil and a via filling paste in the same screen-printer in which the conductors
are printed. The specific via-filling paste does not flow after the printing cycle in order
to fill the vias flat and reduce the chance of voids inside the laminate. In this work,
only the flow-through heater in chapter 4 is LTCC based. It’s design was modified using
cut outs that allowed contacting the deeper layers with spring probes and no vias were

needed. Each print is followed by a drying cycle at 75°C.

Stacking and Lamination

The tape layers are stacked inside a press-form where polyethylene sheets are used to keep
the LTCC material from sticking to the press-form during lamination. This polyethylene
sheets are removed after lamination. Depending on the tape material rather low pres-
sures of 30 bar up to 150 bar are necessary. In the following chapters and sections the
processing parameters are given separately for the manufacturing steps. The lamination
pressure plays an important role in compacting the material and changing its shrinkage
during sintering. Inhomogeneous pressure leads to warpage severe deformations and

rupture during sintering.

Sintering

Sintering can be performed using a belt furnace or a box furnace in a temperatures
range of 850 to 950 °C compared to 1600 °C for alumina or zirconia (HTCC). The belt
furnace transports the samples on a belt and has the advantage that it can be operated
continuously at very short cycle times of e.g. 30 min 3 h. The disadvantage is the inherent
gradient inside along the transport direction. Therefore, the belt furnace is only suitable
for rather thin and small laminates. Bigger samples - especially when sacrificial material
is used - need a long burn out cycle and slow sintering process. A box furnace offers

this advantage at the cost of a long cool down period. It is usually operated in shifts or
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overnight. The figures below show typical sintering profiles as used for the used LTCC

materials.

A.3 Material properties

In order to construct LTCC microfluidic modules it is also important to determine
the mechanical properties of the materials. The mechanical properties like thermal
coefficient of expansion, Young’s modulus and flexural strength are not only important
for later use of the modules but are very important during manufacturing. Differences
in thermal expansion and Young’s modulus lead to stress, warpage and fracture in the
cool-down phase during sintering or reduced durability in operation. Depending on the
micro fluidic application itself, the operating temperature range can be rather low (up
to 100°C for biological modules) or in a high region for chemical syntheses. Another
application is the realization of mechanical sensors in LTCC technology where usually
the changes of mechanical properties along with temperature are taken into account. The
investigations carried out using commercially off-the-shelf available ceramic tapes (Ferro
A6, Heraeus "high k” CT765, zero shrinkage HL800, CeramTec GC) show, that the
dielectric behavior can change dramatically before mechanical effects become relevant.
This chapter presents the results for characterization of the different properties used for

FEM-analyzes in the design phase.

A.3.1 Thermal expansion of LTCC tape materials [1]

For examining the coefficient of thermal expansion of different ceramic materials, sample
blocks with a sintered size of about 5 x 5 x 20 mm? have been prepared. For this purpose,
stripes of unfired tapes were structured with the laser, stacked in a lamination fixture,
laminated at the appropriate pressure and later fired inside a box furnace. Samples for
the measurement were then cut out of these blocks, ground and finally polished. The
TCE was derived from fitted curves of the measurement of relative expansion, which
provided better results instead of deriving the TCE directly from the measured values.
The thermal expansion was investigated up to a temperature of 800 K using a thermo-
mechanical analyzer TMA2940 from TA Instruments. The results shown in figure A.1

and A.2 were later used for calculation of the relative permittivity.
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FIGURE A.1: Thermal expansion of different tape materials.
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FIGURE A.2: Calculated thermal coefficient of expansion of different tape materials.
A.3.2 YOUNG’s Modulus of LTCC tape materials [2]
Static 3 point bending test
The three point bending test is conducted according to the principle shown in figure

A.3. The beam to be tested is freely supported between two bearings. At the central

position of the sample a force is exerted which results in a deflection of the beam.

FIGURE A.3: Principle of bending test.
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The relationship between Young’s modulus, deflection, forces and geometric parameters

are given by equations A.1 and A.2 [43].

FI3

T A8fnl (A1)
3

I= % (A.2)

E is the Young’s modulus of elasticity in Pa, F' the Force in N acting in the center, f, is
the maximum deflection in m at = [/2, [ the bearing distance, I the moment of inertia

of plane area in m?, w the width and d the thickness of the sample.

