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Introduction

In this chapter the background and goals of the Hot Silicon project are introduced: terminology, definitions and
state-of-the-art overviews of a series of devices and applications are given, as well as a detailed description of
the content of each chapter.
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1.1 The Hot Silicon project

The work described in this thesis is done within the framework of the ”Hot Silicon” project. The official name
of this project is "Super Low Power Hot-Surface Silicon Devices for Chemical Sensors and Actuators”. The
project is carried out within the STW (”Stichting Technische Wetenschappen” — Dutch Technology Foundation)
framework under the project number 07682.

The “Hot Silicon” project is a cooperation between the research chairs Mesoscale Chemical Systems (MCS)
and Semiconductor Components (SC), the MESA+ Institute for Nanotechnology of the University of Twente
(the Netherlands). In this project we study the feasibility of ultra-low-power and CMOS compatible hot surface
micro devices and their application as chemical sensors and actuators.

1.2 Low power hot surface devices

Hot surface devices, also referred to as micro hotplates, are transducer elements that include functionality for
thermal actuation and temperature measurement (and control), and are suitable for monitoring temperature-
dependent physical and/or chemical phenomena on microscale [1]. A general concept of the micro hotplate
device consists of heaters, temperature sensors and, in some cases, a specific chemical interface. Due to their
high thermal sensitivity, rapid heating and cooling, micro hotplates have been used widely for a variety of
sensing applications, including:

e Flow sensor [2],

e Thermal conductivity detector [3], [4],

e Adsorptive metal-oxide-based sensor [5]-[7]
e Infrared bolometer [8],

e Catalytic sensor (micro combustor) [9]-[13].

Some of these applications operate on calorimetric principle, i.e. involve measurement of temperature
change, described in detail in Chapter 5.
The efficiency of heat generation (°C/mW), thermal sensitivity (/°C) and surface temperature distribution are
major criteria for determining feasible sensor applications.
A higher thermal resistance of the hot surface device in a particular ambient increases the thermal sensitivity.
As a result, a thin isolating membrane and suspended micro bridges have become an unavoidable solution in
current low-power micro hotplate fabrication technology [14]—-[17]. The main idea is to use a "release etch” of
the silicon substrate as a final fabrication step, in order to suspend the active area of the sensor on a dielectric
membrane or beams. This restricts heat conduction to the substrate, one of the main mechanisms of thermal
losses, and allows detection of small temperature variation at decreased levels of power consumption. The
power consumption of most of the state-of-the-art micro hotplates is in the range 20-50 mW [5]-[13].
Sensitivity to heat effects is determined by the temperature transduction mechanism (temperature sensitive re-
sistor, thermocouple, transistor, diode) and the measurement method used for the readout of the sensor output.
Nowadays thermal sensors allow the measurement of temperature changes with a resolution down to 10~# °C.
A further reduction in power consumption and an increase in the thermal sensitivity can be achieved by imple-
mentation of new approaches to the design of micro hot plate devices, such as concepts of physical amplifica-
tion, i.e. downscaling of the dimensions of heater and temperature sensor and implementation of alternative
resistive materials.
Downscaling of hot surface devices is an important step towards accurate and rapid measurement of the tem-
perature at the low micro- and nanoscale range. Besides enhanced sensitivity and high spacial resolution that
can be achieved in nanoscale thermal sensors [18], fabrication of such miniaturized hot surface devices with
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standard CMOS technology allows a further upgrade to portable silicon-based sensing systems as well as addi-
tion of electronic control on a single chip.

Thus, on one hand, the ultra-low power consumption and high sensitivity can be achieved by minimization of
the dimensions of the sensor and actuator, on the other hand, this can also be accomplished by implementation
of an alternative concept of heat dissipation and measurement.

In literature, two examples of ultra-low-power (below 3 mW) chemical sensors and actuators, so called ”sus-
pended membrane actuators” (SMAs), employing the idea of heat dissipation on low micro- and nanoscale,
are demonstrated [19], [20]. Device operation is based on heat generation inside a highly-ohmic conductive
nanolink, 10-100 nm in diameter, acting simultaneously as a heater and as a temperature sensor. A distinctive
difference between nanolink-based and state-of-the-art (suspended flat heater) hot surface devices is that heat
is generated locally (inside the link with defined geometrical dimensions) and that thermal losses through the
leads are maximally suppressed.

When made using a reproducible fabrication routine, ultra-low power hot surface devices can become valuable
transducers for low-power, simple, cheap chemical sensors and actuators. Additionally, due to the minimal
power requirements the ultra-low-power hot surface devices can be easily coupled with a wireless transmission
device for portable sensor systems at remote locations.

1.3 Materials for thermal gas sensors and actuators

For microcalorimetric gas sensing applications, the thermal sensor and actuator needs to be integrated in a mi-
cro flow channel and has to be partially covered with a catalyst to facilitate the high-temperature detection of
oxidation reaction.

The concept of an ultra-low-power thermal sensor and actuator is based on the behavior of a highly-ohmic
micro- or nano- link that can be operated simultaneously as a heater and as a temperature sensor. When using
more than one resistive structures, i.e. link-based or flat thin film resistors, the actuating and sensing functions
can also be separated. Originating from this concept and due to the technological and operational requirements
imposed by the application, the focus of this study is on resistive methods for temperature sensing. The resolu-
tion and operating temperature of commonly used temperature sensors is demonstrated in Figure 1.1. Among
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Figure 1.1: Resolution versus operating temperature for temperature sensors [22].

a variety of thermal CMOS-based sensors [21] thermocouples are the best candidates in terms of the tempera-
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ture resolution and operating temperature range [22]. However, integration of thermocouples is technologically
complex and requires complicated calibration compared to temperature sensitive resistors.

The control of the thermo-electrical properties of the selected resistive material is crucial.

A requirement of CMOS compatibility of technological processes [23] imposes strict constraints on the choice
of resistive materials. If the resistive temperature sensors are intended for integration in micro- and nano- calori-
metric sensing systems, a high and stable temperature coefficient of resistance (TCR) and stable operation at
elevated temperatures and in high oxidizing environment are necessary.

Three types of thin film resistive materials were used for thermal sensing and actuation throughout this work:

1. Boron doped polycrystalline silicon (poly-Si) [24]-[27];
2. A combination of poly-Si and titanium silicide [28];
3. Titanium nitride [29], [30].

These materials were selected for heating and temperature sensing applications based on their high resistiv-
ity, high temperature coefficient of resistance, compatibility with silicon processing and stability at elevated
temperatures [31], [32], [33].

1.4 Micro- and nano- calorimeters

Among the variety of applications of micromachined hot surface devices, micro- and nano- calorimetry is an
attractive concept [34], [35]. The concept of chemical sensing involves the measurement of heat generated by
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Figure 1.2: Schematic representation of a micro calorimetric sensor (a) and operational principle (b).

a chemical reaction or adsorption of a specific component on a reactive surface of the micro sensor (see Figure
1.2). The heat generation is determined by the measurement of the temperature change of resistive element(s),
which is in direct contact with the reactive surface or the gas compartment [36], [37]. Microcalorimetry is a
powerful technique and it provides a direct measure of the reaction heat effect. Microcalorimetric sensing has
a long history, showing a continuous decrease in power consumption (see Figure 1.3): starting from the first
Pt wire-based systems with a power consumption up to 1000 mW [38]-[40], to chip-based sensors consuming
power in the range 30-200 mW [41]-[47], to low [12], [17] and ultra-low power, rapid, sensitive thermal sensors
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[19], [20] that require 1-30 mW. The size of the sensors diminished to the nanometer scale, making ultra-
sensitive detection feasible at power levels below a few milliwatt. The application of this technique is very
broad, and ranges from sensors for measurement of thermal properties of solids [48], gases [49], [50] to liquid
bio-medical applications [51]-[54]. The physical measurable output of the micro- or nano- calorimeter is a
temperature change. This change can be an indication of several physical and chemical phenomena at once:
surface interaction (catalytic sensors), convective heat losses (flow sensors), thermal properties of the fluid
(thermal conductivity detector), etc. For some applications this is an advantage, but also a challenge, as a
sensor comprising only one resistive element, can not distinguish between heat produced by the reaction or by
other (undesirable) sources such as phase changes or any other degradation in the catalytic or resistor materials,
side reactions, ambient. The differentiation between these various phenomena causing alteration of the sensor
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Figure 1.3: Evolution of microcalorimetric sensors.

output is achieved by e.g. combining the sensors in an array. A micro- or nanocalorimeter based on one resistive
element, although sensitive to various thermally dependent phenomena, is never suitable as an ideal sensor for
each of them simultaneously. However, by choosing an application specific design and measurement circuit,
the desired thermal effects can be detected. When the output is calibrated with respect to the gas concentration,
the sensor can be used for the measurement of a gas concentration. Under specific measurement conditions,
the rate of the catalytic reaction depends on the concentration of the target gas, oxygen supply and actuating
temperature. Determination of the reaction heat generated for a specific volume of gas is possible when the
associated enthalpies, as well as the degree of conversion are known. Since this data is not always available,
calibration of the sensor for a range of concentrations under similar conditions to the real application is required.
Calibration also helps to circumvent possible sources of heat loss and parasitic influences, which may be very
difficult to model a priori.

The selectivity of the catalytic microsensor highly depends on the choice of the chemical interface on which the
gas species have a specific interaction, such as a catalytic surface reaction. The sensitivity is determined by the
properties of the solid catalyst (activity), thermal sensitivity of the temperature transducer and the measurement
method.

Various combustible gases in an oxidizing environment can be detected: hydrogen, carbon monoxide, methane,
ethane, propane, etc. Examples of commercial microcalorimetric gas sensors are shown in Figure 1.4.
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Figure 1.4: Catalytic bead sensor (a), Xensor gas microcalorimetric sensors (b, c).

1.5 Aims of this work

In the Hot Silicon project we aim to develop low and ultra-low-power Si-based hot surface devices, i.e. thermal
sensors and actuators, for an application as catalytic gas micro sensors, micro- and nano- calorimeters.

Within the "Hot Silicon” framework the objectives of this work are:

1. Design and fabrication of the suspended membrane ultra-low-power hot-surface Si-based thermal sensors
and actuators,

2. Integration of the sensors and actuators into a micro flow channel, and investigation of the related mi-
crofluidic aspects, i.e. flow behavior and control, heat transport, transport of reactive species,

3. Investigation of potential applications in the field of micro calorimetric sensing, i.e. studying thermally-
activated physical and chemical processes on-a-chip, i.e. detection of reaction heats, adsorption/desorption
kinetics.

In microcalorimetric gas sensors the high temperature oxidation of hydrocarbons is initiated on the sensor and
the heats released as a result of the reactions need to be accurately detected. This imposes several requirements
to the sensor:

1. Reliable operation in the range 100-600 °C required for detection of combustible gases;

2. Low power operation which is essential for the future integration;

98]

. Reliable operation in a highly oxidizing environment;

4. Chemical inertness of the materials comprising the sensor.

1.6 Thesis outline

Chapter 2 describes the results of finite element analysis of a catalytic micro flow system consisting of a micro
hotplate at elevated temperature with a catalyst. The influence of the design and material parameters on the
power consumption, maximum operating temperature and surface temperature distribution is analyzed, and the
results are presented. Furthermore, issues related to downscaling of the heater and a correlation between the
thermal design of the micro hotplate and conditions of the catalytic reaction are discussed.

In Chapter 3 a low-cost, low-power, small sample volume microcalorimetric sensor for measurement of re-
action heats is presented. The detection of reaction heats for a model reaction - the catalytic oxidation of
propane in air - at concentrations of propane 0.01 to 0.8 vol % is demonstrated. Thermo-electrical properties of
the polysilicon as a sensor material are discussed.
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Chapter 4 discusses the fabrication method, morphological and electrical characterization of the TiSi,/poly-Si
thin film temperature sensors to be implemented in hot surface micro devices. The temperature sensors exhib-
ited a high temperature coefficient of resistance (TCR) of 3.8 x 1073 /°C, a linear dependence of resistance on
temperature and an excellent thermal and electrical stability up to 800 °C. The thermo-electrical characteriza-
tion and sensing performance of such TiSi,/poly-Si based hot surface devices are presented in Chapter 5

In Chapter 6 platinum (Pt) and palladium (Pd), both as sputtered thin film and as nanoparticles supported
on y-alumina, are compared in terms of their applicability as functional coatings in catalytic gas sensors. The
deposition techniques applied and their limitations are discussed.

In Chapter 7 the feasibility of ultra low power titanium nitride link-based devices as resistive sensors and
actuators is described. The devices can facilitate local heating and temperature sensing up to 300 °C at a power
consumption less than 3 mW, and for particular designs even down to a few uW. This enables potential applica-
tions in various portable sensing systems, where rapid temperature sensing and/or thermal actuation with high
spacial resolution and minimized power consumption are required.

Finally, in Chapter 8 a summary of the results obtained is given, followed by recommendations for future
research.






Thermo-chemical model for catalytic microsensors

In this chapter we study catalytic micro flow systems consisting of a micro hotplate and a deposited reactive
catalyst at elevated temperature. Successful operation of such a system as a thermal actuator for chemical re-
action and thermal sensor for the evolved reaction heats requires a thermally balanced design of the heater and
controlled reaction and flow conditions. Understanding of these factors helps to develop application specific
designs.

For this purpose a model was developed including (i) 3D thermal model of the suspended heater and (ii) 2D
model of thermally actuated chemical reaction in the flow channel. The calculations were performed using
Comsol Multiphysics 4.2 software.

The influence of the design and material parameters of the micro hotplate on the power consumption, the
maximum achievable temperature and the surface temperature distribution is analyzed and the results are pre-
sented. Specifically, we discuss issues related to downscaling of the heater and establish a correlation between
the thermal design of the micro hotplate and reaction conditions.
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2.1 Introduction

2.1.1 Motivation

Thermal actuation is a process in which physical or chemical processes are initiated by means of introduction
of heat to, for example, the surface of the micro hotplate [55]. Micro-hotplates are devices used to main-
tain locally high temperatures, typically up to 500-650 K and, for particular applications, even beyond [56].
Micro-hotplates commonly utilize a thermally isolating membrane to improve the heat confinement and, as a
consequence, thermal sensitivity to evolved heat. General concepts for their design aim at the reduction of
power consumption, fast heating and cooling rates, and the uniformity of temperature [57] in the heated area.
The former is important for portable chemical sensors [58] where energy consumption is critical and the latter
two for kinetic studies [59], [60] and catalyst screening [61].

The development of a good model for thermo-chemical actuation and possible heat loss mechanisms is cru-
cial for the design of various catalytic microsystems, e.g. microcalorimetric sensors [62], [63], microfluidic
calorimeters [64] and catalytic microreactors [65], [66]. Such a model allows to reduce the amount of lab-
bench experiments and to predict device performance with respect to a specific application.

Although the approaches to micro hotplate optimization are established and were demonstrated in the past for
adsorptive gas sensors and flow meters [67], [68], there is a lack of information on their optimization in com-
bination with the catalytic reaction carried out inside of a flow channel. Heat and mass transfer aspects in a
heated micro-channel [69] and combustor [70] system were investigated on mesoscale level independently.
The goal of this study is to identify the main mechanisms influencing the thermal efficiency (power supplied
with respect to heat generated) and thermal sensitivity of catalytic micro hotplate flow systems and to develop
an approach for their optimization in relation to the catalyst properties and reaction conditions.

2.1.2 Optimization parameters
In evaluating the micro hotplate design the following factors are important:

e Minimized power consumption (reduced heat losses);

e Thermal efficiency, i.e. maximum temperature on the membrane at a required level of power consump-
tion;

e Uniform surface temperature distribution;
e Fast heating and cooling times.

When integrating in a flow channel for catalytic studies on a chip the following factors are important to consider
with respect to generation of sufficient amount of heat to be detected:

e Volume of channel;
e Flow rate;
e Reaction temperature;

e Concentration of reacting species;

Catalytic activity and possibly selectivity of an applied catalyst.

2.2 Theory and modeling assumptions

In this section model assumptions and theoretical background for the model are described. The selected geom-
etry and boundary conditions are explained, followed by a description of multi-physical phenomena included
in the model.
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2.2.1 3D micro hotplate
Geometry, materials and boundary conditions

The selected 3D geometry is shown in Figure 2.1. A Si wafer, a thermal isolating membrane (Si3N4, SiO; or
SiRN) and a meander-shaped poly-Si heater placed in a channel of a defined height. The dimensions corre-
sponding to the geometry are summarized in Table 2.1. The heater was in a 4-point configuration, so that the

AA Poly-Si (500 nm)
¢ +——— Membrane (200-1000

‘memb

JJJJ
e
e
e
e
o

x107
(m) 5|

-0 L

Source- N
leads

Figure 2.1: 3D geometry of the micro-hotplate and corresponding cross sectional view A-A showing a heater
suspended on a membrane.

Table 2.1: Dimensions used in geometry of the heater.

Parameter  Value (um)

Acqy 400
ap 50
Amemb 600
Ag;j 600
1 flead 220
lsl ead 220
ten 200
t, 0.5
Cnemb 1
tyi 100
W flead 50
Wy 5
Wslead 10

heat losses through the connection leads are included into the model. The heater is assumed to act as a resistor,
i.e. generate Joule heat. The complete geometry is electrically insulated except the leads, at which electrical
potential and grounding are applied. To simplify the structure and reduce the simulation time, the thickness of
the Si substrate was assumed to be 100 um. However, in practice, the substrate has a larger thermal mass than
used in our geometry. This design corresponds to micro hotplates we have studied previously [71], [72].

The mesh used in the numerical model was determined by the dimensions of the thin isolating membrane as it
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is the thinnest layer in the system. The materials and their thermo-physical data at 298 K are summarized in
Table 2.2. The properties of poly-Si are selected equal to mono crystalline substrate. However, the real values
are dependent on structural properties of poly-Si and on the dopant type and concentration [73], [74].

The ambient temperature, 7, is assumed to be 293 K. There is a normal heat flux (g) present to the ambient.
Radiation has been evaluated to be negligible within the operating range (from room temperature to 550 K).

Joule heating

In this section the electrostatic behavior of the conductive poly-Si heater is defined. The heater is subjected to
a potential difference (AU) which induces a current through the leads (/) in the high resistive central part of the
structure. The generated heat (Q) is proportional to the square of the magnitude of the electric current density
(J), which was extracted from modeling results:

1 1
=—|J|’>==|0c-E|’=0c|-VU|? 2.1
0 G| | G’ | | | (2.1

The electrical conductivity (o) of the heater decreases with the temperature (7)) upon heating according to

642.5 T (K)

386.9

(m) Ao ‘ ‘ ‘ ‘ | 6425 T (k)

600

550

500

450

-4t ] 400
387.2

-6 -4 -2 0 2 4 x10°
(m)

Figure 2.2: Temperature profile in K along the 50 x 50 um? heater suspended on a SiN4 membrane of 1000
nm thickness with a 400 x 400 um? cavity etched in the Si underneath the membrane. The power supplied to
the heater is 14 mW.