Bending test set-up

A schematic of the applied 3-point bending test set-up is shown in figure A.4. The sup-
port carrying the bearings (made up of 300 pm thick ceramic blades) with a separation
distance of 43.5mm is positioned onto a microbalance. The sample is placed on the
bearings and the total weight of the bearing support including the sample to be tested
are balanced. The fired LTCC beam element is deflected at the central position of bear-
ing clearance by a ceramic wedge, which is displaced by a micrometer. The resulting

force is recorded by the microbalance.

LTCC test sample preparation

LTCC tapes of three different suppliers have been evaluated where single layer and
co-laminated double layers of the corresponding tapes have been fired. Samples were
allowed to freely shrink during the course of sintering, additionally samples have been
prepared that have been co-laminated with the Ceramtec A-tape - a pure alumina tape
- in order to prevent lateral shrinkage of the LTCC tape during firing. This constrained
sintering results in increased shrinkage in thickness of the tape. After firing, the brittle
alumina tape can be removed from the LTCC substrate. Furthermore, it became obvious,
that mechanical stress induced in the green state of tapes by handling and machining
procedures leads to warping and inhomogeneous material thickness in the fired state. A
uniform plane surface for a single layer of tape could only be attained by co-lamination
with the Ceramtec A tape, which is provided for a constrained sintering process. The
relevant processing parameters for the lamination and firing of the tapes are summarized
in table A.3. The lamination process has been conducted in an uniaxial press (Wabash)

and firing of tapes has been performed in a conventional five zones thick film furnace

98



deflection

/ precision scale

— I\ \
/
[/ \ \
( \
\ !
\ /
\ /

<@

\ ) ;10“‘5/:
e
FIGURE A.4: Bending test set-up.

(BTU-Explorer). Test samples with the length of 50 mm and width of 5 mm have been
cut out of the fired tape sheets by a Nd:YAG laser. The relative large-size sample has
been selected in order to eliminate a potential influence of the laser machined edge zones
on the mechanical performance of the beam element. The laser machining of the LTCC
tapes has been conducted with a Q-switched diode pumped 120 W Nd:YAG-laser (Rofin
Sinar Powerline 100D). Plain LTCC stripes and on both sides metalized LTCC beams
have been prepared for the bending tests. The double-sided metallization has been
applied to a selected number of samples via screen-printing (Heraeus AgPd-conductor
paste C4140D, 325 mesh screen coated with a 50 pm thick Murakami stencil, resulting
fired thickness of metallization: 11 pum) in order to evaluate the influence of a metal layer

on the mechanical performance of the fired LTCC tapes.

Results of bending test

The graphs in figures A.5a to A.7a show the force-deflection characteristics of the dif-
ferent plain tape samples. All considered samples show a linear characteristic. The
corresponding values for spring constant and Young’s modulus are indicated in the
graphs. The large deflection range for the considered bearing clearance of 43.5mm is
somewhat remarkable. The graphs in figures A.5b to A.7b demonstrate the influence

of metallization on the mechanical performance characteristic of beam elements. The
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applied metallization contributes to an increase of spring constant as well as Young’s

modulus and a dramatic change in mechanical performance. Bending of metalized LTCC

tapes may result in a plastic deformation of samples. This is reflected by a hysteretic

characteristic as demonstrated in the above mentioned graphs.

Thickness Peak firing
Material unfired Sinteringmethod | Lamination parameter temperature
[em] & dwell time
Heraeus constrained 2.3N/mm?, 95°C, 3 min 865 °C,
CT700 130 free 2.3N/mm?, 95°C, 3 min 25 min
Ferro constrained 24N /mm?, 95°C,3 min 850°C,
A6 10 free 24 N/mm?, 95°C, 3min 15 min
Cer-
amTec 100 constrained 4N/mm?, 70°C, 3min | 890°C, 15min
GC
Cer- : 2 o : o
constrained 4N/mm?, 70°C, 3 min 890 °C,
amTec 300
GC free 4N/mm?2, 70°C, 3min 15 min
TABLE A.3: Processing Parameters of the tapes.
. . . . Y )
Material Sintering Number Elred spring oung’s
method of layers thickness | constant modulus
1 125 30.9 65.1
free
2 200 160 82.3
Heraeus CT700 | 1 20 73 587
constrained 5 150 59 634
1 110 18.3 56.6
free
2 200 160 82.3
Ferro AG . 1 110 20.6 63.7
constrained 2 190 108.6 65.2
free 300 pm 1 240 430.4 128.1
constrained
CeramTec G.C 300 um 1 175 111.2 85.4
constrained
100 jim 1 65 5 74.9

TABLE A.4: Young’s modulus and spring constant of LTCC material samples.