Equation 2.2 with the temperature coefficient of resistance (o), taken as 2.5 x 10~ /K (this TCR was measured
for the poly-Si extrinsically doped with boron [71]:
1

— 2.2
T oo (1t (T —Tum) (2:2)
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Heat transfer

The temperature of the heater rises when an electrical current passes through it due to electrical resistance, i.e.
Joule heating. In Figure 2.2 the temperature profile of the 3D suspended heater (a) as well as a 2D surface
temperature profile of the heater (b) are shown. The heat generated is transferred to the Si frame via the
thermally isolating membrane according to Fourier’s law for heat conduction. The amount of heat transferred
per unit time (Q) through cross-sectional area (A) is proportional to thermal conductivity (A):
=Xt 2.3

Q=4 (2.3)
The temperature dependence of the thermo-physical properties, i.e. the thermal conductivity (4) and the specific
heat capacity (Cp), were incorporated in the model as a third order polynomial fit of the data available in the
literature [76], [77], [83] (see Appendix A). The heat flux to the ambient (¢ f/x—amp) from the hot surface is
defined in terms of the heat transfer coefficient (% 1, amp):

q flux—amb = hflux—umb : (T;lmb - T:mrf) (24)

hflux—amb = )Lair/hch (25)

Heat flows in the system

Ideally, power supplied to the heater is fully converted to thermal energy and remains confined in the central
heater area. However, due to a variety of heat transfer mechanisms (conduction in solids and fluids, convection,
radiation) the thermal energy is distributed in the membrane, the Si frame and the ambient gas. In this model we
consider conduction in solids and surrounding gas, and we neglect natural convection and radiation (negligibly
small for the studied temperature range). Forced convection due to the gas flow is considered in further sections.
Possible paths for heat transfer from the micro hot plate and an equivalent thermal resistance circuit are shown

Q.. Porous catalyst

o Mt
Q. 1% Q Q,

R e —— T Prane

Qair
Air

Qsi Qsi

- Si substrate

39 % 60 %

Figure 2.3: Overview of the heat flows in a catalytic sensor. Main heat sinks are Si substrate (ca. 39 %) and
surrounding air (flow and standing, ca. 60 %). The isolating membrane has a low thermal mass and itself
takes less than 1 % of the total supplied heat. However, it provides heat paths to Si and air due to the large
surface-to-volume ratio.

in Figure 2.3 and Figure 2.4. The largest heat sink in the system is air (ca. 60 %) and silicon substrate
(ca. 40 %). The overview of heat distribution calculated for different membrane materials is listed in Table
2.3. There is no drastic change in conduction loss mechanisms observed due to a comparable low thermal
conductivity of the selected membrane materials. If the membrane would consist of silicon additionally to
isolating layer as in microreactor system for catalytic partial oxidation [65], [66] then much higher heat fluxes
would be allowed to flow to the silicon substrate and silicon-based membrane making heat flux towards the
ambient negligible. In such a microreactor system, high supplied powers are necessary to compensate for the
loss of heat through the membrane, as demonstrated the power raises almost up to 1W [65]. Table 2.4 gives
an overview of the calculated thermal resistances and thermal capacitances for the system with a 600 nm thick
membrane considering an average (7,,) and maximum temperature (7},,,) of the heater. This corresponds well
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Rair-flow

Rair—s’[and

Figure 2.4: Equivalent circuit of thermal resistances: heat generated by the heater is transferred to the sur-
rounding air (through catalyst layer and isolating membrane) and to Si substrate (through the membrane).

Table 2.3: Overview of the heat paths in a catalytic sensor system when 15V potential (ca. 14 mW) is applied:
comparison is given for SiRN, SiO,, SizNy isolating membrane with thickness of 400 and 800 nm.

% of total supplied power

Heat paths Useful heat
tnemb (nm) QS i Qmemb Qai r Qh

SiRN 400 39.21 0.2729 60.49 0.0161
800 39.2  0.5600 60.23 0.0149

Si0O, 400 39.89 0.0167 59.81 0.0171
800 39.00 0.0343 60.42 0.0159

SizNy 400 41.02 0.2751 58.69 0.0132
800 4272 0.5401 56.72 0.0121

with the concept of high thermal resistance (or low thermal capacitance) desired in thermally efficient designs.
Thermal resistances in the range of 27-59 K/mW were determined, which is in a good agreement with the values
measured for similar type of designs found in the literature [84]. The supplied power is expressed as sum of
energies needed to rise the heater temperature, i.e. useful heat (Q;,), and the heat transfer through membrane
(Omemp)» silicon substrate (Qs;) and air (Qq;r). By useful resistive heat (Q,) we mean heat needed to rise the
temperature of the heater to desired level.

qup = Ly - U = O+ Omemb + Osi + Quir (26)

The heat required to increase the temperature of the body is correlated to the thermal mass of the body (C,-m):
0= Cp sm- (Tav - Tamb)7 (2.7

We extracted the average temperature (7,,) for each domain from the modeling results. The mass (m) was
calculated from the known volume (V) and density (De) of the materials. The mass of the heater was expressed
as a sum of the highly resistive part and the leads. We estimated that ca. 40% of total power supplied goes
to silicon and the rest of the heat is distributed to the air. The heat transfer through the membrane (Q,emp)
and useful heat to warm up the heater (Qj,) make nearly 1 % of the total supplied power. The heat conducted
through air (Q,;,) was calculated as the difference between the total supplied power (Qy,) and the sum of useful
resistive heat and the heat transfer through the membrane and silicon (Qemp, Osi)-
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Table 2.4: Overview of thermal resistances and thermal capacitances calculated at T, along the heater and
leads and at T,y max of the heater for SiRN, SiO,, SizNy isolating membrane with thickness of 600 nm and
applied potential of 10V (ca. 6 mW).

Parameter SiRN Si0, SizNy
Tovn/Tavmax (K)  367.8 662.5 371.54 727.6 3358 471.5

R/ (K/mW) 11.34 5931 12.05 70.52 596 27.44
Cin (nW/K) 88.2 168 82.9 142 167.8 364

2.2.2 2D model of suspended heater in flow channel and chemical reaction

A forced flow of reactive gas species over the heater and a catalyst pellet were included in the 2D model. We
assume here that the heater design is optimized and results in an uniform temperature distribution at low power
supply. The goal of this investigation is to correlate various flow, catalyst and reaction parameters relative to
the dimensions of the suspended thermal actuator.

Geometry, materials and boundary conditions

The 2D geometry used in this study is presented in Figure 2.5. It consists of the suspended membrane structure
with integrated heater dimensions identical to those discussed previously. All calculations are done with the
assumption that physical processes in a third coordinate z are constant (extruded from 2D design). The system
is placed in a channel with an inlet and an outlet for the transport of the reactive and non-reactive species. For
non-reactive conditions the gas properties were taken as for air. A constant flow of gas was introduced into
the channel. Thus, in addition to all heat loss mechanisms described previously, heat lost by forced convection
is added. A porous catalyst pellet (Pt/Al,O3) with a radius varied from 1 to 50 um was placed on top of the
heater. The properties of the catalyst are listed in Table 2.5. It is assumed that the solid structure has heat

Velocity Surface
magnitude temperature

ar catalyst =.3063 @ 550
pellet '

heater
membrane

air 500
450

~{ 0.1650 400

y-coordinate (um)

350

300

=]
o
=
3
N
N
©
©

-300 -200 -100 0 100 200 300
x-coordinate (um)

Figure 2.5: 2D geometry used for modeling of the propane oxidation at constant flow conditions: temperature

and flow velocity profiles are shown (a) with the overview of the sensor and catalyst arrangment(b).

exchange with the environment. The top surface is subjected to forced convective heat exchange. Also, there is
air below the membrane, which conducts heat. The normal heat flux to air is set to 130 W/(m?-K). This value is
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Table 2.5: Properties of the alumina catalyst.

Parameter Value Units
Density, Dey; 4000 kg/m?
Thermal conductivity, A 30 W/(m-K)
Porosity, & 50 vol%
Heat capacity, C, 0.88-10°  J/(kg-K)
Diffusion coefficient, D 1-107° m?/s
Tortuosity, T 3 -

Pt content, cp, 10 wt%

calculated according to Equation 2.5 with the height of channel given as 200 um. The inlet temperature of the
gas is set to 293 K which equals to the ambient temperature surrounding the sensor.

Transport of diluted species and energy balance

There is fully developed laminar flow inside the channel by means of which reacting species are transported.
Reynolds number in order of 10 was calculated. The fluid transport is described by the non-isothermal incom-
pressible Navier-Stokes equations. At the inlet a velocity vector is specified normal to the boundary, the outlet
boundary is specified by setting the pressure to 1 bar. The surfaces of the channel, heater and porous catalyst
pellet are set to non-slip boundary conditions.

The concentration of the reacting gas is specified at the inlet. At the outlet the mass flow is governed by both
diffusive and convective processes. It is assumed that no mass is transported across other boundaries. The en-
ergy balance equations consider heat transfer by means of convection (Qcony), diffusion (Qy;r) and conduction
(Qcona)- In gas the heat can be transferred by convection and conduction:

aT
Degas : Cp,gasy +V. (_AVT) +Degas : Cp,gas *Ugas - VT = ans (2.8)
Where Deg,, denotes the density of gas, C), ¢4 the heat capacity at constant pressure, A gas thermal conductivity,
u gas velocity and Qg is a heat source. Within the catalyst conduction, diffusion and generation of the heat

due to the reaction occur:

aT
Decm . Cpactlfg + V . (_A,VT) +Rt . AH,» == QCd[ (29)
The mass transfer is determined by the convection and diffusion equation including a reaction term (R?):
dc
E—FV-(—Deff‘Vc—Fc‘u):Rt, (2.10)

using the effective diffusion coefficient (D), concentration (c). The velocity (u) of gas is set to zero as we
assume that only diffusive processes occur within the catalyst.

Inside the catalyst pellet only the diffusive processes take place. We used an effective diffusion coefficient
(D.rr) expressed by the density (De), porosity (€,) and tortuosity (7):

De - &,
T

Dejs = (2.11)

Finally, for the solids (micro hotplate materials) energy balance equation includes only conduction:

oT
Deg,; - C[LSOZW +V. (—)LVT) = Qsol (2.12)
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Figure 2.6: Influence of the Si3sNs membrane thickness on the maximum temperature of the heater at potential
applied of 5, 15, 15V, corresponding to ca. 2, 6, 14 mW (a), heat paths in % of total supplied power (b), surface
temperature distribution (c) at 10 V (6 mW) and scheme of heat flows in thick (d) and thin (e) membrane-based
sensor (arrow thickness represents the size of cross sectional area and arrow length represents the heat flux).

2.3 Results and discussion

2.3.1 Design parameters
Thickness of membrane

The influence of membrane thickness was investigated for the case of a Si3zN4 membrane.

Shown in Figure 2.6a is the maximum temperature of the heater at the membrane thickness varied between 200
and 1000 nm and applied potentials of 5, 10 and 15 V which corresponds to ca. 2, 6, 12 mW supplied power,
respectively. The thinner the membrane, the smaller path of conduction to the substrate, which represents the
largest heat sink in the system besides the surrounding air as can be seen from Figure 2.6b. Therefore, with
thinner membranes better localization of the heat at the high-ohmic central part can be achieved. Shown in
Figure 2.6¢ are surface temperature profiles across the heater area at the membrane thickness varied between
200 and 1000 nm and applied potential of 10 V. The general trend is that with the increase of membrane
thickness less temperature gradient was found in the heated area. The lowest gradient is observed for 800 nm
thick membrane. Thus, increase in thickness, leading to increase in thermal mass, causes decrease of maximum
achievable temperature, but better temperature uniformity. The heat flows within the micro hot plate comprised
of the thin and thick isolating membrane are illustrated in Figures 2.6d and 2.6e.
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Figure 2.7: Influence of the aj/a,,e,p, ratio illustrated on the top view (a) on the maximum temperature of the
heater for membrane thickness of 200 and 400 nm (b), surface temperature distribution for membrane thickness
of 400 nm (c) at potential applied of 15 V (corresponds to supplied power of ca. 14 mW) and scheme of heat
flows in membrane-based sensor with low ap/ayemp (d) and high ap/a,,..p(e) ratios (arrow thickness represents
the size of cross sectional area and arrow length represents the heat flux).

Ratio of heater and membrane

The influence of the a,/a,, ratio on the maximum temperature on the membrane and surface temperature distri-
bution is illustrated in Figure 2.7a. Heat flux in the membrane can be expressed in terms of thermal conductance
(Amemp), distance between heater and silicon (dj,_;) and temperature difference between the heater (7)) and
substrate (Ts;):

q=——(Th — Tsi) (2.13)

The larger the dj,_g; the less heat is lost to the substrate.

Shown in Figure 2-7b is the dependence of the maximum heater temperature on a,/a,, ratio. The smaller ratios,
in general, result in higher total heat losses (losses to surrounding air do not change but losses through substrate
become larger). This tendency is not linear: for a;/a,, ranging from 0.2 to 0.5 the heat losses increased. This
is more pronounced for a 200 nm thick membrane where the thermal gradient is higher. The optimum for the
cavity size can be selected in the ratios less than 0.25. At ratios below 0.25 the main heat loss mechanism is by
conduction through the air, thus, more heat will be supplied to catalyst and reacting gas.

Shown in Figure 2-7c are the temperature profiles for various ratios of a,/a,, for SizN4 membrane with a
thickness of 400 nm. At high ratios a;/a, no improvement in the temperature uniformity is observed. Only
the absolute temperature is decreased due to the proximity of the Si substrate to the heating source and higher
thermal flux towards the substrate. The heat flows within the micro hot plate with small and large cavity are
illustrated in Figures 2.7d and 2.7e.
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Leads dimensions

At all other optimized parameters the design of the contact leads is crucial. The balance has to be found
between lower electrical conductance, to localize heat, and low thermal conductance, to reduce the heat flux
from the area of the leads to air and Si substrate. These two effects are counterbalancing each other: better heat
confinement is achieved with larger leads, but, on the other hand, increased heat losses via thermal conductive
process are introduced.

The influence of the width of force leads (wyjeqq) On heat transfer within the sensor was investigated at the
assumption of stationary conditions (zero convective flux) and all other dimensions of the heater as specified
earlier in Table 2.1. In Figure 2.8 is presented the maximum temperature of the heater and total supplied power
as a function of width of force leads. When increasing the width from 15 um to 50 yum gain in temperature
of ca. 120 K can be achieved with power difference of only 1 mW. Above 100 pm the increase in width does
not lead to further increase in temperature. The optimum width of force leads is in the range 40-100 um for
the case of negligible convective losses. If the convective losses would be introduced the total supplied power
would increase drastically with increased area of the leads. Therefore, we expect that optimum width of the
force leads resulting in localization of the heat at the center of the membrane and acceptable conductive heat
losses is ca. 50 pum (ratio of 10/1 of W eaqa/Wh).
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Figure 2.8: Influence of the force leads width on the maximum temperature of heater and total supplied power
(a) and temperature distribution across active area of the sensor as a function of source lead width(b).

2.3.2 Materials of micro hotplate

Membrane

Influence of the thermal conductive properties of the isolating membrane on temperature on the membrane and
surface temperature distribution are summarized in Figure 2.9. Selection of a substrate with lower thermal
conductive properties, such as SiO, and SiRN increases the maximum temperature of the heater surface by
about 150-250 K with all other conditions equal, and therefore, improves the desired local heating effect at
lower total supplied power. Based on modeling results a higher temperature can be achieved in micro hotplates
based on SiO, and SiRN membranes compared to SizN4. However, from the practical point of view, SiRN
low stress thin films is a preferred choice due to their mechanical strength and coefficient of thermal expansion
close to Si (see Table 2.2).

For comparison, decreasing membrane thickness from 1000 to 200 nm increases temperature by less then 100
K. Thus, the thermal conductivity of the membrane material has a higher impact on thermal losses than variation
in thickness because the thermal mass anyway remains small. This influence becomes even more pronounced
at higher temperatures (see Appendix A).
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Figure 2.9: Influence of the membrane material on the maximum temperature of the heater (a) and surface
temperature distribution for membrane thickness of 600 nm (b) at potential applied of 10 V (corresponding to
supplied powers in the range 5-7 mW).

In Figure 2.9b temperature profiles are shown for a 600 nm thick membrane for various membrane materials. As
can be seen, although SizNy has less favorable thermo-physical properties in terms of achieving local heating
effect at decreased power consumption, it had the best temperature distribution due to its higher conductive
values.

Substrate

The second largest heat sink in the system after air is the Si substrate. In order to reduce these losses a substrate
with lower thermal resistance can be used, such as fused silica. The thermal conductance of fused silica is
significantly smaller, but the heat capacity is of the same order as Si. To reduce the thermal mass the membrane
is commonly released from the backside by silicon etching. We compared to cases:

e Quartz substrate;
e Quartz substrate with the thin Si0, membrane.

If quartz is used as a substrate, and additionally, the cavity is etched below the heater, the total power con-
sumption can be significantly reduced compared to a Si substrate. Shown in Figure 2.10 is the dependence of
the temperature on supplied power for a Si-based micro hotplate with a SizN4 membrane (a) and a fused silica
based hot plate with the released membrane (b). As can be seen the thermal efficiency of the latter one is much
higher. In Figure 2.11 influence of the thickness of the released membrane in the fused silica based hot plate
is shown. Selection of membrane material with low thermal conductivity as well as thinner membranes lead to
decrease in power consumption. However, there are practical limitations imposed by mechanical stability: ther-
mally induced stress in thinner membranes and compatibility of thermal expansion coefficients of all materials
(see Table 2.2). Also, the implementation of a thin, low thermally conductive membranes introduces strong
temperature gradients - hot spots - increasing as the thickness of the membrane becomes smaller, see Figure
2.12. For the case of a non-suspended heater the power consumption exceeds desirable limits, i.e. below 15-20
mW, as shown in Figure 11a. However, the temperature gradient is the lowest in this case and estimated to be
0.35 K/um (Figure 2.12b). If high temperature uniformity is the prioritized requirement then the membrane
should be kept thick (500-1000 nm) or not released at all. If power needs to be decreased a membrane can be
introduced, but thicknesses larger than 800 nm are feasible in terms of the temperature uniformity.



22 CHAPTER 2. MODEL FOR CATALYTIC MICROSENSORS

1200
1100 - (a) ©200 nm 1600 - (b) 200 nm
1000 - 1400 -
! 7 —
° 29 ©400nm X 1200 - 400 nm
‘3 8001 600 nm g =0=200 nm 600 nm 0800 nm
g 700 ot 5 100]|0-tenem _
Q as
£ 600 (o) 01000 nm g_ 800 -0-800nm/°
F 500 £ A
= 600-
400
300 400 -

8 10 12 14
Power supplied (mW) Power supplied (mW)

N -
N
(=]
(=]
-
o
-
N
-
E-N
N
F -
o

Figure 2.10: Dependence of the heater temperature suspended on the SizN4s membrane of 200-1000 nm thick
in Si-based micro hotplate (a) and when integrated on the fused silica substrate with the released membrane
with the thickness varied between 200-800 nm (b).
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Figure 2.11: Influence of the thickness of the released SiO, membrane on quartz substrate on the maximum
temperature of the heater (a) and surface temperature distribution for various thicknesses (b) at potential
applied of 10 V (corresponds to supplied powers in the range 6-7 mW.

Optimization of the temperature profile can be done by incorporation of heat distributors on the back side of the
membrane [85]. In our system, a catalyst layer integrated on top of the heater with high thermally conductive
properties (metal thin films) also serves as a heat distributor.

Thermal response

Transient thermal modeling is outside the scope of this study, however it is highly important. The thermal
time constant is greatly affected by the thermal isolating properties of the membrane and the identification of
dominant time constants in the system is important. When the system needs to operate dynamically to monitor
reactions, the response time of the total system needs to be proportional to the response of the sensing area.
Thermal response is also dependent on thermal diffusivities of respective heater and membrane materials. The
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Figure 2.12: For the fused silica substrate: dependence of the maximum temperature of the heater on the
supplied power (a) surface temperature distribution (b) at potential applied of 5, 10, 15, 20 V (corresponds to
1,7, 14, 25 mW).

heat diffuses faster in Si than in oxides or nitrides. The presence of a substrate introduces an additional time
constant which might be higher than that of the heater itself as the thermal mass of membrane and substrate
together is much higher. From the point of view of fast response, the substrate could be eliminated completely
by suspending the heater on its leads. This reduces the heating up time. If the same element is intended to work
as a heater as well, and rapid cooling times are needed it would be impossible to cool down the system quickly
due to the limited conduction path through the suspended leads. Additionally, in our case full integration into
the channel structure is required, so the presence of a membrane is necessary to define the dimensions of the
channel and the flow. The properties of gas have a minor influence on the transient behavior of the device
because the heat diffuses in gases many times slower and the heat capacity is small. Therefore, the optimization
with respect to the response time is based on the choice of the membrane material and thickness mainly.