Temperature dependence (Dynamic 3 point Bending test)[1]

For the measurement of Young’s Modulus samples with a size of 5 x 50 mm? were pre-

pared. A dynamic 3-point bending test with 20 mm bearing distance and a deflection
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FIGURE A.T7: Force-deflection diagram of CeramTec GC samples.
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amplitude of 100 pm was performed over a temperature range from 300 to 800 K using
a TA Instruments DMA2980 automated tester. Table A.5 shows the material thickness,
thermal coeflicient of expansion and Young’s modulus at room temperature. The tem-
perature dependence of Young’s modulus is plotted in figure A.8 for the investigated

LTCC tape materials.

Material aieTréc Heraeus Heraeus Heraeus Heraeus Heraeus Ferro
ac CT700 CT707 CT765 CTR&00 HLS&00 A6
thickness | 9 121 120 320 66 70 108
[im]
TCE
[ppm /K] 5.61 5.38 5.17 9.12 5.04 6.05 6.83
@ 300 K
Young’s
Modulus
(GPa] @ 107 73 54 85.5 91.5 66 66
300 K
TABLE A.5: Materials property data.
120 —
100 — ‘\‘M\‘_—
i »——k CeramTec GC
L 9—6—=9 Heraeus CT700
O 80 +—F—+ Heraeus CT707
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i ] A—A&—4A Heraeus CT800
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F1cURE A.8: Young’s modulus of investigated tape materials.

A.3.3 Dielectric properties of LTCC tape materials[1]

The characterization was done in two steps. In the first step, disc shape capacitors
were characterized at 1kHz frequency up to 725°C to evaluate the material and test

for resinate paste compatibility (Heraeus RP26001/59). In the second step, capacitor
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samples where LTCC tape material and paste were cofired were characterized from DC
to 20 MHz again up to a temperature of 725°C. These results were used to develop a
capacitive wireless temperature sensor to be used inside a module where the temperature

profile inside that module is not distorted by the sensor due to connections.

Temperature dependence of the permittivity at low frequency

For the measurement of the permittivity of the LTCC tape samples, discs with 10 mm
diameter fired inside a conventional belt furnace with 2h cycle time were prepared. A
double-sided metallization was applied using a post firing process at a peak temperature
of 850 °C and 10 min dwell time. Because a thick metallization can cause thermal strain
that prevents undisturbed thermal expansion of the capacitor samples, a AuPd-resinate
paste from Heraeus (RP26001/59) yielding a 200 nm thick metallization was used. The
capacitance was measured at a test frequency of 1kHz over temperature and the per-
mittivity was then calculated from the measured capacitance of the samples and their
respective geometry. For the calculation, it was assumed that the capacitor consists only
of a circular plate of material where the applied electrodes are extremely thin and do
not interfere with the thermal expansion of the bulk material. Effects of stray fields at
the border zones were neglected. The measurement was carried out using a box furnace
together with a LCR131 component tester. The temperature was tracked with a type-K
thermocouple probe near the sample. The connections were fed through a ceramic multi-
hole tube into the furnace chamber. The resistivity of the samples was also measured
at 725°C to get a quick overview of the material behavior - no guard ring electrode was

used for this measurement. The results are summarized in table A.6 and figure A.9.