2.3.3 Flow and chemical reaction

In Figure 2.5 the temperature and gas velocity profile (a) and a close up in the heater-catalyst interface (b) are
shown. In Figure 2.13 the concentration profile in the channel is shown. We assume here that our catalyst-
reactive gas combination has certain kinetic parameters, which are taken from L. van de Beld et al. [86], and
the initial parameters for the reaction summarized in Table 2.6. The reaction in the system is actuated by means
of a resistive heat source (P,.s). Besides the resistive heat, the heat due to the reaction (P,.,.) is present and
expressed as:

Proge = —Qox-k'e(_E“/(R’”'T)) ¢ Rig-T-(1—&)/&-Dea-cp; (2.14)

The reaction rate is expressed as:
Freae = —k-eTE/ R D) e Ry T - (1—&,) /e, - Deas - cpr, (2.15)

where Q,, - enthalpy of combustion, k - pre-exponential factor, E, - activation energy, €, - porosity, Dey; - den-
sity listed in Table 2.5 and Table 2.6. Several factors influence the sensitivity to evolved heat: the temperature
under the catalyst (or supplied power), the concentration of the gas, the flow rate (cooling effect), the thermal
conductivity of the gas, the concentration of Pt active catalyst and the dimensions of both catalyst and heater.
We discuss separately each of these factors. Shown in Figure 2.14a is the heat effect due to the reaction as a
function of the concentration of propane in air and supplied power is shown. With the increase of power, the
catalyst surface becomes hotter and the reaction rate rises exponentially in accordance with Arrhenius equation
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Figure 2.13: Concentration profile inside the channel.

Table 2.6: Parameters of the propane oxidation in air implemented in the model.

Parameter Value Units
Enthalpy of combustion, A.H -2043-10° J/mol
Activation energy, E, 92.9-10° J/mol
Pre-exponential factor, k 14 mol/(kg-s-Pa)
Inflow velocity, u;, 0.1/variable m/s
Outlet pressure, pous 1-10° Pa

Inlet temperature, T;, 298.15 K
Initial concentration of propane in air, c;, variable ppm

(Equation 14-15). Therefore, the highest temperature differences are achieved at the interface of the heater and
the catalyst. The larger the amount of reacting gas, the more heat is produced. If low concentrations are to
be detected, higher reaction temperatures (higher power supplied) should be applied, to compensate for lower
conversions, because at low gas concentrations slow kinetics (low reaction rate) occur. Shown in Figure 2.14b
is the heat effect as a function of the gas flow rate. When a flow is present in the channel the difference in tem-
perature, compared to stationary conditions, is due to the forced convective heat transfer by the gas. When the
flow is increased, the measured temperature difference decreases not only due to the cooling effect and losses,
but also due to the decreased time of contact between gas and catalyst (residence time). Therefore, operation
of catalytic sensors at very small flow rates and/or stationary conditions is preferred. In stationary (non-flow)
conditions, reactants are delivered by means of diffusion, thus the response of such detection system would be
limited by time for gas to diffuse to the catalyst. On the other hand, when steady-state flow conditions are used,
the catalyst is at all time supplied with fresh reactants and the response time is faster.

Shown in Figure 2.14c is the heat effect as a function of the Pt content in alumina. The larger the amount of
catalyst, assuming the same catalyst dispersion, the more the reaction proceeds and the higher the temperature
difference can be obtained (see the term for Pt concentration in Equation 14, 15). From the Figure 2.14c it can
be seen that at concentrations above 20 wt % the limit is approached. This is due to a non-optimum use of Pt,
i.e. only on the outer shell of the pellet the reaction will take place. Practically, at higher catalyst loading the
dispersion decreases. In fact, in industrial catalysts the amount of Pt usually does not exceed 1-5 wt % to get
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Figure 2.14: Dependence of the heat effect (maximum temperature difference) at the catalyst-heater interface
on concentration of propane in air fed into the channel at various supplied power ranging from (2-6)x 10"
W/m? at flow rate of 0.1 m/s (a), on flow rate at concentration of propane 10000 ppm and 10 wt % Pt content
(b) and on Pt content at concentration 10000 ppm and flow rate 0.1 m/s. The resistive heat source for (b) and
(c) was 5 x 10'> W/m?; the dependence of temperature difference on ratio of length of catalyst to length heater
(d) and on length of heater (when equal to length of catalyst) (e) at 5x10'> W/m3 power, 10000 ppm propane
in air, 20 % Pt/Al,O3 and 0.1 m/s; (f) schematic representation of dimensions which were varied in modeling.
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Table 2.7: Dependence of heat loss mechanisms in the system on thickness and material of isolating membrane
and ap/apemp ratio.

Heat flux tmgmb T ah/amemb T Amemb T
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higher dispersion.

Shown in Figure 2.14d the heat effect as a function of the dimensions of the heater (a;,). The ratio of length of
catalyst ( a.q kept constant 50 um) to various lengths of the heater (a;) was used as a variable. The supplied
power (Qj,,) was kept constant and the resistive heat source (P,.;) was recalculated according to dimensions of
the heater. This recalculation is the result of the 2D model.

Three cases are presented in Figure 2.14d:

1. acg/ay < 1;
2. aeg/an=1;
3. aeg/an > 1.

For the first case, when a.,, is much smaller than a;, the heater surface will be party exposed to the ambient
introducing additional paths for conductive and convective heat transfer to the surroundings.

When a.,/a; is nearly one, the upward heat flux from the heater is only possible through the catalyst layer,
which is more efficient way of heating.

As can be seen in Figure 2.14d, a further increase in a../ay ratio does not introduce substantial temperature
differences (ca. 0.02 K). Even if the a.,/a; ratio of 50 would be possible to realize in practice, a heater of
minimized dimension might burn out before the catalyst reaches the required temperature level. To conclude,
reducing size of heater while keeping the catalyst dimensions the same does not improve the performance.
When catalyst and heater length are assumed identical (see Figure 2.14e) downscaling their dimensions results
in a decrease in produced temperature difference. This is due to the fact that a smaller amount of catalyst
volume produces less heat. At the same time smaller dimensions lead to a reduction of power consumption.
Therefore, in this case, downscaling is feasible. However, the sensitivity of the sensor must be sufficiently high
to detect induced temperature differences.

In general, in order to keep the produced temperature difference high (for the detection) the ratio of the dimen-
sions of catalyst that of the heater must be at least 2.5. At the ratio of 2.5 a maximum produced temperature
difference can be reached at a minimum power conditions.

2.4 Summary and conclusions

Optimization of micro hotplate design parameters is application specific. Based on the modeling results the
general conclusions are drawn and summarized in Table 2.7:

1. The implementation of thinner membranes leads to an overall decrease in power consumption of the
micro hotplate but at the same time reduces uniformity of the thermal distribution across the active heater
area.
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10.

11.

. The implementation of the membranes comprising of low thermally conductive materials, such as SiO;

and SiRN reduces conductive losses to the Si substrate, and, thus increases the thermal efficiency. At the
same time the temperature uniformity decreases, and formation of hot spots in the heater area is possible.

. For the range of selected materials and conditions, it was found that the material of the membrane influ-

ences heat loss mechanisms more than the thickness of the membrane at all other constant parameters.

. The ratio a,/a,, taken below 0.25 reduces losses to the Si substrate and does not lead to a strong decrease

in the uniformity of the surface temperature profiles.

. The main heat transfer paths are to Si substrate (ca. 40 %) and to air (ca. 60 %). The amount of heat lost

by heating the membrane is less than 1 % of the total supplied power. However, the membrane introduces
a heat path to the Si substrate and air, thus, the thickness and, especially material of the membrane need
to be selected based on the application specific power consumption requirements.

Conduction through air is dominating loss mechanism due to the high surface area of the membrane
exposed to air. Air conduction can be reduced by operating the device in a medium with a lower thermal
conductivity.

. Heat effect of reaction is directly proportional to concentration of a target gas (propane) in air and actu-

ating temperature. If a catalyst is not active enough, higher temperatures can be applied to compensate
for it.

. Non-flow operating conditions is preferred operational mode if a higher thermal sensitivity is required.

This is due to the fact that the heat losses are less compared to constant flow operation. In contrary, in
flow mode a faster response is achieved.

. Higher temperature of the catalyst and thus, higher reaction rate and evolved amount of heat due to

oxidation, is achieved when dimensions of the heater and catalyst are comparable. Further downscaling
of the heater while keeping the catalyst dimensions constant is not feasible.

When catalyst and heater dimensions are assumed identical downscaling results in a decrease in produced
temperature difference. This is due to the fact that a smaller amount of catalyst volume produces less heat.
At the same time smaller dimensions lead to a reduction of power consumption. Therefore, in this case,
downscaling is feasible. However, the sensitivity of the sensor must be sufficiently high to detect induced
temperature differences.

In order to keep the produced temperature difference high (for the detection) the ratio of the dimensions
of catalyst that of the heater must be at least 2.5. At the ratio of 2.5 a maximum produced temperature
difference can be reached at a minimum power conditions.
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Measurement of reaction heats using a polysilicon-based
microcalorimetric sensor *

In this work we present a low-cost, low-power, small sample volume microcalorimetric sensor for measurement
of reaction heats. The polysilicon-based microcalorimetric sensor combines several advantages: (i) comple-
mentary metal oxide semiconductor technology (CMOS) for future integration; (ii) elements of silicon micro-
machining (MEMS) to control thermal performance; (iii) heterogeneous catalysts for selective detection and
analysis of individual gas compounds; and (iv) microfluidics for optimized control over the reaction conditions.
A comprehensive study on the electrical properties of polysilicon thin films as a potential material for temper-
ature monitoring of highly exothermic reactions is presented. Resistive measurements were performed up to
800 °C and a temperature coefficient of resistance (TCR) of 3.24 x 10~* /°C was derived in the quasi-linear
resistive range between 300 and 500 °C. The polysilicon thin film temperature sensors show a good stability.
Due to its excellent compatibility with silicon technology and chemical inertness, doped polysilicon thin films
can be successfully applied in catalytic microreactors and sensor microsystems at high operating temperatures.
We demonstrate the performance of polysilicon sensors by the detection of reaction heats for a model reaction
- the catalytic oxidation of propane in air at concentrations in the range of 0.01 - 0.8 vol % which is below
the low explosion level (LEL) of propane of 2.1 % [37]. The sensor exhibits immediate and reversible response
upon exposure to propane in air. By choosing a selective catalyst the specificity of the sensor can be tuned to
different gases.

“Published as: E.Vereshchagina, R.A.M.Wolters, J.G.E.Gardeniers, Measurement of reaction heats using a polysilicon-based mi-
crocalorimetric sensor, Sens. Actuators A 169 308-316.
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3.1 Introduction

3.1.1 Microcalorimetric sensors

Microcalorimetric sensors belong to the group of thermal chemical sensors and detect the heat of a reaction,
released or consumed. This change in enthalpy associated with a (bio-) chemical reaction introduces a tem-
perature change, which can be converted into an electrical signal and measured. The rate of a chemical reac-
tion depends on temperature and concentration of target compounds. Therefore, the determination of the heat
evolved provides a means of measuring the gas concentration [37], [36]. One of the ways to initiate a reaction
is to use a heterogeneously catalyzed system. In a typical measurement, the device is brought in contact with
a solid catalyst that lowers the operating temperature of the sensor and provides a degree of control over the
reaction kinetics. The basic elements of a catalytic sensor are a temperature sensor, a heater and a catalyst. The
performance of a catalytic sensor is determined by each of these three elements [87].

There is a demand for microcalorimetric devices in various fields due to the simplicity and the selectivity of a
microcalorimetric measurement. The detection and analysis of chemical components is vital for various indus-
trial, commercial, research and domestic applications. Commonly, the gas reactants and by-products exhibit
similar physical properties, but need to be monitored individually. Additionally, a fast response of the sensor
in combination with the possibility to design a highly specific sensor are factors of main concern during the
development of a gas sensing and analysis system. This counts especially for the detection of hazardous gases
for environmental and automotive exhaust control [88], [10], where response time and selectivity play a crucial
role.

Microcalorimetric sensing also has become an industrial method for measuring the flows of both gases and
liquids [89]. On the application of microcalorimetry in microfluidics an informative review by W. Lee and co-
workers was published [35]. Furthermore, microcalorimetric detection is also widely applied in bioanalytical
chemistry [90]. An overview of various designs of microcalorimeters for (bio-) chemical analysis was given by
A.W. van Herwaarden [34]. Finally, microcalorimetric sensors have been successfully applied in the process
control of integrated microreactors for gas-phase catalytic reactions [91], [92], [93]. An important issue in this
application is the possibility of maintaining similar reaction conditions in various channels during scale-up and
automation.

This work focuses on microcalorimetry as a detection method. It is the only method providing a direct indi-
cation of the reaction kinetics by absolute measurement of reaction heats. The ultimate goal of this study is
to develop a microfluidic system in which microcalorimetry is applied for catalytic detection of gases, kinetics
studies, but also for catalyst screening, study of catalyst deactivation processes and measurement of reaction,
adsorption or desorption heats. We use a solid catalyst immobilized on a transducer surface. The catalytic
oxidation of various hydrocarbons (methane, ethane, propane, etc.) occurring at elevated temperatures was
selected as a target reaction. Furthermore, high temperature handling within 100 - 450 °C is required for on-
a-chip activation and regeneration of catalysts. For these reasons it is important that resistive characteristics of
functional material do not degradate under the influence of temperature.

As a proof of concept we study the oxidation of propane in air for concentrations of propane within 0.01 -
0.8 vol % using a CMOS compatible, low-power micro hot plate based sensor. The oxidation reaction is
exothermic and the released reaction heat is directly proportional to the gas concentration. This is used for
calibration. The actuating temperature of the catalytic oxidation (typically up to 550 °C [94], [95]) and the
measured total reaction heats are parameters which are specific for individual gas compounds. In this way an
effective differentiation between compounds of common nature may be achieved by using one single chip.

3.1.2 Feasibility of polysilicon integration

In this study we implement thin films of doped polycrystalline silicon (polysilicon) as resistive heaters and tem-
perature sensors. Polysilicon is a widely studied material and its implementation in microsensor technology was
investigated extensively [96]. However, its properties still find new and exiting applications in CMOS/MEMS
design, e.g. thermoelectric power generators [97], temperature sensors on a chip for study of polymerase
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chain reaction (PCR) [98] or micromachined neural probes [99]. This demand for polysilicon as a material for
high temperature sensing and microreactor applications is justified by its excellent compatibility with standard
CMOS and MEMS technologies, its stability and chemical inertness at high temperatures.

Platinum (Pt) is a preferred material for high-temperature sensing applications [100]. Polysilicon, unlike com-
monly used Pt thin films, does not catalyze any (undesired) reactions. In microsystems comprising catalysts
and applied for the synthesis or analysis of fine chemicals it is of special importance that all elements except
the catalyst exhibit zero catalytic activity. Although it is possible to circumvent this problem for Pt resistors,
by encapsulating it between catalytically inactive passivation layers [101], reliable use of Pt requires a stable
adhesion layer. Most of the issues related to a Pt reliability are due to a degradation of this adhesion layer at
temperatures above ca. 550 °C. Polysilicon thin films do not require such adhesion layers.

Processing of polysilicon has some advantages compared to metal thin films. It enables high temperature opera-
tions and, can, therefore, be easily passivated with high quality thermal oxide or nitride to prolong the life-time
of a resistor. Ehmann and co-workers investigated the properties of polysilicon in harsh temperature environ-
ments and demonstrated its reliable operation for temperatures up to 1200 K [102].

Futhermore, polysilicon can be used not only as a material for heating and sensing, but also as a thermopile, a
piezoresistive component or as a mechanical support in bulk micromachining. This is especially important for
construction of smart sensor systems comprising devices of various functionalities.

In addition, as a part of the gobal trend, silicon-based sensors and microreactors need to be technologically
merged with MEMS/NEMS. In this view, polysilicon-based microdevices easily enable high temperature post-
CMOS processing steps, such as temperature-assisted anodic bonding.

3.2 Experimental

3.2.1 Design overview

The prototype calorimetric sensor consisted of heavily boron doped polysilicon heaters, temperature sensors
and a patterned catalyst integrated on a freely suspended Silicon-Rich Nitride (SiRN) membrane. The active
area of the sensor was selected as 300 x 300 or 500 x 500 um. The membrane thickness was selected as
200 nm and 400 nm. The top view of the active area of the sensor is shown in Figure 3.1. Our approach
was to deposit the catalytic interface on top of a transducer platform, consisting of a thin low-stress membrane
containing resistive structures for heating and temperature sensing. The catalyst was deposited locally in such
a way that it can be heated efficiently using thin-film polysilicon heaters. Subsequently, the start and path-way
of catalytic reactions can be controlled with integrated polysilicon temperature sensors. These were located
up- and downstream relative to the gas flow and used for continuous temperature monitoring. The thickness of
the SiIRN membrane was selected to minimize the heat losses to the silicon. Additionally, the SiRN membrane
ensured faster response times compared to designs completely isolated by air and simplified the integration of
the calorimetric sensor into the glass microfluidic channel. The function of channel is to carry out the oxidation
reaction in a controlled manner (laminar flow, Re number below 10). The generated heat was concentrated
locally on the active surface of the sensor and supplied mainly to the catalyst. The gas flown over the sensor
surface and below the membrane acted as an efficient thermal isolator. Compared to the heat loss by radiation,
convection and conduction through the air, thermal conduction through the contact leads and the membrane
are the main paths for heat losses. Therefore, an optimization of the thermal and electrical resistances of the
suspended-membrane heater and the minimization of heat loss through the electrical interconnections was our
main concern during the design stage. Literature on hot plate design optimization can be found elsewhere [103].

3.2.2 Fabrication of the microcalorimetric sensor

Fabrication of the transducer platform

The main steps of the fabrication are shown schematically in Figure 3.2. A low-doped p-type double-side
polished < 100 > silicon wafer with a thickness of 525 um and a diameter of 100 mm was used. 200 nm of
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Figure 3.1: HRSEM image of the sensor device after silicon etching (a), cross-sectional view on the
SiRN/PolySi/SiRN membrane (b), microscopic image made from the back side of the released membrane show-
ing the arrangement of heaters and temperature sensors (c).

Low Pressure Chemical Vapor Deposition (LPCVD) SiRN at 850 °C was deposited using SiCl,H, and NHj3
gases. The deposition of the SiRN layer was followed by growth of 500 nm of LPCVD polycrystalline silicon at
620 °C from SiH,. To lower the resistance of the polysilicon, BT was implanted with a dose of 5 x 10 at/cm?
and an activation energy of 80 keV. This resulted in a sheet resistance (Rgje.;) of polysilicon thin films in the
range of 190 - 220 Q/sq and a B* impurity concentration of about 102 cm~3. In order to remove lattice defects
and activate the dopants the ion implantation step was followed by conventional thermal annealing in nitrogen at
800 °C for 30 min. Patterning of polysilicon into resistive structures was achieved by standard photolithography
and Reactive Ion Etching (RIE) in SFg, CHF3 and O, plasma. The fabricated heaters and temperature sensors
were passivated with a 200 nm SiRN thin film to isolate them electrically and chemically from the catalyst
layer. Openings through the SiRN to the polysilicon were etched using a RIE process with a CHF3 - O,
plasma. Subsequently, 500 nm of aluminum was sputtered and patterned using lithography and the standard
aluminum wet etchant (Merck 115435.200). Metallization was followed by annealing in N, at 450 °C for
20 min to form a stable ohmic contact to the polysilicon heating and temperature sensing structures. Thermal
insulation was realized by bulk micromachining of silicon, i.e. anisotropic wet etching in 25 % potassium
hydroxide solution (KOH) at 75 °C with SiRN as an etch-stop layer. During single-side silicon etching, the
front of the wafer containing the functional structures was protected by a stainless steel holder.

Immobilization of the catalytic interface

A thin film of palladium (Pd) was used as model catalyst for the investigation of propane oxidation. Patterning
of the catalyst was done prior to the membrane release. 100 nm of Pd on top of a 15 nm thick tantalum
(Ta) adhesion layer were DC magnetron sputtered and patterned via a lift-off process (30 min ultrasonification
in acetone bath), resulting in a square pattern. Ta was selected as an adhesion layer for Pd due to its stable
performance as an adhesion promoter at high temperatures [104].
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Figure 3.2: Fabrication process of the sensor device: (i) wafer selection, (ii) deposition of the 200 nm LPCVD
SiRN, (iii) deposition of the 500 nm LPCVD PolySi, (iv) definition of resistive structures by the RIE plasma
etching, (v) deposition of the 100 nm LPCVD SiRN for passivation, (vi) fabricatiion of the contact pads and
patterning of catalytic material, (vii) etching of Si and SiRN membrane release, (ix) bonding with glass wafer,
dicing and further assembling.

Integration into the microfluidic channel

Microfluidic channels were formed in borofloat glass wafers with a thickness of 1100 um and a diameter of
100 mm supplied by Schott AG (Griinenplan, Germany). Channels of 200 and 700 yum height were etched in
hydrofluoric (HF) water acid solutions of 25 % and 50 %, respectively, through a gold (Au) - on - chromium
(Cr) mask.

Thin films of Au (60 nm) on Cr (10 nm) were deposited by DC magnetron sputtering and patterned using
standard Au (KI: Merck 105043, I,: Merck 144761, KI:I,:DI water = (4:1:40)) and Cr (Merck 111547.2500)
etchants. Holes for fluidic connections and electrical probing were formed using powder blasting. Channels
were manually aligned with regard to the active area of the sensor and anodically bonded at 400 °C and a
potential stress up to 1800 V.

In the final stage, the silicon-glass wafer stack was diced to samples. Individual sensor devices were glued and
wire-bonded on top of a Printed Circuit Board (PCB) (Figure 3.3).

3.2.3 Electrical characterization
Polysilicon thin films

TCR and stability of the polysilicon thin films were characterized at temperatures up to 800 °C. For the electrical
characterization at high temperatures we used double-side polished fused silica wafers of Q1 quality with a
diameter of 100 mm and a thickness of 525 pum supplied by Schott AG. 500 nm of LPCVD polycrystalline
silicon was deposited on the fused silica and subjected to ion implantation as discussed in section 2.1. Fused
silica substrates were selected because this material allows temperature rampings up to 800 °C during the
resistive measurements on the thin films. Additionally, we performed similar analyses on p-type < 100 >
single crystal silicon wafer passivated with 200 nm LPCVD low-stress SiRN prior to deposition of polysilicon.
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Channel and inlet/outlet
for the gas

Microcalorimetric sensor before
and after bonding with glass

Figure 3.3: The sensor device before and after the glass-bonding and mounted on the PCB. The channel
dimensions are: height 200 um, width 600 um, length 4500 pum.

These tests were, however, only valid in the lower temperature range due to the conductive properties of SiRN
at temperatures above 250 °C. This effect was investigated in detail by Tiggelaar et al. [105].
We used a measurement setup equipped with four probes at fixed positions (16 x 16 mm) evacuated during
the operation, a heating element and an aluminum nitride substrate holder permitting temperature ramps up to
800 °C. The substrate was connected to the holder using a silver thermal paste on the holder to ensure good
thermal contact. The temperature was regulated via a thermo-couple positioned directly below the sample. All
resistive measurements were performed at 100 mV. Measured values of resistance (R,.qs) were recalculated to
R, and resistivity (p):

Rs = Rineas XCF; (31)

where Cr is a correction factor (6 for the given geometry).
p =R xt, (3.2)

where t is the thickness of the resistor.
The dependence of R, on the temperature can be generally expressed as:

Rineas :RO(I + o X (T_TO)) 3.3)
The o was extracted from the linear fitting parameters Ry;,0 and 8 of the Ry,.qs(T) curve:
Rjin = Rijino + B x T (3.4)

o = B/Riun. (3.5)

Polysilicon resistors

During the fabrication of the sensor, electrical measurements on Greek Cross resistive test structures [106] were
performed for process control. IV measurements on final devices were carried out using a HP4156B (Hewlett-
Packard, Palo Alto, CA, USA) Precision Semiconductor Parameter Analyser in combination with a Cascade
Microtech Probe station equiped with a heating chuck permiting temperatures up to 175 °C.

Calibration of polysilion resistors was carried out using the calibrated heating chuck. Series of IV’s were
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collected in the range from room temperature to 175 °C. The resistive values corresponding to the temperatures
above 175 °C were measured by placing the chip to the temperature programmed oven. Temperature of the oven
was regulated externally by a thermocouple. From the collected data the TCR was extracted (see Equations 3.3—
3.5). The temperature of the membrane was recalculated using the R(time) data from the integrated resistive
temperature sensor and assuming the constant TCR. The current sourced to resistors used for temperature
sensing is kept at 100 A.

Experimental study of propane oxidation

The reaction of propane in air on a Pd catalyst was investigated. The sensor signal is registered under various
electrical and fluidic operational conditions. The heater and the sensor were operated in constant power mode
using an Agilent 34970A (Agilent, Santa Clara, CA, USA) data acquisition unit and an Agilent U2722A source
measure unit. All electrical parameters of heater and temperature sensors were monitored and controlled with
Labview, National Instruments Netherlands BV (Woerden, The Netherlands) program customized in house. It
allowed an independent and flexible setup and readout of all the involved control parameters in either constant
power or constant temperature modes.

The gases were fed independently and at a constant pressure to the sensor using Brooks Instrument BV (Ede,
The Netherlands) precision mass flow controllers. The total flow rate in the system was kept at 3 sccm/min.
Instrumental air (purity 4.8) and nitrogen (purity 5.0) were fed continuously. Two 4-way micro electric actuators
were used to switch between a nitrogen line and a propane/nitrogen mixture. The concentration of propane in
the propane/nitrogen mixture was 1 vol %. Nitrogen was used as a balance gas for the propane mixture in order
to keep the flow rate constant and minimize effects of thermal conductivity. By diluting the standard mixture of
propane/nitrogen (1/99 vol %) with an additional nitrogen the pulses of propane at various concentrations and
flow rates were injected. The concentration of propane in nitrogen was varied between 0.01 — 0.8 vol %. The
flows for all gases were calculated based on a stoichiometric equation for the total oxidation of propane, shown
in Equation 3.6 [75].

C3Hg + 50, = 3C0, +4H,0 (AH® = —2220.1 kJ /mol) (3.6)

The sensor chip was placed in a polyoxymethylene plastic housing. It was designed to allow an easy replace-
ment of the sensor. The gas-tight fluidic connectors and capilaries were installed in the sensor housing.

Time and duration of the gas pulses were controlled. At first a baseline resistance corresponding to a nitrogen-
air flow was measured. Then we introduced the pulses of propane/nitrogen into the sensor channel. Propane
reacted with oxygen from air on the catalytic surface of the chip. This resulted in a generation of the heat and
a subsequent increase in the sensor resistance. Based on the resistive measurements the heat release of the re-
action was identified and compared with the conversion data from a Varian BV (Middelburg, The Netherlands)
CP-4900 micro gas chromatograph (Micro-GC) equipped with molsieve and propak Q columns. Chromato-
graphic data allowed us to correlate the heat release with the reaction rate.

3.3 Results and discussion

3.3.1 Polysilicon as a material for microcalorimetric sensing

We studied the resistive properties of the polysilicon thin films and validated the feasibility of polysilicon in the
temperature-assisted microreactor and sensing systems.

Resistive properties of polysilicon

BT doping is a preferred option to alter the resistance of heating and sensing structures in our application.
According to Mandurah et al., n-type doping substances such as arsenic and phosphorus may lead to segregation
effects at the grain boundaries [107]. The parameters of the implantation process, a dose of 5 x 10'3 ions-cm™2
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and an energy of 80 keV, were selected based on modelling results to obtain uniform dopants distribution in
polysilicon. The heavily-doped thin polysilicon films indicated metal-like behaviour with Ry within 173 - 220
Q/sq and p of about 9.5 - 11 mQ-cm for 500 nm thick films. A higher sensitivity and a faster response can
be obtained in intrinsic and moderately doped thin films. It is, however, more practical to utilize extrinsic
polysilicon due to a better stability of its electrical characteristics. The obtained temperature dependence of the
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Figure 3.4: The sheet resistance of thin polysilicon films deposited on fused silica in time under temperature
cycling conditions between 50 and 200, 400, 600 and 800 °C (a), resistive behavior of polysilicon with indicated
quasi-linear operating regime (b).

resistance for polysilicon heater and temperature sensors had a non-linear behavior. Deviation from linearity
of R(T) for polysilicon is a result of the complicated conductivity nature. The electron-hole exchange process
occurs not only within the grains but also along the grain boundaries [108]. The TCR of polysilicon resistors
integrated in various CMOS/MEMS based microsystems can be controlled in the range from —1 x 1073 [109]
to 1.1 x 1073 /°C [110] and depends on the doping level.

Drawbacks of polysilicon thin films implemented as resistive temperature sensors shall also be mentioned. From
wafer to wafer devices exhibited a slightly different TCR. This can be attributed to the structural properties of
polysilicon as well as a minor deviation in the conditions (such as a maximum beam current) during the ion
implantation. The TCR may also alter with time, therefore (re-)calibration of each device is advisable. Before
direct utilization, polysilicon thin film resistors have to be subjected to heating ramps or high current stress to
stabilize its resistive properties [111]. To improve the stability of polysilicon resistors, additional studies should
be undertaken on the resistive behaviour of polysilicon at different doping levels, development of linerization
models and drift compensating readout systems. Despite all these challenges polysilicon still provides the best
compatibility with CMOS processing.

Resistive measurements of polysilicon on fused silica

In Figure 3.4a a measurement of the sheet resistance of polysilicon (highly doped with B*) deposited on fused
silica is presented. The temperature was ramped between 50 and 200, 400, 600 and 800 °C. After each heating
ramp sufficient time was given to stabilize the temperature at 50 °C. The material exhibited a positive TCR
across the whole temperature range. The measured resistance was reversible only after the first two ramping
cycles, thus, up to 400 °C. In fact, above 500 °C the material showed unstable behaviour: the heating and
cooling curves deviated and after cooling down a higher resistance value was observed with respect to the
previous ramp. The reason for this may be attributed to a rearrangement in grains and grain boundaries. To
stabilize the resistive behavior, the samples need to be subjected to additional temperature rampings. For
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Figure 3.5: The resistance of thin polysilicon films deposited on Si/SiRN in time under temperature cycling
conditions between 50 and 200, 400, 600 and 800 °C.

the study of propane oxidation this was not required, we did not intend to exceed 500 °C during the device
operation. Higher operational temperatures may lead to a poor relative to a baseline stability of R(time) for
polysilicon resistors. During switching between the gases a new baseline was monitored. The sensor response
was compared to a new set value for the baseline. In Figure 3.4b a typical temperature dependence of the sheet
resistance for the processed polysilicon thin films is shown. A TCR of about 3.24 x 10~* /°C was extracted in
the quasi-linear resistive range between 300 and 500 °C (see Equations 3.4 and 3.5). We selected this range as
a working regime in our study.

Resistive measurements of polysilicon on Si/SiRN

In Figure 3.5 the temperature dependence of the resistance for polysilicon (highly doped with B™) deposited
on Si passivated with SiRN is presented. At elevated temperatures SiRN exhibited conductive properties. This
resulted in a shortcut to the intrinsic silicon substrate, parallel to the polysilicon thin film. Thus, the observed
rapid decrease in the resistance above 400 °C was attributed to the silicon substrate. At lower temperature,
however, we saw the same trend as in Figure 4a: during the first two cycles, i.e up to 200 °C and 400 °C, the
material was stable. Its properties were reversible and no hysteresis was observed. However, once exceeding
450 - 500 °C the material underwent irreversible changes in the resistance.

Stability test

This test was performed with thin films that were already exposed to temperatures up to 800 °C. In Figure 3.6
the resistance of polysilicon thin films is shown. The temperature was ramped between 50 and 400 °C and
stabilized after each heating ramp at 50 °C. The wafer was kept for 5 min at 400 °C during the first cycle. For
each next cycle the annealing time was increased for 5 min. The resistance was monitored in time to verify how
the resistive properties of polysilicon thin films altered after a number of temperature ramps.

The scaling of the measured resistance values for 2 to 7 cycles up to 400 °C revealed that once a device was
exposed at 400 °C its resistive properties were stabilized. After the first cycle the resistance was altered the
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times in 5 min each cycle.

most. Although resistive drift may result in a poor relative to baseline stability, an absolute stability remained

acceptable for measurements.
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3.3.2 Detection of reaction heats

In Figure 3.7a the dependence of the power dissipated by the integrated heaters on the temperature of the active
area of the sensor is shown. To operate the sensor within the operating temperatures a power of about 15 -
20 mW was required. This was a reasonable value in terms of a minimization of the consumed power. In Figure
3.7b the temperature dependence of the resistance for the polysilicon heater is shown. A quasi-linear profile was
observed up to 300 °C. A TCR of about 7 x 10~* /°C was extracted. This is slightly higher compared to non-
patterned polysilicon thin films which exhibited the TCR of 3.24 x 10~* /°C. We also identified an operational
regime for the temperature sensor read-out to minimize the effects of noise and self-heating (see Figure 3.8).
A typical result from the propane oxidation experiment is shown in Figure 3.9. The response time to catalytic
reaction was within 2 sec and the signal was completely reversible. Based on the TCR the temperature increase
due to the reaction was estimated to be within 1 °C at concentrations below LEL (2.1 vol % for propane).

The response time of the temperature sensor itself to an external heat excitation was estimated to be in a few
millisecond range which made the analysis of fast catalytic reactions possible. This was also demonstrated in
the past for the catalytic microreactors comprising the integrated heaters [112].

In Figure 3.10 a similar, long-term test is indicated. The sensor exhibited reproducible signal after 8 hr of
exposure to propane pulsing.

Measurements using a blank sensor without catalyst did not show any change in resistivity when switched
between propane/N, and pure N, at concentrations of propane below 1 %. Thus, the detected peaks were
due to reaction heats and not due to the thermal conductivity difference between propane/N, and pure N».
The concentration of propane in the outlet of the sensor was monitored using the micro-GC. The quantitative
analysis confirmed that a part of propane was catalytically converted. In Figure 3.11 the dependence of the
normalized sensor signal and temperature increase due to the reaction on the power supplied by the heater is
shown. Increase of the supplied power led to a subsequent temperature rise. Higher temperature generally
speeds up the reaction due to the exponential dependence of the reaction rate on temperature. This results in a
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Figure 3.10: The sensing behaviour upon exposure to 0.3 % propane in air during 8 hr. Total flow rate is 3
sccm and the supplied power is ca 8 mW .

higher catalytic conversion and an increased heat generation. The more power was supplied to the system the
higher the observed signal. On the other hand, this also increased the energy consumption of the system and
could lead to a faster deactivation of the catalyst due to sintering and other deactivation processes.

Figure 3.12a shows the resistive responses upon exposure to propane at different flow rates. The concentration
was kept at 0.8 % of propane in air, the flow was varied from 1 to 3.6 sccm. The higher the flow rate, the faster
the inset of the reaction occured due to the void space in the tubings. Minimized length and inner diameter of
the connecting tubings, higher flow rates and minimized dimensions of the microfluidic channel resulted in a
fast response. However, the height of the peaks remained constant at different flow rates. The measured time in
response to the gas pulsing was within 2 seconds.

In Figure 3.12b the dependence of the conversion of propane at different gas flow rates is shown. The conversion
values (X) were calculated from the Equation 3.7, where Cpefore - and C4rer,» denote concentration of propane
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The higher the flow rate was set, the less the measured values of conversion. This can be explained by the
reduced residence time, i.e. the time available for the propane to react on the catalyst. In case of 3 sccm the
conversion was three times lower than for 1 sccm. The flow rate was, however, three times higher. This means
that per time interval the same amount of molecules was converted and the same amount of heat was released.
A cooling effect due to higher flow rates could not be observed at these concentrations.

Finally, the sensor response upon exposure to propane of different concentrations is presented in Figure 3.13
for devices with a thickness of the SIRN membrane of 200 and 400 nm. For the thinner membrane the signal
was twice as high due to better thermal isolating properties. A further reduction of the membrane thickness or
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realization of fully-suspended (isolated by air) devices can improve the performance even more. However, this
also reduces the mechanical stability of the sensor.

The reaction was performed at concentrations of propane (0.01 to 0.8 vol %). Reproducible measurements were
possible for propane concentrations down to 0.1 %. For lower concentrations the signal-to-noise ratio decreased
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Figure 3.13: The normalized sensor response: comparison of the sensor device with SiRN membranes of 200
and 400 nm thickness. The concentration varied between 0.01 and 0.6 vol.% of propane in air at a total flow
rate of 3 sccm.

below 4 making precise measurement of concentration challenging. Observed sensing behaviour corresponded
to recently reported by Barsony and co-workers [12]. Based on the experimental results we concluded that the
developed microcalorimetric sensor can be successfully used for the detection of hazardous gases below LEL.
The detection limit can be further shifted to lower ppm range if the temperature sensors with a higher TCR were
used.

The ultimate goal of the future study is a detection of individual gases in a mixture. This can be achieved by
measuring the reaction heat and the temperature at which reaction starts [113], [114]. These experiments are
on-going.

3.4 Conclusions

In this work we presented the fabrication, characterization and testing of a low-cost, low-power, CMOS-
compatible microcalorimetric sensor for detection of reaction heats.

The construction of the calorimetric sensing system based on extrinsically-doped polysilicon resistive heaters
and temperature sensors has been demonstrated. The compatibility with Si technology and the chemical in-
ertness at elevated temperatures makes polysilicon attractive for integration into microreactors and sensors.
However, non-linearity of its resistive properties and drift still offer challenges on a way to its successful im-
plementation as a functional sensing material.

We demonstrated the detection of reaction heats for a model reaction - the catalytic oxidation of propane in air.
The reaction was performed over the thin film of Pd catalyst at concentrations of propane (0.01 to 0.8 vol %)
which is significantly below the low explosion level of propane. The sensor exhibits immediate and reversible
response upon exposure to propane in air. The short response times allow this detection mechanism to be ap-
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plied in transient studies of chemical reactions, such as differential scanning microcalorimetry.

The sensor can be applied for the detection of reaction heats and kinetic analysis, where commonly higher
concentrations of reactive components are used, which will lead to stronger heat release. Besides that it can
be utilized as a safety sensor for the detection of propane leaks. In addition, immobilizing of a highly active
catalyst with a high surface area on the sensor can significantly increase the sensitivity.
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Development of titanium silicide — boron-doped polysilicon
resistive temperature sensors *

Thin films of titanium silicide (TiSiy) formed on heavily boron doped polycrystalline silicon (poly-Si/B™) were
for the first time applied for resistive temperature sensing. The temperature sensors exhibited a high temperature
coefficient of resistance (TCR) of 3.8 x 1073 /°C, a linear dependence of resistance on temperature and an
excellent thermal and electrical stability up to 800 °C. This work discusses the fabrication method, and the
morphological and the electrical characterization of the TiSiy/poly-Si thin film resistors throughout the stages
of its formation.

“Published as: E.Vereshchagina, R.A.M.Wolters, J.G.E.Gardeniers, Development of titanium silicide — boron-doped polysilicon
resistive temperature sensors, J. Michromech. Microeng. 21 105022.
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4.1 Introduction

Accurate control and measurement of temperature is an essential requirement in various sensor and microfluidic
applications. The precise measurement of reaction heats by microcalorimetry is used as a transduction mecha-
nism for the detection of combustible gases, with typical examples [11], [12], [13], [71]. Also, high-throughput,
sensitive thermal analysis of bio-chemical interactions is an important application, and was achieved using mi-
crofluidic calorimeters as demonstrated by W.Lee and co-workers [35]. In microreactors used for production or
analysis of (bio-)chemical compounds [115], [116], and in heterogeneous catalysis research [117] good control
over the temperature is necessary because of the exponential dependence of reaction rates.