Fired sample C Er Resistance R
Material thickness d @ 300 K @ 300 K @ 1000K
[pm] [pF] [1] €]
CeramTec GC 240 22.6 7.80 590k
Heraeus CT700 170 29.5 7.22 370k
Heraeus CT707 110 49.2 6.39 240k
Heraeus CT765 110 270 42.7 100k
Heraeus CT800 180 29.2 7.54 5M
38.3
Heraeus HLS0O 180 After test: 8.82 89
44.8
Ferro A6 380 11.3 6.18 82k
(4 layers)

TABLE A.6: Capacitance and relative permittivity of circular capacitor samples at
1kHz test frequency.
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FIGURE A.9: Permittivity vs. temperature characteristics.
A.3.4 Impedance Spectroscopy|3]

Impedance spectroscopy investigates the impedance behavior of a sample over frequency
and temperature to identify the influence of the microscopic structure comprised of
different grains, grain boundaries and impurities inside the ceramic on the dielectric
properties. For these investigations, the sample preparation and experimental set-up
are discussed and measurement of the impedance versus temperature is presented. An
attempt is made to interpret the results using a "lumped” R-C-constant phase element
(CPE) model from which the DC-conductivity is derived and activation energies are
calculated by means of an enhanced Arrhenius theory. Conclusions are drawn about the

suitability of the tape materials for different applications.

Sample preparation

For all materials, capacitor samples with an unfired size of 12 x 12mm? and electrodes of
10 x 10mm? (figure A.10) were manufactured. The electrodes were screen-printed onto
the unfired tapes using TC7304 silver conductor paste from Heraeus. After a lamination
step using a computer controlled uni-axial press (Carver) the samples were fired inside a
belt furnace at the appropriate temperature. Table A.7 gives an overview of the prepared

samples with their respective material and processing parameters.
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Peak firing

Material Screen Lamination
temperature

Heraeus CT765 | stainless steel 900°C, 25 min
Heraeus HL800 | 320 mesh 7N/mm?, 70°C, 3min g °C, 25min
Ferro A6 Murakami 11 N/mm?, 70°C, 3 min 850°C, 25 min
CeramTec GC | 30pm stencil 4N/mm?, 70°C, 3 min 885 °C, 25 min

TABLE A.7: Processing parameters for tape samples.

Experimental set-up

For measuring the impedance at elevated temperature, the samples were placed inside
a sample holder consisting of a closed-end fused-silica tube with a side-port for sam-
ple insertion and a push rod that clamps the electrode and the sample by spring force
(Figure A.11 and A.12). Silver wires and electrodes establish contact to the screen-
printed electrodes on the sample surface. A type-K thermocouple is used to measure
the actual temperature close to the sample. A fused-silica sleeve protects the sample

from the atmospheric influence inside the tube furnace used for the measurement.

F1cUrRE A.10: Capacitor samples made of different LTCC tape material before sepa-
ration.

F1GURE A.11: Measurement assembly.
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F1GURE A.12: Sample holder detail inside measurement assembly.

Impedance measurement was carried out using an electro chemical impedance analyzer
(Novocontrol ALPHA) that is connected to the sample holder by 50 BNC-cables.
A Keithley 2000 high-resolution multimeter was used with a type-K thermocouple for
temperature measurement. The temperature inside the tube furnace is controlled by an
EUROTHERM 94 temperature controller with a separate thermocouple. The measure-
ments were conducted automatically using a standard PC with custom software. The
measurement equipment was controlled via GPIB-Bus and the temperature controller

via RS232 interface respectively.

Measurement results

Due to the rather complex set-up that is necessary for measurements at elevated temper-
ature and low expected capacitance values of the samples, measurement of the capaci-
tance and calculation of the permittivity was carried out at room temperature first using
a simplified set-up. Figure A.13 shows the expected stable permittivity and low losses at
room temperature over a frequency range from 10 Hz to 2 MHz. Only the HL800 (zero
shrinkage 3 layer tape material) from Heraeus shows a significant change of impedance
over frequency. This effect is independent of sample thickness and is pronounced when

the samples are soaked in water and dried.