For many of the commonly used resistive materials, e.g. metallic thin films and semiconductors, poor sensi-
tivity and stability at high temperatures and incompatibility with integration on a silicon chip still belong to
the major drawbacks. Additionally, microsystems for chemical analysis require materials that are chemically
resistant towards the reactive components and the reaction products: on one hand to prolong the life-time of a
thermistor, and on the other hand to ensure zero blank activity of the device during operation. Moreover, com-
monly used metal thin film resistors, when not passivated, can act as a very reactive catalyst, thereby actuating
(undesirable) reactions. These drawbacks bring a demand for new emerging materials that meet requirements
of technological compatibility as well as exhibit excellent thermo-electrical properties and stability at high tem-
peratures.

There is a wide range of materials that can be successfully applied in thermistors [118]. From the candidates
for high temperature sensing we selected TiSi, on heavily boron (B™) doped poly-Si. To the best of our knowl-
edge, this is the first time that the combination of these two materials was employed for resistive temperature
sensing up to 800 °C. Other types of silicides for heating and temperature sensing purposes are tantalum sili-
cide (TaSip), cobalt silicide (CoSiy) [28], molybdenum silicide (MoSi;) [119], nickel silicide (NiSi) [120] and
platinum silicide (PtSi)[121].

TiSi, is commonly used in the semiconductor industry to reduce parasitic series resistance and contact resis-
tance between metallization and device [122], [123], [124], [125]. Therefore it is a promising material for
accurate temperature sensing. It has a low resistivity, high TCR, good thermal, chemical and electrical stability,
low silicide-to-silicon contact resistance and established compatibility with silicon technology [126], [127].
An objective of this work is to evaluate the feasibility of TiSi»/poly-Si thin films as resistive temperature sensors.
We will discuss here the technological aspects of the silicide formation, the integration in a Si-based process
and the morphological and electrical characterization. Realized structures exhibited a high TCR and excel-
lent thermo-electrical stability and, are, therefore, suitable for integration in temperature-assisted lab-on-a-chip
microsystems.

4.2 Choice of a material for temperature sensing

4.2.1 Requirements of the sensor material

The material for temperature sensing should satisfy a number of important constraints imposed by the manu-
facturing technology and the field of potential application:

e Linear change of resistance in a wide temperature range;

High and stable TCR;

Short- and longterm stability of electrical characteristics;

Chemical inertness at elevated temperatures;

Compatibility with established CMOS processing facilities;

Potential applicability in MEMS/NEMS;
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Table 4.1: Comparison of thermo-electrical properties of thin silicide films.

Silicide  Trorm Resistivity TCR x 1073 R-Tcurve® T, on Si

(oC)a,b (,uQcm)b (ocfl)a,c,d,e (oC)f
TiSi, 700-900 13-20 3.8-4.3 Linear 950
TaSi; 650 50-60 1.57-1.75 Non-linear 1000
CoSip 600-700 14-20 3.62-4.33 Linear 950
MoSi, 525 100-120 2.58 Linear 1000
NiSi 400-600 14-20 4.3 Linear 850
PtSi 300-600 28-35 - - 750

a[127], P[123], €[28], 4[119], ¢[120], /[124]

Platinum (Pt, TCR = 3.9 x 1073 /°C) might be a preferred material for temperature sensing [100], [101]. How-
ever, thermistors based on Pt often require non-standard, low-temperature processing which is not compatible
with processing on poly-Si. Moreover, during operation above 550 °C Pt thin films may agglomerate and alter
the resistive properties. Pt has poor adhesion to Si, SiO», Si;N, and, therefore, an adhesion layer is required.
Most of the issues related to Pt reliability are due to the degradation of the Pt adhesion layer at elevated tem-
peratures [104].

Thin films of poly-Si do not require an adhesion layer and a high electrical stability is reported [102]. Highly
doped poly-Si can be used for temperature sensing in a limited temperature range and at high dopant concen-
trations a positive TCR is observed [71]. However, for these high dopant concentrations, the non-linearity of
electrical properties, the relatively low TCR and the potential to resistive drift may limit its application. In ad-
dition, above 450-500 °C effects of grains and grain boundaries movement lead to deviation of resistance and,
therefore, burn-in procedure is required. In Table 4.1 the thermo-electrical properties of commonly utilized
thin silicide films are summarized. NiSi and PtSi do not match the criteria of high-temperature stability. The
resistance of TaSi, changes non-linearly with temperature and along with MoSi; it exhibits lower TCR values
compared to other silicides. Based on the above mentioned design constraints, reported electrical properties
and desirable compatibility with standard CMOS processing, TiSi, or CoSi, is the best option for temperature
sensing.

4.2.2 TiSiy/poly-Si thin films for temperature sensing

We selected TiSi; on heavily BT doped poly-Si as sensor material because, unlike the commonly used Pt and
poly-Si thin films, it meets all criteria mentioned above. The TiSi, was formed by reaction of Ti with poly-Si
during rapid thermal annealing (RTA). Conventional thermal annealing (CTA) is not practical because Ti is
prone to oxidation. During a first annealing step at a temperature of 700 — 750 °C the metastable C49 TiSi,
phase is formed. In a second annealing step, at a temperature of 850 — 900 °C, the stable low resistive C54 TiSi,
phase is obtained. A detailed description on the kinetics of this transformation to the C54 phase can be found
elsewhere [128]. The stable low-resistive C54 phase of TiSi, is the desirable material for sensing applications
in the present study. It exhibits metallic-like behavior with a resistivity (p) in the range of 13 — 20 uQ-cm and a
TCR in the range of (3 —3.6) x 1073 /°C [129]. In TiSiy/poly-Si thin films the electrical properties are governed
by the TiSi,. We concluded this based on the fact that TiSi, has lower resistance and higher TCR compared to
poly-Si. This makes TiSi»/poly-Si system suitable for use in resistive temperature sensing. By nature, TiSi, is
covered with a layer of native oxide (SiO;). It can be oxidized further to a thicker SiO, layer at the cost of the
underlying poly-Si layer. The TiSi, film itself remains undisturbed.

The sensing material should not initiate any (undesirable) reactions in the system, i.e. stay chemically inert at
elevated temperatures, such that only the reactions of interest give a significant signal. TiSi, is a chemically
stable material and reported to resist temporally immersion in a potassium-hydroxide (KOH) solution [130].
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It also can be used as a masking material for silicon surface [131] and bulk [132] micro-machining. TiSi; is
formed where Ti is in contact with Si. Therefore, the formation of silicides will only occur on predefined Si-
based structures. This is commonly addressed as the self-aligned silicide (SALICIDE) technology [122].

The compatibility with Si technology allows the realization of miniature sensor devices with advanced func-
tionality at reduced costs in Si IC manufacturing facilities. The good thermal stability of TiSi, up to 800 °C
permits high temperature processing, such as temperature-assisted anodic bonding. This facilitates merging of
the silicon-based sensors with MEMS/NEMS technology.

In addition, the TiSi, has unique light-absorptive properties and, therefore, can be attractive for the lab-on-a-
chip devices utilizing optical detection [133].

4.2.3 The technological aspects of TiSi, integration

In this section we discuss the issues to be considered during the fabrication and integration of the TiSis/poly-Si
temperature sensors in the Si-based process. Below the factors that influence the thermo-electrical properties
of the formed TiSi, on poly-Si are given [134]:

e Annealing conditions (ambient gas, temperature, time);

Properties of the poly-Si (grain size distribution and doping level);

Cleanliness of the Ti/poly-Si interface prior to the formation of the TiSiy;
e Thickness of the formed TiSi»;

e Sensitivity of the grain boundaries to the high temperature anneals;

e Oxidation behavior of the TiSiy/poly-Si stack.

The annealing temperatures are known from the studies in which, by means of the in-situ 4-point-probe mea-
surements the resistivity and the phase changes from Ti to C49-TiSi, and further to C54-TiSi, were monitored
during the annealing. From such measurements is known that the C49 — C54 phase change occurs around 850—
900 °C.

Commonly, argon (Ar) or nitrogen (N3) is used as annealing ambient. Annealing in Ar leads to the formation
of TiSi, at the risk of an excessive lateral growth of silicide over the neighboring dielectric. This can cause
problems in CMOS applications limited to the nanoscale dimensions of the Si gates. Therefore, to suppress a
lateral diffusion of Si into Ti, annealing in N, ambient is preferred.

The silicide formation for Ti on Si in N, ambient results in the simultaneous formation of TiN and TiSi, on Si
areas, whereas only TiN is formed on the dielectric regions. This prevents lateral growth of the silicide. The
TiN layer can be further etched to release silicide.

The substrate and dopant in the underlying poly-Si have great impact on grain size, resistivity and the thermal
stability of the formed silicide layer. This was demonstrated for Co/poly-Si resistive lines by Y.M.Chen and
co-workers [135]. The presence of the dopant also impacts silicide properties. It has been reported that n-type
dopant leads to a modification of the grain structure of poly-Si, and that doping of poly-Si with As or P greatly
enhances the thermal stability [136].

The surface of the poly-Si should remain particle- and water-free prior to the sputtering of Ti. Besides forma-
tion of a native oxide during CTA (performed for the activation of B in poly-Si), a thicker under stoichiometric
boron oxide (B;Os) can be formed at the interface of poly-Si / SiO,. Therefore, a standard oxide etch must be
done to ensure an oxide-free surface.

Karlin and co-workers pointed out that the thickness of the TiSiy plays an important role. They report on the
improved thermal stability as the thickness of the TiSi, was doubled [136]. By applying a thicker Ti layer a
thicker silicide layer can be obtained with the enhanced consumption of the underlying poly-Si. This is reflected
in the total resistance of TiSi,/poly-Si stack.

The poly-Si/B* combination is known for a lower sensitivity to oxidation, which is an advantage. On the other
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Table 4.2: The annealing conditions in nitrogen and former gas and the measured values of sheet resistance.

Ramp  Temperature Duration Sheet resistance (£/sq)

(°Clsec) &©) (sec) N, H,/N,
1% anneal 50 700 30 25.38 18.54
2" anneal 50 900 30 11.78 5.75

hand, at high temperatures atoms of B* can inhibit the formation of the TiSi, due the formation of titanium
diboride (TiB»,).

4.3 Formation and characterization of the TiSi, thin films

4.3.1 Thesilicidation procedure

In this section we discuss the technological aspects of the TiSi, formation. TiSi, was formed by a two step
temperature-assisted reaction of sputtered Ti and poly-Si. Prior to the manufacturing of the sensor prototype,
the silicidation procedure was tested on two types of substrates:

e Si covered with 200 nm of Silicon Rich Nitride (SiRN);
e Fused Silica (FS) wafers.

The preparation procedure was as follows. Single crystal, p-type, {100} oriented one-side polished Si wafers,
100 mm in diameter, 525 um thick and with a resistivity of 5 - 10 Q-cm, were used. Prior to the deposition
of 200 nm thick SiRN, the wafers were subjected to standard chemical cleaning with nitric acid and strip of a
native oxide. The nitride was grown by Low Pressure Chemical Vapor Deposition (LPCVD) at 850 °C using
SiCl,H, and NH3 gases. For the electrical characterization of TiSi, thin films above 250 °C we used double-
side polished FS wafers (see section 3.3) of Q1 quality with a diameter of 100 mm and a thickness of 525 um,
supplied by SCHOTT AG (Griinenplan, Germany). The Si/SiRN and FS wafers were subjected to a growth
of 500 nm of LPCVD poly-Si at 620 °C from SiH4. Ion implantation of poly-Si was performed to define its
sheet resistance (Ry.r): BT with a dose of 5 x 10" ions/cm? and an energy of 80 keV was implanted into the
poly-Si. Subsequently, CTA in N; at 800 °C for 30 min was done to remove the damage in Si and to activate
the B*. This resulted in a dopant concentration of about 10%° B/cm?3. The Ryjees Of poly-Si on Si/SiRN was
measured to be ca. 220 Q/sq. The Ry of poly-Si on FS was slightly lower compared to Si: ca. 190 Q/sq.
These B-doped poly-Si films with Ry, values in the range 190 — 220 Q/sq were used as a base layer for the
formation of integrated TiSi,/poly-Si resistive temperature sensors and poly-Si heaters. The presence of any
n-type (As, P) or p-type (B) dopant in the poly-Si is generally known to slow down the transformation rate to
the desirable C54 phase [122]. Considering this fact the annealing temperatures were selected as: 700 °C for
the first anneal and 900 °C for the second anneal. The annealing was performed using a Solaris 150 Rapid
Thermal Processing System (Surface Science Integration, El Mirage, AZ, USA). The heating and cooling rates
were 50 °C/sec and the wafer was kept at a set temperature for 30 sec. A flow of forming gas (95% N / 5%
H;) was used to prevent oxidation. The experiments in pure N, were also performed. The resistance of the
layers obtained by annealing in N, were higher than of samples annealed in the forming gas (see Table 4.2).
This was ascribed to contamination by residual oxygen (O). It is recommended to keep the concentration of
O; in the annealing gas below 10 ppm. In practice, it is difficult to eliminate O, completely in an atmospheric
system. Prior to the deposition of the Ti films, wafers were chemically cleaned and dipped for 1 min in 1 %
hydrofluoric acid solution (HF).A 50 nm thick Ti was deposited at pressure of 0.066 mbar, in 148 sccm Ar flow
and power of 200 W using a home-built DC magnetron sputtering system. A pre-sputtering run for 20 min was
performed to clean the Ti target before the actual deposition. The thickness of the Ti films was measured by
a profilometer Veeco Dektak 8 (Veeco, Plainview, NY, USA). The measurements indicated a centersymmetric
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Figure 4.1: Schematic representation for the poly-Si uptake due to the silicidation process.

non-uniformity: a thicker film in the center and decreasing with ca. 10 % towards the edges of the wafer. The
non-uniformity of the Ti thickness should be taken into account during the fabrication because the thickness
of the formed silicide layer and the phase formation rate are dependent on it. The surface roughness (Ra) of
the Ti thin was 1.81 nm as measured using Veeco Dektak 8. After the deposition of Ti, wafers were placed
in the RTA system. After flushing with forming gas, the first anneal was performed. A typical RTA run in
forming gas consisted of a temperature ramp of 50°C / sec up to 700 °C , hold for 30 sec , and cooling at 50
°C / sec rate down to room temperature. In Figure 4.1 we schematically illustrate the uptake of the poly-Si
and formation of the TiSi, and TiN. The formation of TiSi, proceeded by the consumption of the underlying
poly-Si. Part of the Ti was consumed by the gas-phase nitridation to titanium nitride (TiN). High-Resolution
Scanning Electron Microscopy (HRSEM) analysis revealed that during the reaction 60 - 70 nm of the poly-Si
was consumed for the formation of about 25 nm of TiSi,. The cross-sectional SEM images of the TiSi,/poly-Si
stack are presented in Figure 4.2. Formation of the meta-stable C49 phase, the TiN and the stable C54 phase
was confirmed by the 4-point-probe resistance measurements. During the first anneal Ti reacts with poly-Si
to form TiSi, and TiN. However, Ti may also react with the SiO; resulting in a metal-rich TisSis silicide
compound. The unreacted Ti, the formed TiN as well as the TisSiz were etched for 10 min in a solution of
hydrogen peroxide (H,0>), ammonia and water (1:1:1). During the etching a color change was observed: from
light-gold of TiN to grayish of TiSi,. After stripping of TiN the second anneal was performed at 900 °C. The
4-point-probe measurements indicated a resistance drop from 46 (Q-cm, for the C49 meta-stable phase, to 14
uQ-cm for the stable C54-phase of TiSiy. The Ry, resistance values are listed in Table 2 and correspond
to 25 nm TiSi, on 430 nm poly-Si. The silicide with Ry, in order of 5 - 6 Q/sq for C54 TiSi, used further
for integration in the fabrication process. This was a sufficiently low resistance for our thermistor application.
Additionally, it is recommended to realize the whole silicidation procedure in the shortest possible time frame.
In particular, the first anneal after the Ti deposition and the etching of TiN.

In further sections the structural and electrical analysis of the TiSi, thin films are discussed.

4.3.2 Morphological characterization of the TiSi,/poly-Si thin films

Cross-sectional High Resolution Transmission Electron Microscopy (HRTEM) images were taken using a
Philips CM300ST-FEG TEM system (Philips, Eindhoven, The Netherlands). All HRTEM images were recorded
at an acceleration voltage of 300 kV without an objective aperture. Two samples were analyzed following these
fabrication steps:

e after the anneal at 700 °C and before strip of TiN;

e after the anneal at 900 °C.
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Figure 4.2: HRSEM cross-sectional view of the Si/SiRN/poly-Si/TiSi, stack after deposition of Ti and before
the first anneal (a), after the first anneal at 700°C before (b) and after (c) the etching of the TiN and unreacted
Ti and after the second anneal at 900°C (d).

The aim of TEM analysis was to measure the thickness of the formed TiSi, and TiN. Using Fast Fourier
Transform (FFT) we were able to measure the spacings of the atomic planes. During the measurements internal
calibration was performed for the (111) plane of poly-Si on both samples to identify an off-set correction factor.
The off-set was estimated to be ca. 0.04 A.

In order to determine the crystalline orientation of the TiSip X-Ray Diffractograms (XRD) were taken using
a Philips XRD model Expert System (Panalytical, Almelo, The Netherlands). High-angle measurements were
performed in the 2@-range from 20° to 60°. Four samples from the same wafer were analyzed:

(a) Si/SiRN/poly-Si/Ti directly after the Ti sputtering and prior to any annealing;

(b) Si/SiRN/poly-Si/TiSi (C49)/TiN after the 700 °C anneal and prior to the TiN etch;
(c) Si/SiRN/poly-Si/TiSi (C49) after the 700 °C anneal and strip of the TiN;

(d) Si/SiRN/poly-Si/TiSi (C54) after the 900 °C anneal.

X-ray photoelectron spectroscopy (XPS) surveys were performed on two TiSi; samples using a Quantera SXM
scanning XPS microprobe (Physical Electronics, Inc., Chanhassen, MN, USA). The first sample was TiSi,
as formed. The second sample was from the same wafer subjected to deposition of 50 nm oxide by Plasma
Enhanced Chemical Vapour Deposition (PECVD) at 300 °C. The XPS analyses were performed to identify the
content of Ti and Si in the TiSi; layer, to verify the presence of any contamination (such as O and N) and to
study the influence of the PECVD SiO; on TiSi,. Element spectra scans were taken during depth profiling. The
composition of the TiSi, layer was measured at a given point in depth of 10 nm. The times are 3 min and 8 min
30 sec for pure TiSi; and SiO,-capped sample, respectively.
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Figure 4.3: The TiSiz/poly-Si resistor outlook showing dimensions of resistor, an opening in the SiO, layer
which was exposed to Ti (a) and an area of the poly-Si resistor converted to silicide (b).

Atomic Force Microscopy (AFM) in tapping-mode was used to measure the roughness and estimate surface
morphology before and after the silicidation.

4.3.3 Electrical characterization of the TiSi,/poly-Si thin films

The TCR and the stability of the poly-Si and TiSio/poly-Si thin films were studied from 25 °C to 800 °C. The
measurement setup was equipped with four probes at a fixed position (16 x 16 mm). A heating element and
an aluminum nitride substrate holder allowed temperature ramps up to 800 °C were used for in-situ electrical
characterization of TiSi,/poly-Si. The substrate was mounted with a silver thermal paste on the holder to
ensure a good thermal contact. The temperature was regulated via a thermo-couple mounted under the sample.
Measurements were performed in vacuum.

The measurements on the Si substrate were valid in the lower temperature range, i.e. from room temperature
to 200 — 250 °C. Above 250 °C the SiRN-film loses its isolating properties and may provide a short circuit to
the intrinsic Si substrate. This effect was investigated by Tiggelaar et al. [105] The FS substrate was used for
measurements up to 800 °C.

The FS substrates were used to permit the high temperature resistance measurements on the thin films. The
temperature was ramped between 50 and, subsequently, 200, 400, 600 and 800 °C. After each annealing step
sufficient time was given to stabilize the temperature at 50 °C again. This allowed us to extract the TCR and
to test the presence of any electrical degradation (hysteresis). A stability test was performed on thin films that
were already exposed to 800 °C. During this measurement the temperature was ramped between 200 and 500
°C and stabilized after each heating ramp at 200 °C. The wafer was kept for 5 min at 500 °C during each cycle.
The resistance was monitored in-situ to observe the change in resistance.

4.4 Fabrication of the temperature sensors and heaters

4.4.1 Design overview

The design of the TiSi, resistive structures used in this study is shown in Figure 4.3. A meander-shaped
TiSip/poly-Si thermistor consisted of about 430 nm thick poly-Si and 50 nm thick TiSi,. The width (5§ um)
and length (100 um) were selected to form a resistor of about 100-150 Q. The resistor had poly-Si/Aluminum
(Al) leads for an electrical readout in the 4-probe configuration to eliminate parasitic resistances during the
measurements. The area where poly-Si leads were connected to the resistor was also subjected to the silicidation
process. This eliminated possible failures in measurements associated with a high contact resistance or (and) a
temperature gradient between the active part of resistor and the connections to the leads.
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Figure 4.4: HRSEM top view image of the sensor device.

4.4.2 Fabrication process flow

The 11,4 kQ poly-Si resistor used for heating was 5 m wide 230 ptm long. In these wide TiSi»/poly-Si lines no
dimensional limitation was expected. Dimensional limitation is characteristic for nanoscale designs, where the
width of silicide line is comparable to the size of the silicide grains. An overview of the heater and temperature
sensors is shown in Figure 4.4. The main steps of the fabrication procedure are schematically demonstrated
in Figure 4.5. On a {100} oriented Si wafer we deposited 200 nm of LPCVD SiRN and 500nm of LPCVD
poly-Si. The resistance of the poly-Si was defined using ion implantation as discussed before. The resulted
sheet resistance was ca. 190 - 220 Q/sq. The patterning of the poly-Si into resistive structures was achieved
by RIE in SFg, CHF3; and O, plasma with an Olin-17 photoresist mask. The structures were covered by a 50
nm PECVD SiO, oxide. The thin oxide film served as an electrical isolator for the poly-Si heaters and as a
protection to the poly-Si areas not used for the formation of the TiSi,. Before the silicide formation the openings
in the oxide were defined by standard lithography with the Olin-17 photoresist (as shown in Figure 3). The 50
nm Ti film was deposited by DC magnetron sputtering at a base pressure of 2 x 10~/ mbar. It is important to
keep the background pressure below 1 x 10~° mbar to ensure oxygen-free metal deposition. This was followed
by a 700 °C anneal step in forming gas and selective etching of the TiN. After the strip of TiN, a 900 °C
anneal in forming gas was carried out. At this stage the poly-Si and TiSia/poly-Si resistive structures were
realized. The TiSiy/poly-Si temperature sensing structures were formed by the silicidation reaction between
Ti and the patterned poly-Si. This is a self-aligned process, i.e. the silicidation will take place only on the
poly-Si area which was in a direct contact with Ti. This manufacturing approach allowed formation of the
highly resistive poly-Si heaters and the TiSi,/poly-Si temperature sensors within one layer. The technological
details of the silicidation process were discussed in section 3.1. Next, the structures were covered with another
50 nm PECVD Si0O,. Standard lithography with the Olin-17 was used to define the openings in the SiO, layer.
The contact holes were etched using a buffered hydrofluoric acid (BHF) etching solution. A 400 nm of Al
was sputtered and patterned with standard Al wet etchant (MERCK 115435.200). Next, the structures were
annealed in N, at 450 °C for 20 min to form a stable ohmic contacts to resistive structures. Thermal insulation
was realized by bulk micromachining of Si, i.e. anisotropic wet etching in 25% potassium hydroxide solution
(KOH) with SiRN as the etch-stop layer. During the Si etching, the front side of the wafer containing the
functional structures was protected in a stainless steel holder.
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(i) Deposition of 200 nm LPCVD SiRN

(ii) Deposition of 500 nm LPCVD poly-Si,
ion implantation of B

(iii) RIE patterning of the poly-Si, opening
of the window for backside etching

:;

(iv) Deposition of PECVD SiO,, etching of
window for silicidation in SiO,

:;

(v) DC magnetron sputtering of Ti

— _

(vi) RTA anneals in forming gas, etching of
TiN, deposition of PECVD SiO,

n

(vii) Formation of vias for metallization in BHF

— S —

(x) Deposition of Al, etching of Si

Figure 4.5: The fabrication process flow for the suspended-membrane TiSiy/poly-Si resistive temperature sen-
sors.
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Figure 4.6: Contribution of poly-Si and TiSi; to the total resistance of TiSio/poly-Si stack on Si/SiRN substrate:
(a) measured temperature dependence of TiSiy/poly-Si stack under the temperature ramps applied in time (b);
derived temperature dependence of resistance of TiSiy layer (c), indicating linear TCR and no hysteresis; de-
rived temperature dependence of resistance of poly-Si layer (d), indicating contribution of poly-Si and intrinsic
Si substrate at temperatures above 450 °C.
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4.5 Results and discussion

4.5.1 Thermo-electrical properties of the TiSi,/poly-Si thin films

Figure 4.6 shows the dependence of the sheet resistance on temperature for the TiSip/poly-Si stack formed on
the Si/SiRN substrate. The contribution of the TiSi, and the poly-Si sheet resistance to the total resistance of
parallel TiSio/poly-Si stack is shown, where R risi2 is calculated from the measured values Ry risi/poty—si and
R; poly—si according to Equation 4.1.

1 1 1
- + @.1)
Ry risiojpoty—si  Rspoly—si  Rstisi2

Due to the conductive properties of the SiIRN above 250 °C, the intrinsic substrate contributed to the measured
resistance (the negative TCR above 500 °C was due to the Si substrate). To avoid this effect, the thermo-
electrical properties of the TiSio/poly-Si stack were also analyzed extensively on the FS substrates. In Figure
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Figure 4.7: The temperature dependence of the poly-Si (a) and TiSi>/poly-Si (b) sheet resistance and the ther-
mal stability of poly-Si (c) and TiSi>/poly-Si (d) under applied temperature ramps. Figures 7a and 7b reprinted
from [71] with permission from Elsevier.

4.7 we present the temperature dependence of resistance for a system of parallel resistances TiSi,/poly-Si on
the FS as a function of temperature (c) and time (d). We found a linear temperature dependence of resistance.
TCR values were between (3.01 —3.15) x 1073 /°C. No hysteresis was observed during the temperature ramps.
A stability test was performed by several temperature cycles between 200 °C and 500 °C. The test indicated no
degradation of material due to thermal or electrical stress (see Figure 4.8). The results of poly-Si/B+ measured
with the equal conditions on FS (see Figures 4-7a, 4-7b) show that poly-Si itself exhibited a much lower TCR
(extrapolated for the linear part for about 2.5-10~# /°C) and its resistance depends non-linearly on temperature.
In practice, the poly-Si based integrated thermistors have to be stabilized by high current densities or high
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Figure 4.8: The thermo-electric stability test of TiSiz/poly-Si performed by ramping temperature between 200
°C and 500 °C.

temperature ramps. The addition of the TiSi, clearly improved the thermo-electrical characteristics in this
respect.

We tested the influence of the passivation layer on the resistive properties of poly-Si and subsequent formation
of TiSi,. The goal of this test was to identify whether any redistribution of dopant or other processes occurred
during the deposition of high temperature (TEOS) and low temperature (PECVD) oxides which may cause
alteration of the resistance of the poly-Si or formed silicide. The TiSi; layer was formed on three samples:

e Poly-Si without passivation;
e Poly-Si with 50 nm TEOS oxide deposited at 800 °C;
e Poly-Si with 50 nm PECVD oxide deposited at 300 °C.
The TEOS, PECVD oxides were removed from poly-Si surface prior to deposition of Ti in BHF solution. In

Table 4.3: The sheet resistance of TiSiy/poly-Si after the oxide deposition at 800 °C (TEOS) and 300 °C
(PECVD) compared to poly-Si without the oxide layer.

Sheet resistance (/sq)

1" anneal 2"d anneal

no passivation  16.31-17.4  4.532-7.89
TEOS 20.4-21.3 7.16-7.43
PECVD 17.54-20.94 7.07-9

Table 4.3 a summary of the measured sheet resistances after first and second annealing steps is presented. The
obtained resistances were in the same range for both annealing steps. Based on the results we conclude that
the deviation in the resistance for the patterned structures was not caused by the passivation layer. 4-point-
probe measurement confirmed that SiO; as the passivation layer did not alter resistive properties of poly-Si
and, subsequently formed, poly-Si/TiSi;. In Figure 4.9a the SEM/FIB cross sectional image indicated a
non-uniform silicide formation for the initial thickness of 50 nm Ti. This non-uniformity can be addressed to



58 CHAPTER 4. TITANIUM SILICIDE — POLYSILICON TEMPERATURE SENSORS

Figure 4.9: FIB/SEM cross-sectional images acquired at the edge of TiSiy/poly-Si resistor showing formation
of the non-uniform TiSiy thin film, improved thin film thickness uniformity as the Ti thickness was doubled (b).

PolySi

300 nm PolySi 15 nm

Figure 4.10: Cross-sectional TEM view on the substrate after first annealing at 700 °C showing the interface
between the TiN, the C49 TiSi> phase and the poly-Si.
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Figure 4.11: Cross-sectional TEM view on the substrate after second annealing at 900° C and stripping of the
TiN and unreacted Ti, indicating the interface between the C54 phase and the poly-Si.

a presence of native oxide on the poly-Si, enhanced silicide formation at the grain boundaries or nucleation
limited growth. For the TiSi/poly-Si resistors formed from 50 nm Ti a much higher resistance than the desired
value (100 - 150 Q) was measured. To improve the uniformity and resistance a 100 nm thick Ti film was used.
As a result an improved uniformity of the TiSi; thin film (Figure 4-9b) and the desired resistance value was
achieved.

4.5.2 Morphological properties of the TiSi,/poly-Si thin films

TEM analysis of TiSi; after 700 °C and 900 °C anneal revealed that both samples have well defined crystalline
orientations. The TEM image of the sample after 700 °C (Figure 4.10) shown the formation of about 25 nm
of TiSip and 5 nm of TiN. From in-situ FFT analysis a diffraction pattern was obtained and indicated a lattice
spacing of 2.384-0.05 A for TiN. This spacing corresponded to the (111) orientation [137]. The lattice spacing
of 2.17£0.05 A corresponded to the (121) orientation [138]. A larger lattice spacing of 6.66 +0.05 A was
also observed for the TiSi, layer, but has not been identified. TEM images collected from the TiSi, after 900
°C (Figure 4.11) shown an increase of the silicide thickness up to 50 nm. From the FFT obtained from a
diffraction pattern the experimental values for d-spacings were found: in the growth direction normal to the
film surface 4.23 +0.04 A and parallel to the film surface 2.29 4-0.03 A. The obtained lattice spacings, though
not corresponded to available database values, shown good agreement with the findings of Kittle et al. in [139].
Kittle discusses the effect of molybdenum impurities on the formation of titanium silicide, and reports lattice
spacings of 2.27 A and 4.15 — 4.3 A for the C54 phase of silicide of unidentified orientation (the phase was not
present in samples without Mo).

It should be mentioned that XRD had a limited applicability in in this study due to the fact that TiSi, thin films
that were investigated are between 25 and 60 nm thick and data available in the literature are based on powder
samples. However, comparison to diffractograms obtained in other studies was still relevant. In Figure 4.12
X-ray diffractograms taken on every step of the TiSi, formation are presented. All four samples shown peaks
of (111), (220), (311) attributed to the poly-Si layer. In graph (a) the peak appearing at 38.87° represented a
thin film of Ti with orientation (002). After the first annealing the two peaks at 41° and 51° were attributed
to the (131)[129] and (002)[139] orientation of the C49 TiSi, phase, respectively. Etching of TiN did not
result in phase changes as can be seen in the X-ray diffractograms (Figure 4-12b, 4-12c¢). After the second
anneal a strong peak at 42.33° was observed and attributed to the (022)[129] orientation of the C54 phase or
the (004) orientation. Two samples were investigated by XPS (see section 3.2). The results are presented in
Figure 4.13. The elemental scan during depth profiling of the sample without the PECVD SiO, indicated some
carbon contamination at the surface and an unknown amount of nitrogen. In the TiSi; film only Ti and Si were
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Figure 4.12: The X-ray diffractograms taken on each stage of the production of the TiSiy: (a) sputtering of Ti
on the poly-Si, first anneal 700 °C before (b) and after (c) the TiN etch, (d) after the second anneal at 900 °C.

Intensity (a.u.)*  Intensity (a.u.)* Intensity (a.u.)*

Intensity (a.u.)*

CHAPTER 4. TITANIUM SILICIDE — POLYSILICON TEMPERATURE SENSORS

—~— C49TiSi, (002)

Mo kbl bl

~— C497TiSi, (002)

s ikl v b

Si (311)

Si (311)

- @
kv i bl .mdum PR
— (7]
L %)
B @
[
- (o2}
<
o
il 1..‘mu siahlb i MM.AL
[N
- - o
= =3
- = [=
@
i S
AN
— i\‘/
-
gy AML b s il oLl L Sy Py T P T Ty k..

20 (degree)

* intensities of the peaks are relative to Si(100) peak at 69,1 5°

55 60



4.5. RESULTS AND DISCUSSION 61

100
_w|(@ _
E 80 R
S 70 Si S
Z 60 < =
c [
S 400 Ti S
Q ©
£ - :
2 2P AN . =
10 /L\
0 0 b -
0 1 2 3 4 5 6 7 8 9 01 2 3 4 5 6 7 8 9
Sputter time (min) Sputter time (min)
1 T T T T T T
09} (c) .
0.8} -
2
® 0.7+ 4
c
[]
Z06f .
o
@ 05f -
g 04l — non-oxidized TiSi,/poly-Si i
S —— TiSi,/poly-Si with
Z 03 PECVD SiO, (50 nm) ]
0.2} |
0.1t 4
0 I, 1 1 1 1 e e e |
106 104 102 100 98 96 94
Binding Energy (eV)
IR ' ' i
(d)
s i
0.9F -
2
® 081 i
c
Lort iy
Y 06 — non-oxidized TiSi,/poly-Si e
% 05 — TiSi/poly-Si with i
S PECVD SiO, (50 nm)
o 04r B
z
03F i
02F -
0.1+ .
0 1

475 470 465 460 455 450
Binding Energy (eV)

Figure 4.13: XPS analysis showing the atomic concentration of the elements as a function of sputter time for
non-oxidized (a) and PECVD oxidized (b) TiSi>/poly-Si samples, and the binding energies for Si (c) and Ti (d).
The relative peak height and the shape show that the binding energies of the Si, Ti atoms are similar.
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Figure 4.14: AFM images showing the morphology of the poly-Si thin film prior to silicidation (a, b), TiSiz/poly-
Si thin films after the first anneal at 700 °C (c, d) and the second anneal at 900 °C (f; e).

found. The interface of the TiSi, and poly-Si found to be quite wide. This was caused by the roughness
of the sample which was also revealed by AFM study. The surface of the oxidized sample shown almost no C
contamination. The spectra for Ti and Si at the optimum depth for the two samples are almost identical. Thus,
the bonds in the TiSi; compound were identical. Nitrogen contamination was present in both samples. The
concentration of nitrogen was higher in the oxidized sample. To conclude, the PECVD SiO; layer did not alter
structural properties of the formed TiSi; layer and can be applied as a passivation. Using AFM the roughness
of the produced silicide thin films was studied and compared to the initial poly-Si layer (see Figure 4.14). The
formed TiSi, layer shown a good homogeneity. A minor difference in morphology was observed between the
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Figure 4.15: The TCR of a typical resistor derived for the range from 25 °C to 185 °C before and after the
release of the membrane with the linear fit R;;,=117 + 0.45 x T and TCR = 3.85 X 1073 C and R;,=115.87
+ 0.45 x T and TCR = 3.883 x1073 /°C, respectively. Voltages below 50 mV were used for calibration and
TCR measurements to prevent the self-heating effect.

samples representing TiSi, surface after 700 °C and 900 °C anneals. Small, rough, hemispherical structures
were observed. The diameter of these structures varied from 40 nm to 50 nm.

4.5.3 The TCR of the TiSi,/poly-Si resistors

The 4-probe electrical characterization of the TiSi»/poly-Si resistors was done in the temperature range from
20 °C to 185 °C using a Cascade Microtech Low Leakage Manual Probe Station (Cascade Microtech Inc.,
Beaverton, OR, USA) and a Keithley 4200 Semiconductor Characterization System (Keithley Instruments Inc.,
Cleveland, OH, USA). Dual current sweep measurements were performed from 0 to 100 uA. Resistive values
were derived by averaging forward and back sweep values. The TCR of the TiSio/poly-Si resistors was mea-
sured before and after the release of the membrane. The typical temperature behavior is presented in Figure
4.15. For different resistors the TCR was found to be in the range (3.6 —4) x 1072 /°C and was not influenced
by the release of the Si from the back side. For comparison, the TCR of Pt is 3.92 x 1072 /°C.

The TCR-value for the resistors was higher than observed previously for the flat, non-patterned TiSi>/poly-Si
thin films. This is attributed to the different thickness of the TiSi (60 nm) /poly-Si (430 nm) resistor stack. It
is worth to study the influence of the thickness of TiSi, on TCR values.

4.6 Conclusions

Thin films of titanium silicide (TiSi,) formed on heavily boron doped polycrystalline silicon (poly-Si/B™*) were
applied for resistive temperature sensing. The TCR and the thermal stability were tested on TiSi>/poly-Si thin
films on Si and FS substrate and on TiSiy/poly-Si resistors suspended on a SiRN membrane. The TCR for flat,
non-patterned layers found to be (2.9 —3.1) x 1073 /°C in the range of temperatures from 20 to 800 °C. The
TCR of suspended TiSis/poly-Si resistors was measured (3.6 —4) x 1073 /°C from 20 to 185 °C.
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To the best of our knowledge, this is the first time that the combination TiSi,/poly-Si is used for temperature
sensing purposes. In this contribution we provided the details for the design and realization of such TiSi,/poly-
Si temperature sensors. The fabrication process is suitable for integration into silicon-based lab-on-a-chip
devices.



Characterization of the TiSi,/Poly-Si micro hotplates for
microcalorimetric analysis of gaseous samples

In this chapter the thermo-electrical characterization and analysis of the TiSiz/poly-Si micro hotplate for mi-
crocalorimetric sensing applications is presented. Electrical, infrared surface imaging and transient thermal
response measurements were performed on the devices.

The sensor consumes ca. 12mW at an operational temperature of 350 °C. Thermal imaging with an infrared
camera indicated heating of the high-ohmic part with temperature gradient along the active sensor area esti-
mated to be 4 °C/um (at ca. 500 °C). The heating and cooling times were found to be ca. 1 ms and 8 ms. The
power vs temperature curve was determined while operating in both stationary and constant flow conditions,
and shows a thermal resistance to the ambient of ca. 28 °C/mW.

The detection principle in constant temperature mode based on model reactions of propane and hydrogen oxi-
dation in air at temperatures 200-350 °C and 100 °C, respectively, was demonstrated.

Due to the low signal-to-noise ratio (below 3), which is limited by the internal resistive noise, low resistance of
the temperature sensors and the measurement method, it was not possible to differentiate between oxidation of
propane, propyne and propene. We provide an outline of possible improvements for the current design.