Impedance Spectrum

For further investigations, an extended impedance scan was carried out inside a tube
furnace where the temperature is increased from room temperature up to maximum
temperature of approximately 650 °C in 25 °C steps. Figure A.14 show the Nyquist plots
for the different LTCC tape materials only at elevated temperature up to a frequency of

2 MHz where they exhibit the lowest impedance. The plots show, that the impedance
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FIGURE A.13: Permittivity and loss tangent of tape materials.

spans several orders of magnitude at temperatures around 600 °C, especially the HL800
material becomes highly conductive. To investigate the contribution of different effects
(losses inside dielectric, influence of grains) to the overall impedance of a polycrystalline
bulk material the impedance spectrum has been measured at different temperature. At
the first sight the impedance plots in figure A.14 show the form of a semi-circle which
is usually associated with a simple parallel R-C-circuit as generally used to describe the
losses (modeled with R) inside a capacitor C with a given permittivity. However, when
an attempt is made to fit a semi-circle to reconstruct these plots it becomes obvious,
that a different equivalent circuit is needed to describe the material behavior. With
increasing temperature, the ion mobility also increases and effects the overall impedance
which can be described by the following equivalent circuit (shown in figure A.15 as
used for a typical polycrystalline glass or glass-ceramic dielectric material [44]. The
ionic influence on the dielectric properties are modeled with a so-called constant phase
element (CPE) described by equation A.3.

Z =7y (jw) " (A.3)

For capacitive effects, the parameter P ranges from 0 to 1 where 0 means pure resistive
behavior and 1 a pure capacitor. The resistive part is proportional to the imaginary part
of the impedance independent of frequency hence the name constant phase element. The
impedance curves were fitted to the equivalent circuit by means of the program ZVIEW
(Scribner Associates). The fitting process itself can be problematic when phase changes
occur or the effects of ion conductivity become too weak. The obtained parameter values
can be of poor quality in certain temperature regions and can only be used for qualitative

information.
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Activation energy of ionic and electronic conductivity

The ion conductivity o of a crystal can be expressed by a modified Arrhenius equation
as A.4:
o(T)=—-e *sT (A4)

where o denotes the ion conductivity dependent on temperature T in K, sy the reference
conductivity term in SK, E4 the activation energy in J and kg the Boltzmann constant.

This equation can be transformed by using the natural logarithm to:

Ex

In(eT) =In(og) — T (A.5)
Comparison with a linear equation
y=mx+b (A.6)
allows to extract the activation energy by plotting In (¢T) over T~ ! :
Ejy = —mkp (A.7)

The curves in figure A.19 show 2 linear regions that can be correlated with the activation

Material Activation energy in J
Heraeus CT765 11.8x10-20
Heraeus HL80O0 10.38x10-20

Ferro A6 6.9x10-20
CeramTec GC 12x10-20

TABLE A.8: Processing parameters for tape samples.

energy of 2 physical effects. This can be ion-conductivity, electron-conductivity or even
hole-conductivity. Because the measurements are less precise at lower temperature, only
the activation energies for the high temperature region have been extracted. The lower
the activation energy is, the lower the temperature where the ion mobility becomes

noticeable as impedance change.
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FIGURE A.14: Impedance of different LTCC tape sample from 1 Hz to 2 MHz: a)
CeramTec GC, b) Heraeus CT765, c) Ferro A6 and d) Heraeus HL800.

FIGURE A.15: Equivalent circuit for polycrystalline dielectric.
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A.4 Hot embossing of channels and cavities

As lamination is a crucial step in the manufacturing process of LTCC modules, it is
important that the material is compressed equally throughout the whole module. If
areas exist, where the lamination pressure was not sufficient, warpage and delamination
can occur. If the structures to be manufactured include channels with high aspect ratios
or chambers, a sacrificial filler material must be used or the lamination has to be done
in several steps. One possibility is the embossing technique that allows imprinting the
structure onto the surface. During the work with several LTCC tapes it was noticed,
that some tapes seem to flow and equalize the lamination pressure while other are more
compressed and exhibit lower shrinkage as a result. Figure A.20 shows the difference in
lamination pressure and resulting compression of laminated structured tapes and em-
bossing the stack to form a cavity. In order to choose the best material for a microfluidic
system, extreme dimensions were chosen to provoke a significant distortion to benchmark

the materials.

Fil Fil

Embossing minor flow in

tool . press cover layer
moundary e platesEframe Iayer
Fﬁ homogeneous pressure Fﬁ center without

distribution after creeping pressure
a) b)

FIGURE A.20: Stresses and material flow during lamination and embossing.