65
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5.1 Introduction

MEMS-based micro hotplates [140]-[143] are useful for thermal sensing of gases [144], liquids [145] and solids
[146] due to their minimal dimensions, low power consumption and, thus, easy integration.

In this study poly-Si-TiSi,-based micro hotplates are used as transducers for catalytic detection of combustible
gases (hydrocarbons and hydrogen) in air, i.e. catalytic microsensors.

Power consumption, surface temperature distribution and thermo-electric properties of the materials compris-
ing the micro hotplate are investigated. Based on this characterization and preliminary measurements with
propane and hydrogen in air, conclusions are drawn on the feasibility of applying this design for the detection
of combustible gases. Also, suggestions for design improvement are provided.

5.2 Experimental

5.2.1 Design and fabrication

The active area of the sensor consists of resistive structures suspended on a Silicon Rich Nitride (SiRN) mem-
brane:

e A meander-shaped poly-Si (boron doped) heater of ca. 12 kQ, used to thermally actuate the reaction;
o TiSiy/poly-Si temperature sensors of ca. 100 Q, used for the control and measurement of temperature.

A top view of the sensor active area (a) and schematic cross section (b) are shown in Figure 5.1. Two sensor
designs were implemented with the dimensions of the active area being 50 x 50 um? and 100 x 100 um?,
see Table 5.1. The dimensions of the active area determine the power consumption of the sensor and area
covered with the catalyst (heat effect of the reaction is directly proportional to the amount of deposited catalyst).
Considering low power requirements and given sufficient area to be covered with the catalyst, these two active
areas were selected. The temperature sensors were located on both sides of the heater and parallel to the gas
flow direction, and, thus during the operation were equally affected by thermal effects, such as flow and thermal
properties of the ambient. The heater and temperature sensors were designed in a 4-probe configuration. The

Table 5.1: Dimensions of the sensor.

Parameter Design 1 Design 2
Suspended area (um?) 400x400 800x 800
Active sensor area (m?) 50x50 100x 100
Channel dimensions (um?)  1000x800x200 1000 x 1000 x200
Catalyst patch (um?) 50x50 100x 100

outer pair of leads was used to supply the heating current, while the inner pair was used to sense the voltage
drop across the resistor. The leads used for supply of current were designed to be 10 times wider compared to
the resistor line, for better heat confinement in the active heating area.

500 nm Poly-Si, deposited by Low Pressure Chemical Vapor Deposition (LPCVD) implanted with boron (B*)
to concentrations of about 10?” at/cm ™3, was used simultaneously as the heater material and basis for silicidation
to form TiSi, on the poly-Si/B+ temperature sensors. The TiSiy on poly-Si/B+ thin film was used for the
control and measurement of temperature due to the high and stable TCR of 3.8 x 1073 /°C up to 800 °C. This
temperature range is required to study thermally activated catalytic oxidation of hydrocarbons.

The silicidation procedure is discussed in detail in [72]. The resistance value for the TiSi»/Poly-Si temperature
sensor with respect to thickness of the TiSi, was investigated. Three fabrication runs were performed under the
same sputtering conditions, with the thickness of the sputtered Ti thin films being 50, 100 and 150 nm. The
resistive values measured were compared and discussed further.
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Subsequently, a Plasma-Enhanced Chemical Vapor Deposited silicon oxide (PECVD SiO,) film of 50 nm was
deposited to passivate all resistors. SiO, oxide might be not the best option in terms of diffusion barrier against
0O,. Despite that it was selected for passivation as it provides sufficient isolation, can be deposited at lower
temperatures (at 300 °C) and etches in BHF twice faster compared to LPCVD oxide. Oxide deposition was
followed by BHF wet etching of openings to poly-Si and deposition of an aluminum (Al) metalization layer.
The active sensor area contained a solid catalyst; a thin film of Pt on Ta with a thickness of 100 nm /15 nm
patterned using a metal lift-off method. The SIRN membrane was released in the last fabrication step to diminish
the silicon mass being heated up and, thus reducing heat losses via conduction to the silicon substrate. For the
same reason, the ratio of membrane size to the active area was kept 1:8. The assembly of the sensor is shown in
Figure 5.1c. The silicon wafer was anodically-bonded to a glass wafer containing etched channels and blasted
circular inlets for gas. The bonding ensured leakage-free device operation with flow rates at least up to 8 sccm.
This was tested by applying hydrogen flows and measuring with the leak detector. At higher flow rates the 200
nm thin isolating membrane can fail. The volume of the channel (1.6-2 ul) was selected to deliver a sufficient
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Figure 5.1: Top (a) and cross-sectional (b) views of the sensor and sensor assembly (c). The sensor 1 contains
the catalyst film and sensor 2 does not. This configuration is used for blank test and quantification of gas flow
and thermal conductance influence during the measurement.

amount of gas reactants to the sensor surface in a fast and controlled manner (the dimensions of the channel
are shown in Table table 5.1). The PEEK fluidic connectors were glued with epoxy. The sensor was mounted
on the custom-made printed circuit board and wire-bonded with 25 um thick Al/Si (99/1%) wire. For more
detailed description of the fabrication procedure see [72], [71].

5.2.2 Catalytic films

Two catalysts were tested: thin film Pt/Ta (100/15 nm) and Pt nanoparticles immobilized on porous alumina
(5-10 wt % Pt). The thin sputtered film was used previously in poly-si-based micro hotplates for detection of
propane below 1 % in air (see Chapter 3 of this thesis).

Pt on alumina sol is an interesting alternative to sputtered thin films as it provides high surface area (up to 400
m?/g as was measured) and more stable at high temperature oxidation reactions. Sol-gel-based catalyst was
introduced for comparison with thin sputtered films and to increase sensitivity of the system (higher reaction
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Table 5.2: Electrical properties of the resistive materials.

Parameter Poly-Si (B) TiSiy(C54)/Poly-Si(B)
Sheet resistance (£2/sq) 220 6
Average o (C™1) 2.5x107% (3.8) x 1073

heats to be detected). Pt/alumina powder catalyst was prepared, dispersed in isopropanol and deposited drop-
wise on the gas sensor surface.
For more details on deposition and patterning of both types of catalysts refer to Chapter 7 of the thesis.

5.2.3 'Working principle

The reactive gas (propane, propene, propyne, hydrogen) - air mixture is introduced into the channel. The active
area of the sensor, containing a reactive catalyst, is heated up to the reaction temperature in a controlled manner.
A catalyst is used to lower the operational temperature of the device and provide a means for selective detection.
When the reactive mixture is brought in contact with the active area additional heat is released as a result of
catalytic oxidation (exothermic) on the catalyst surface. This increases the average temperature across the active
area of the membrane and, therefore, causes a change in resistance of the temperature sensors in accordance
with the TCR. The sensor output measured — the decrease in power consumption of the heater, change in
resistance of one of the temperature sensors — is proportional to the the heat released, which in its turn directly
proportional to the concentration of the target gas. The sensor signal, depends on the ratio of concentrations
propane to oxygen, activity of the catalytic thin film and reaction conditions (flow, temperature, concentration
of detected gas). In addition, thermal conductive properties of the gas mixture can not be physically excluded
from the measurement, but the influence is evaluated prior to the measurement.

5.2.4 Electrical characterization

A Siiss MicroTec PM300 (SUSS MicroTec AG, Garching, Germany) Manual Probe Station equipped with a
Keithley 4200 (Keithley Instruments Inc., Cleveland, OH, USA) semiconductor characterization system was
used for the DC I-V measurements.
The temperature coefficient of resistance (TCR) was determined from series of I-V data collected at elevated
temperatures. A built-in, temperature-controlled heating chuck was used to collect I-V characteristics from
room temperature to 200 °C. A dual-current sweep was repeated over the range 0 to 100 1 A. The average value
of the electrical resistance was determined at 50 u A, which is sufficiently low to eliminate the influence of self
heating. The TCR (&) was extracted from the linear fit parameters 3 (slope) and Ry (resistance extrapolated to
zero °C) of the R(T) curve:

R:R0(1+£O-T):Ro(1+oc-T) (5.1)
The sheet resistance and the Temperature Coefficient of Resistance (TCR) of heater and temperature sensor
material were calibrated prior to the measurements and are summarized in Table 5.2. Based on the I-V curves
collected from the heater and the TCR of the TiSi;/Poly-Si temperature sensor, the Power-Temperature curve
(PT-curve) was derived in stationary conditions. A series of heater power vs temperature curves measured by
the TiSio/Poly-Si temperature sensor were collected for various flow and ambient conditions.

Stabilization of the poly-Si heater

The material of the heater, poly-Si, has a tendency to drift. This drift can be caused by the effect of grains and
grain boundary rearrangement. The highest temperature to which material was exposed during the fabrication
is 800 °C, which is still not sufficient to stabilize the resistive properties. For stabilization purposes the poly-Si
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heater was exposed to a DC current sweep ranging from O to 2.6 mA (18-22 mW). The current was selected to
be higher than the supply current (did not exceed 1.5 mA) used during the sensor operation.

5.2.5 Infrared surface imaging

Thermal imaging of the sensor surface was used to estimate the temperature distribution across the heater area
and membrane and to verify the effect of localized heating. IR imaging was performed using a XenICs infra-red
(IR) camera (Xenics nv, Leuven, Belgium) equipped with InGaAs detector and operating in the range 0.9-1.7
um. A constant current bias was applied to the heater in the range from 0.7 to 1.5 mA using a Karl Siiss PM8
Low Leakage Manual Probe Station and Keithley 4200 during the acquisition of IR images. The temperature
of the surface was calculated based on the TCR (Section 2.2.1).

5.2.6 Transient thermal response
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Figure 5.2: The measurement circuits used to determine the thermal time constant of the TiSi/Poly-Si temper-
ature Sensors.

The transient thermal behavior of the micro hotplate was investigated in the range 100-250 °C which
corresponded to a power dissipated by the poly-Si heater in the range 2.4-5.9 mW. The thermal time constant
(n) of the TiSi,/poly-Si temperature sensor was measured using two methods (see Figure 5.2):

1. As a thermal response to a stepped change in voltage applied to the poly-Si heater located closely on the
same membrane, shown in Figure 5.2a;

2. As a thermal response to a stepped change in voltage applied to the TiSi,/poly-Si temperature sensor
directly, shown in Figure 5.2b;

An Agilent 33120A (Agilent, Santa Clara, CA, USA) function and arbitrary waveform generator was used to
apply a square voltage pulse. A power amplifier was used to amplify the voltage signal. A digital oscilloscope-
Textronix TDS 210 (Tektronix, Inc., OR, USA) was used for recording of the applied voltage pulses, voltage
across the measured resistor and voltage across the tested resistor.

7N ise Was calculated as 63.2 % of the difference between the initial temperature of the resistor and that of when
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exposed to a voltage step. 1 s, Was calculated as the decay from the value when exposed to a voltage step to
the initial value.

5.2.7 Experimental setup

The experimental setup used is shown in Figure 5.3. Agilent 34970A data acquisition unit, a Keithley 2410

Grounding
box

Figure 5.3: Experimental setup: (a) gas feed (b) instrumental source/measure units, Micro-GC and (c) ground-
ing box with all electrical connections coming to the tested sensor.

source/measure unit were used for acquisition of the electrical parameters and Agilent U2722A source unit
for precise supply of power. The constant temperature operational mode was used in the experiment. A PID
heater-temperature sensor control loop and acquisition of electrical parameters in time was implemented in Lab
View 8.6.1 (National Instruments Netherlands BV, Woerden, The Netherlands). The connection of the sensor
device to instrumental source-measure units is indicated in Figure 5.4.

The supplied power to the poly-Si heater was controlled through accurate current sourcing and measurement of
voltage drop across the heater. The temperature was determined from the change in resistance of TiSiy/poly-Si
resistors in accordance with the TCR. The current used to measure the resistance was minimized to reduce
the self-heating effect. The temperature of the membrane was kept constant during the measurement via the
feedback control loop.

For the gas feed (connections are indicated in Figure 5.5) precision mass flow controllers from Brooks Instru-
ments (Ede, The Netherlands) were used with the range 0-3 sccm for line 3, 0-10 sccm for lines 1,2,4 and 0-20
scem for line 5. Two VICI 4-way micro electric actuators were used to switch between nitrogen (line 2) and a
propane/nitrogen (line 3). By diluting the standard mixture with an additional nitrogen from the line 1, pulses
of reactive gas at various concentrations were injected. The concentration of propane, propene, propyne in ni-
trogen was 1 vol %, given a total flow of 3 sccm and the flow range of the MFC-s reliable dilution was possible
down to 100 ppm, which was tested by Micro-GC. Synthetic air was fed from the line 4. Nitrogen was used
as a balance gas to keep the flow rate constant and minimize the influence of thermal conductivity. Hydrogen
from line 5 was used for measurement as well as for reduction of the catalyst.

Before introducing the reactive mixture, the sensor was stabilized at the required temperature in nitrogen ambi-
ent till satisfactory stability of the set point temperature was reached (acceptable error is within +/- 0.05-0.1 %
of the set point). For tests the total flow was varied between 1 and 3 sccm. The GC was operated in a continu-
ous mode. The concentration of reactive gas in nitrogen was varied between 0.01 - 0.8 vol %. Instrumental air
(purity 4.8) and nitrogen (purity 5.0) were fed continuously to the inlet line. The reactive gas/nitrogen mixture
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Figure 5.4: Schematic of the circuit used for the readout of all electrical parameters and constant temperature
measurement.
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Figure 5.5: Schematic of the test setup: lines 1-5 mass flow controllers (MFC) for gas feed, pressure sensor
(p1, p2), gas chromatograph (GC), microelectric actuators (A, B), pressure reducer (pr) and flow meter.

was diluted with additional nitrogen to the desired concentration, afterwards added to air. The amount of air is
in stoichiometric proportion with the amount of reactive gases. In addition, we performed the experiments with
conditions where air is higher than stoichiometric amount.

The CP-4900 micro gas chromatograph (Micro-GC) from Varian BV (Middelburg, The Netherlands) equipped
with Molsieve and Propak Q columns was used to measure the concentrations of the gas components. Calibra-
tion was performed for propane, propyne, propene prior to the measurements in the range 0.8-0.1 vol %. The
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Micro-GC was operated in continuous mode. Connection of the Micro-GC to the outlet of the chip was opti-
mized in such a way that the reaction conditions on the chip (temperature, pressure) at the moment of sampling
remain maximally equal to those without sampling. In practice, pressure drop and a concentration gradient
along the line is difficult to eliminate completely. The sampling procedure was improved by incorporating a
remote start. This allowed to sample to some extent independently from time delays introduced by the computer
and to synchronize the time between the start of the reaction and start of the analysis using the Micro-GC.
Time and duration of the gas pulses were controlled by custom-made software. At first a baseline resistance
corresponding to a nitrogen-air flow was measured. Then the pulses of propane/nitrogen were introduced into
the sensor channel. The reacting gas (propane, propene, propyne) reacts with oxygen from air on the catalytic
surface of the chip.

This results in generation of additional heat. This effect is accordingly balanced by decrease of power level
to control the temperature constantly on the surface of the active area. Based on the resistive measurements
the heat release of the reaction was identified and compared with the conversion data from CP-4900 micro gas
chromatograph (Micro-GC).

5.3 Results and Discussion

5.3.1 Electrical characterization
Temperature coefficient of resistance (TCR)

The TCR was measured and found to be stable and positive within the range from room temperature to 200 °C
(see Figure 5.6). Linear extrapolation was applied in the high temperature range, which is valid and based on
previous findings [71] . The spread in TCR values between the measured series was found ca. 8% of the average
TCR value, which is 3.5 x 1073 /°C. The TCR is comparable to commonly used thin metal temperature sensors,
such as platinum (3.7 x 1073 /°C), nickel (5 x 1073 /°C, bulk value) but the technology offers the advantages
of compatibility with Si based processing and does not require sophisticated passivation solutions as in case of
thin metal films to be used at high temperatures.

® Measured R(T)

400 Extrapolated linear fit

350
2 3004
3
§ 250 -
(2]
® 200+
= 1 R =95.09 + 0.34T

150 2

R? = 0.9997
100 - o =3.57e-3/C
0 200 400 600 800

Temperature (°C)

Figure 5.6: Temperature dependence of the resistance for the TiSiy/Poly-Si temperature sensors: extracted
a=3.57 x 1073 /°C. Same dependence was observed in case of all three resistor designs.
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Resistance of temperature sensors

The resistance of the poly-Si/TiSi, resistors is dependent on the initial thickness of the deposited Ti thin film (see
Figure 5.7). The highest resistance was obtained for the run with 50 nm sputtered Ti thin films. Approximately
half of this resistance was obtained with a thickness of sputtered thin film of 100 nm. The third run, with 150 nm
thick layers, deviates from this tendency and did not indicate even lower resistive values. This can be attributed
to a non-clean contact or a change in the kinetics formation of the silicide. By means of variation in titanium
thickness the sheet resistance and, thus, the nominal value of the final resistive structures can be controlled. The
non-uniformity in the sputtered titanium layer also plays an important role. Due to nonuniform deposition of
titanium (thicker at the center of the wafer) the resistive values increase by 15 % towards the edges of the wafer.

200 - ,

I 10 min / 100 nm
| | I 15 min / 150 nm
I 5 min /50 nm

Resistance (Q)

1 2 3
Design id

Figure 5.7: Measured resistance for three different resistor designs for three runs with thickness of Ti 50, 100,
150 nm. The color depicts the fabrication run.

Stabilization of the poly-Si heater

All resistors exhibit a slight change in value with time. For applications where stability is critical, devices are
commonly burned-in for at least one week. The range of full operational hours before stabilization may range
from few to thousands.

Due to time limitations, as an alternative to conventional burn-in procedures a high current was passed through
the poly-Si heater until stabilization in the resistance value was achieved (see Figure 5.8).

Power-Temperature (PT) curve

To characterize the thermal properties of the micro hotplate, the heater power vs temperature (PT-curve) of
the active area of the sensor was measured and is presented in Figure 5.9. The temperature was determined
from the TCR calibration of the TiSio/poly-Si resistive temperature sensor. The temperature of the active area
reaches ca. 350 °C at the power level input of ca. 13 mW. From the temperature vs power curve the thermal
resistance of the suspended micro hotplate was found to be 28.85 °C/mW. The obtained thermal resistance
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Figure 5.9: P-T curve collected at stationary conditions and in the presence of Ny flow (a), and P-T curve
collected in presence of N (25.83 mW/mK), C3Hg/N, (1/99 vol. %, for C3Hg 15.198 mW/mK), air (24 mW/mK)
and H (180.5 mW/mK) of 2 sccm (b).

is higher or comparable to current state-of-the-art micro gas sensors and sensor arrays [142]. From the PT-
curve in stationary and constant flow of N> conditions it can be seen that flow causes cooling of the active
area of ca. 40 °C at 12 mW input power which corresponds to temperatures above 300 °C. The effect is more
pronounced when exceeding 250 °C. The surface temperature was relatively constant for 1-3 sccm, thus the
flow does not affect much the measurements. The total flow in this studied was kept at 3 sccm. The PT-curves
collected for various gas ambients indicate that the presence of different ambients significantly influences the
sensor power output due to differences in thermal conductivities of gases. The difference for nitrogen, air and
propane/nitrogen is, however, minimal. The gases with drastically different thermal conductive properties, such
as hydrogen, result in larger power output change.