Press form and tools

For the embossing tests a uniaxial hydraulic press from Carver (Wabash,USA) was
used. Because this press only offers flat press plates, a lamination tool was designed
(see figure A.21) providing guiding bolts and alignment pins as well as a push screw to
gently pull out the pins from the laminated structure. As embossing-tool laser-ablated
polymer-inlays were used (figure A.22a) with a surface roughness sufficient for the rather

coarse structures.

Embossing tests

For the embossing tests, ceramic tapes with processing parameters listed in table A.9
were used. Depending on the tape thickness, 1 to 4 layers were laminated and embossed
at the same time. The difference in material density between embossed areas and non-

embossed regions became immediately visible with the CT-tape series from Heraeus
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(a) (b)

FIGURE A.21: Laminating press and pressing tool used in embossing test.

(a)

FIGURE A.22: Embossing tools and material compression:
a) Embossing tools with 50 pm, 75 pm and 100 pm embossing height and b) the visible
compressed material in Heraeus CT700 tape with 100 pm embossing depth.

(figure A.22b) whereas the CeramTec tape is softer and more tolerant. This behavior is
caused by the higher solid content of the Heraeus series, which limits the material flow
during embossing and limits geometry size that can be embossed. This effect becomes
dominant and prevents the material from being further compressed and effectivly blocks
the embossing tool. In extreme cases, the areas outside the embossed zone are not

laminated at all.

A.5 Suitability of materials for different applications

The investigations of the dielectric properties show a dramatic change of impedance
of LTCC materials versus temperature. Some materials (Heraeus HL800) exhibit a
significant change in permittivity and conductivity already in a very low temperature
region of around 150°C, which is within the region of many automotive under hood
applications. To obtain information about the long-term stability of LTCC modules at

elevated temperature the activation energies can be an indication for the suitability of
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a given application. For chemical applications, this can also mean a reduced inertness
of the material for reactions at elevated temperatures or contamination of the analytes
and degraded measurement accuracy. Further investigations are necessary to correlate
the impedance effects with long-term stability of LTCC modules and their suitability in

certain applications - this will be performed in future work.

The Young’s modulus depends on the manufacturing parameters and is in the range of 50
to 130 MPa for the investigated tape materials. A significant difference of up to +50%
for free sintering compared to constrained sintering can be observed for certain tape
materials. Together with the difference in thermal expansion, a significant temperature
gradient can lead to cracking of the module due to induced thermomechanical stress.
The design of a module must consider the mechanical stress when elevated temperatures
inside the modules are desired as well as the achieved sintered density of the material
which depends on process parameters like lamination pressure and sintering temperature

as well as process speed and dwell time.

tape thickness
) emboss-
. thickness | pressure . . fired .
Material . . sintering profile ing
unfired in | in bar (1 layer)
. result
nm in pm
Heraeus CT700 | 300 70 865°C, 30 min 240 mediocre
peak
Heraeus CT707 | 185 70 865°C, 30 min 150 mediocre
peak
Heraeus C'TS00 238 70 865°C, 30 min 238 good
peak
CeramTec GC 300 50 900 g,ejli) i 240 very good

TABLE A.9: Processing parameters for embossing samples.
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a) 1 Layer, 50 pm

c¢) 2 Layer, 50 pm

) 1 Layer, 100 pm

) 2 Layer, 100 pm

e) 3 Layer, 150 pm

TABLE A

c¢) 2 Layer, 50 pm

.10: Embossing results for Heraeus CT800.

d) 2 Layer, 100 pm

e) 3 Layer, 150 pm

TABLE A.11: Embossing results for Heraeus CT707.
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a) 1 Layer, 50 pm

c¢) 2 Layer, 50 pm

d) 2 Layer, 100 pm

e) 2 Layer, 150 pm

a) 1 Layer, 50 pm

d) 2 Layer, 50 pm

TABLE A.12: Embossing results for Heracus CT700.

e) 2 Layer, 100 pm

f) 3 Layer, 150 pm

TABLE A.13: Embossing results for CeramTec GC.
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TABLE A.14: 3D-scans for Heraeus CT800.
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TABLE A.15: 3D-scans for Heraeus CT707.
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TABLE A.16: 3D-scans for Heraeus CT700.
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