5.3.2 Infrared surface imaging

The IR images of the membranes, power supplied to the heater and estimated temperatures are summarized in
Figure 5.10. In order to convert IR intensity given in a.d.u. and collected as a function of the supplied power
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level to the temperature, the known R(T) and P-T curves, shown in Figure 5.6 and 5.9 respectively, were used
and correlated with IR intensity. Clear IR images were obtained above 300 °C. On some images the hot spot
on the right side is observed. This is an artifact of the measurement system and not attributed to the device
behavior. Imaging below 300 °C was limited by the sensitivity of the detector. From the images can be seen
that the heat is localized on the high ohmic part, thus the leads remain cold” compared to the heated area at
least until 450-480 °C as estimated. Based on the relation between IR emission (expressed in arbitrary digital
units) of the collected spectra and the temperature, an estimation of the temperature gradient along the active
area of the heater can be made. However, it should be taken into account that the heater emits IR radiation in all
directions, so the emission spectra from different sections of the heater may overlap. The temperature gradient
was found to be ca. 4 °C/um at ca. 500 °C surface temperature. This is sufficiently uniform for carrying out
catalytic studies.

Figure 5.10: Infrared images of the sensor surface (design 2) taken at 15.8 mW (a), 19.1 mW (b), 22.5 mW (c)
and 26.2 mW (d).

5.3.3 Transient thermal response

The thermal heating and cooling constants of the TiSiy/poly-Si temperature sensor were determined by two
methods as described in the Section 2.5. Measurements with both methods gave almost identical results. The
heating and cooling times were found to be within 1 ms and 8 ms, respectively, when voltage pulses were
applied to the poly-Si resistor located on the same membrane (see Figure 5.11). For the measurement circuit
indicated in Figure 5.2 b the heating time was found within 0.5 ms. In the latter arrangement, the measured
time constant is dominated by the TiSi/poly-Si resistor, while for the first measurement arrangement the time
constant of the membrane is included. The short timescale within which the micro hotplate reaches thermal
equilibrium with the environment allows analysis of various types of reactions. Slower heating and cooling
profiles can be programmed and controlled via a PID control loop.

5.3.4 Detection of reaction heats

The reactions considered in the experiments are listed in Table 5.3 with corresponding enthalpies and ignition
temperatures. According to our initial plan the detection of propane, propyne and propene was a target appli-
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Figure 5.11: The heating (a), cooling (b) time constants measured for the TiSi»/Poly-Si temperature sensor
when pulsing the poly-Si heater (circuit shown in Figure 5.2a) and the heating time constant(c) when pulsing
the TiSiy/Poly-Si temperature sensor (circuit shown in Figure 5.2b). Rise time constants corresponding to 63.2
% are indicated with dash lines.

cation. Oxidation of these compounds proceeds at different initial temperatures and also results in the release
of different amounts of heat. On the basis of these two parameters differentiation between those can be made.
However, the low resistance of the temperature sensors (50—150 ) in combination with the constant tempera-
ture measurement mode did not result in sufficient sensitivity to differentiate between these three compounds.
In other words, the signal-to-noise ratio was too low (below 3) and reliable gas sensing measurements could
not be performed. An example of the measurement performed with 0.5 vol % propane in constant flow mode
is shown in Figure 5.12: resistance vs time (a) of the independent TiSi,/poly-Si resistor and power output (b)
of the PID loop. The resistance increase of 0.5 Q was measured, which is corresponded to temperature increase
of 1.28 °C. A power output is decreased on ca. 25 uW, however, estimation is difficult due to high noise in
measurements. In stationary conditions, see Figure 5.13 measured with a Pt alumina supported catalyst (ca.
5 wt %), the sensor is not cooled down by the flow, therefore a larger signal change was expected. Indeed,
the difference between the reactive and non-reactive conditions is about 1 mW for the experiments performed
above 300 °C. However, this is still questionable whether the measured signal is attributed to the reaction only
and not to temperature dependent thermo-physical properties of the gas mixture such as thermal conductivity
and heat capacity. Also, different concetration of propane in air (0.5 vol % and 0.25 vol %) did not result in
power decrease. The reason could be that the actuating temperature was not sufficiently high. As an alternative,
low temperature (starts at 100 °C) reaction water formation in a non-explosive regime (shown in Figure 5.14)
was selected. Detection of hydrogen was feasible already at 100 °C, see Figure 5.15.
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Figure 5.12: Sensor output measured in constant temperature mode at total flow of 3 sccm (0.5 vol % propane,
10 vol % oxygen) and temperature kept 300 °C: resistance of the temperature sensor (a), power supplied to
heater (b) collected in time. 5 wt % Pt on alumina was used as a catalyst.
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Figure 5.13: Sensor output measured in constant temperature mode and in non-flow conditions as a function
of reaction temperature. Propane diluted in nitrogen and air were used. Three cases compared: no reaction
conditions, 1:1 (0.5 vol % propane, 10 vol % oxygen) and 1:2 (0.25 vol % propane, 10 vol % oxygen) ratio of
volume % propane to air. The 5 wt % Pt on alumina was used as a catalyst.

Based on the experiments performed we observe:

e The reaction was not observed when using the sputtered catalyst (the conversion is low and the sensitivity
of the system is not sufficient);

e Using a sol-gel based catalyst (Pt on alumina) both oxidation of propane and hydrogen could be observed.

e With the Pt on alumina catalyst, 3 sccm total flow and 300 °C, 0.5 vol % of propane in air was possible
to detect in constant temperature mode, however, SNR was below 3, see Figire 5.11.

e In non-flow conditions, see Figure 5.13, 0.5 vol % of propane in air was possible to detect, however no
difference between 0.5 vol % and 0.25 vol % of propane in air was observed.
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Table 5.3: Oxidation reactions considered in this study.

Parameter Reaction Enthalpy (kJ/mol) Ignition temperature (°C)
Propane, C3Hg C3Hg + 50, =3C0O; + 4H,0 + AQ -2221 540

Propene, C3H6 C3H6 + 41/202 = 3C02 + 3H20 + AQ -1911 458

Propyne, C3Hs  C3Hg + 40, =3CO;, + 2H,0 + AQ -1958 454
Hydrogen, H; 2H, + O, =2H,0 + AQ -286 100-200

- Oxygen (mol %)

Figure 5.14: Diagram indicating safe (catalytically-driven) oxidation regime and the point selected in mea-
surements.
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Figure 5.15: Response upon exposure to hydrogen of 5% in constant temperature mode at 100 °C. The total
flow was kept constant and 3 sccm.

o It was possible to detect hydrogen 5 vol % in air, see Figure 5.15 at total flow of 3 sccm was possible to
detect in the constant temperature mode at temperatures as low as 100 °C already.
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5.3.5 Limitations of the current design and opportunities for future improvement

The detection of reaction heats is a complex experiment requiring all individual constituents, such as micro
hotplate, electrical read out, gas supply, catalyst to function reproducibly and without failure to minimize any
system-induced errors. Here we list possible sources of failure in this experiment as well as limitations of the
micro hotplates tested.

e Instability of the temperature in the lab affects the reference set point and increases uncertainty in mea-
surements.

e The resolution of the temperature detector is controlled by the noise level and the capability of measure-
ment equipment. Additionally, Johnson noise is always present in the temperature sensor.

e For the readout of electrical parameters we have used used instrumental multimeters. We did not use
the Wheatstone bridge (WB), commonly applied: self heating of the WB disturbs the measurement of
low-power signals. WB is a good solution for passive elements such as thermopiles, but not for our
experiment, where the same resistive element is used for both heating and sensing purposes.

e Working with low flow rates (below 3 sccm) in microsystems is a challenge due to unstable reading of
MEFC-s. The error of MFC-s is equal to 1-2% of total flow range and increases for lower flow rates.
A possible solution is introduction of a restrictor after the MFC. A restrictor is a tubing with a known
diameter and length; the diameter of the tubing shall increase the pressure after MFC-s and makes the
flow more stable. Even with the restrictor MFC-s need a defined time to stabilize, which affects the
experiment. It is better to work with higher flow rates, which can be achieved by introducing a bypass
such as in flowmeters.

e Proper grounding is a problem in a complex setup. Each instrumental source-measure unit has a different
ground level, when ground improperly causes ground loops.
A solution could be the use of a metal box for shielding. All the wires are coming and installed, i.e.
grounded on the metal box, such that the tested chip inside is minimally affected by electro-magnetic
interferences. Additionally, semiconductor-based hot-plates need to be tested in dark environment.

e Stabilization of the temperature of the active area of the sensor takes sometimes several hours. At tem-
peratures above 400 °C the stabilization of the temperature is a challenge in our design.

e Microcalorimetric sensors have a tendency to fail, i.e. burn, when operated in temperature constant
mode. This is due to overheating, which might be caused by the reaction, change in ambient conditions
and thermal properties of the fluid.

e Membranes of 200 nm are good for heat localization, but not for catalyst deposition and performing
catalytic reaction on top of them. Such membranes are too thin and mechanically instable and, thus, fail
due to burning easily.

e The location of the heat source with respect to temperature sensors is important. The best would be to
have temperature sensor on top or underneath the heater. In this case, all resistive structures are formed in
one layer with the temperature sensor located in close proximity to the heater covered with the catalyst.
There can be an optimized design to detect larger thermal changes, if the heater shape allows positioning
of sensor in its center. The temperature distribution, if uneven, over the heater area influences the catalyst
deposited which may enhance or retard operation of the sensor.

e The catalyst location with respect to temperature sensor and heater is also important. The catalyst should
cover the temperature sensor completely.
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5.4 Conclusions and Outlook

The TiSip/poly-Si micro hot plate were characterized for application in microcalorimetric analysis of gaseous
samples and the proof of concept operation in constant temperature mode was demonstrated on example of the
propane oxidation (0.5 vol %) and hydrogen oxidation (5 vol %) in air.

The results of the thermo-electrical characterization showed that the devices are thermally efficient (can main-
tain 350 °C at 12 mW), stable up to 800 °C and response fast to the thermal changes on the active area (thermal
heating times are within 1-2 ms), therefore suitable for detection of heats as a result of highly exothermic reac-
tions. The materials implemented, i.e. poly-Si and TiSi,/poly-Si meet all the necessary functional requirements.
However, the design can be optimized further with respect to dimensions of the heater and catalyst, location of
the temperature detectors relative to heater and catalyst and membrane thickness (see section 5.3.5).

The feasibility of the gas detection in the constant power mode, based on the feedback loop between the poly-Si
heater and TiSi>/poly-Si temperature sensor, was demonstrated on example of the sensor response to pulsing
of propane (0.5 vol %) and hydrogen (5 vol %) in air. As expected upon exposure to oxidized gas the level of
power supplied is decreased due to the release of heat.

As a part of the future study we propose to test current design in constant temperature mode while using the
poly-Si heater only for the extraction of the sensor signal and the TiSi»/poly-Si resistors specifically for temper-
ature measurement and calibration. This might reduce the noise level (due to higher measurement resistor) and
allow the comparison between the catalytic oxidation of propane, propene and propyne at temperatures in the
range 200-600 °C, which was not possible to obtain up to now. However, the TCR of poly-Si is substantially
lower compared to TiSi,/poly-Si, which also affects the measurements.

The detection of hydrogen was possible already at 100 °C for 5 vol %. In the future we plan to test it at
various concentrations (below 5 vol %) and temperature range (50-200 °C). The challenge for this reaction is
that thin membrane sensors are easily burned due to the overheating.
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Ultra-low power titanium nitride hot surface devices.

An alternative concept for micro- and nano-scale hot surface devices with ultra-low power consumption is in-
troduced.

The hot surface devices consist of a thin film — titanium nitride (TiN) — resistive element in a 4-point configura-
tion: meander-, spiral- or link-shaped heater. They can facilitate local heating and temperature sensing of an
area 0.001 — 0.1 mm? up to 300 °C at a power consumption of less than 3 mW, and for particular designs even
limited to a few uW.

This enables potential applications in various portable sensing systems, where rapid temperature sensing
and/or thermal actuation with high spacial resolution and minimized power consumption are required.

Ultra low power, CMOS compatible, suspended membrane, hot surface devices were proposed and preliminary
tested as transducers for calorimetric sensing applications as flow sensor, as thermal conductivity detector and
as catalytic gas detector (pellistor). The results of these experiments are discussed. Operation as a flow sensor
and as a thermal conductivity detector was demonstrated. It was, however, not possible to obtain reliable mea-
surements while operating the link-based hot surface devices as a pellistor. Based on conducted measurements
and electrical characterization, conclusions are drawn on feasible applications as well as inherent limitations
in the operation of these devices.

*This work has been conducted in collaboration with Chair of Semiconductor Components, University of Twente.
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6.1 Introduction

Microscale hot surface devices are important transducer elements for a variety of sensing and analytical appli-
cations.

However, very often the power consumption of such systems is too high (50-100 mW), and their dimensions
do not enable integration on-a-chip using CMOS-compatible technologies. Additionally, the spacial resolution
of commonly used micro-hotplates is usually limited to tens of microns. This retards their implementation to
a range of applications where rapid extraction of the temperature signal from objects of a few nanometers is
desired [18].

Downscaling of the hot surface devices, is, therefore, an important step towards accurate measurement of tem-
perature at the low micro- and nanoscale range. When miniaturized devices are realized with CMOS standards,
this allows a further upgrade to complex Si-based sensing systems and/or the addition of electronic control on
a single chip.

Nowadays, thermal sensors allow the measurement of temperature changes with a resolution down to 10~% K.
Electrical amplification can increase the sensitivity, but makes the setup complicated, bulky and cost inefficient.
Another way to achieve a higher resolution and a rapid response is by using physical amplification, i.e. down-
scaling of the dimensions of the heater and sensor.

For these reasons, there is a great demand for hot surface sensors and actuators with the following specifications:

e Minimized energy consumption;

e [ocal measurement and thermal actuation;

e Ultra-fast operation;

e Simple and cost efficient realization using Si-based processes;

This chapters concerns the utilization of a novel type of hot surface devices as transducers for various calori-
metric applications such as flow sensing, thermal conductivity measurement, pellistor. In the past, the operation
of similar structures (the link was formed by the breakdown of underlying dielectric) as chemical sensors was
successfully demonstrated by Kovalgin et al. [147].

6.2 Flat vs. link-based heaters

The devices are based on thin film resistive elements of TiN that are designed in different shapes:
e Flat meander-shaped;
e Flat spiral-shaped;
e Micro- and nano- scopic conductive link.

Flat meander and spiral structures belong to the group of conventional heaters, where dissipation of energy
occurs in the highly resistive part (see Figure 6.1a). The shape and design of connecting leads allows to achieve
a local heating, but at the same time such large leads also enable losses to the environment. The motivation for
the design of meander and spiral heaters was to test the feasibility of ultra-thin TiN layers as a novel resistive
material, and to implement these devices for calibration of micron link-based heaters. The ultra-thin TiN is
characterized by high thermodynamic stability and high corrosion resistance, therefore an interesting material
to implement in hot surface devices for monitoring of high temperature oxidation reactions. The properties of
thin TiN are strongly dependent on deposition method, in this case Atomic Layer Deposition (ALD) from TiCly
and NH3 at 425 °C in the cluster system developed in the Semiconductor Components Group (University of
Twente).

Meander- and spiral-shaped thin TiN resistors were used as a calibration standard for micron- and nano- link
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devices. The reason for this is that infrared imaging techniques, for instance, are limited to a few micron
large emitting objects, so that larger devices are needed as a reference. Extraction of these data enables the
possibility of comparing the performance of conventional and link-based resistors. A link-based heating and

Quseful

’.

Low-ohmic
leads

Figure 6.1: Schematic representation of conventional meander heater (a) and novel link-based heater (b) with
heat loss path.

sensing device (see Figure 6.1b) is based on a small and highly conductive link which can act both as heater
and temperature sensor. This is a novel type of heater where the dissipation of heat takes place inside the link
acting as a resistor. In such a structure the electrical and thermal resistances are controlled independently. This
reduces conduction losses through the resistive leads, which is a problem for all flat heaters, as the leads remain
”cold” during the device operation. Reduced losses increases the overall efficiency of the heating device. The
motivation for the design of link-based devices is the realization of a concept that allows the achievement of
higher heating and temperature sensing efficiencies at a few mW power. An important property of link-based
heaters and temperature sensors is that they provide information on the local heat effect. Moreover, link-based
devices with a power consumption of a factor 1000 lower than state-of-the-art low power micro-hotplates can
become a valuable element of various sensing and actuating systems.

6.3 Overview of designs and fabrication

In this section a brief overview of the developed designs and fabrication flow are discussed. For more details
refer to work of A. Groenland [148], [149]. Three types of the hot surface devices were developed with typical
dimensions and corresponding range of resistances listed in Table 6.1:

e Flat meander and spiral heaters (see Figure 6.2);
e Micron and nano- link-based devices (see Figure 6.3).

The meander and spiral hot surface devices consisted of a highly resistive TiN structure deposited by atomic
layer deposition (ALD) and thick sputtered TiN electrodes and contacted through an isolating layer (SiO;)
with layer of Aluminum (Al). The layer-by-layer design and cross section through the active sensing area are
schematically demonstrated in Figure 6.2(a-d). For the pellistor application, the hot surface area was covered
with 100 nm Pt catalyst (with 15 nm Ta used as an adhesion layer) as shown for a spiral shaped heater in
Figure 6.2e. Both resistors are contacted with pairs of current sourcing and voltage measuring leads for precise
extraction of electrical parameters.

The design outlook for link-based devices is shown in Figure 6.3. The two crossing electrodes are separated by
an isolator (Si0;). The top and bottom electrodes are 100 um sputtered TiN forming force and sense leads to an
active, heat transmitting surface of the link. The link itself was filled with 7-10 nm ALD TiN. Diameter of the
link was varied in the range 50 nm to 23.5 um. Nanoscale links were defined using e-beam lithography. Links
in the range 2 to 23.5 um were defined by UV lithography. For the pellistor application a catalyst thin film was
immobilized on the high ohmic part, i.e. link. The size of catalyst varied from 10 to 100 um in diameter.
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Figure 6.2: Design schematic for meander-shaped TiN ALD heater: (a) 7-10 nm ALD TiN, (b) 100 nm sput-
tered TiN, (c) openings through SiO, for metalization, (d) Al metalization layer; (e) spiral-shaped heater with
deposited thin film catalyst, (f) cross sectional view.
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Figure 6.3: Design outlook for link-based heater: (a) bottom and top TiN sputtered electrodes separated by
SiO, insulator, (b) defined area of high-ohmic link, (c) 7-10 nm ALD TiN filling the link, (d) Al metallization
layer (e) cross-sectional view.

All types of devices were made on a dielectric membrane with a suspended area of 110 x 110 um?. This was
done to achieve local heat confinement at reduced power consumption. The difference between the operating
principles of conventional and link-based heaters is schematically demonstrated in Figure 6.1. In order to
maximize the local heating effect, usually the dimensions of the leads are much larger compared to the high
ohmic part. This, however, results in an increased conductive heat flux from the leads to the environment. A
balance has to be found between electrical and thermal conductive properties of the leads. This is a challenging
task in case of flat heaters (meander, spiral): resistances of high-ohmic and low-ohmic parts are comparable
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Table 6.1: Dimensions and corresponded measured range of resistance of the hot surface devices.

Device Heated area (,umz) Resistance ()
um-SMA 3.14 - 28.26 up to 10*
nm-SMA 1.9-1073 up to 10°
Meander 110x110 14000-40000
Spiral 110x110 14000-40000

and leads do not remain “cold” during the device operation. In contrast, in a link-based device the ratio of
link resistance to resistance of leads can be matched (by means of various link designs, selection of highly
resistive materials, modification of isolating layer, etc.) in such a way that the leads will remain unheated and
losses by conduction through the leads can be reduced, resulting in a higher thermal efficiency. Losses by
conduction through leads is one of the main heat loss mechanisms in such systems, besides conduction to the
silicon substrate and the environment.

6.3.1 Thermo-electrical characterization

When a heating element is used to monitor the temperature change in an ambient or on a hot surface (as a
result of physical and/or chemical interaction), its sensitivity is determined by the dependence of the resistance
on temperature. The measured sensor signal from a heater also depends on the power dissipated during the
measurement and on the thermal dynamics.

In this section the main thermo-electrical properties, i.e. the temperature coefficient of resistance (TCR), the
dependence of the surface temperature on power consumption (PT curve) and the thermal time constant are
discussed.

Temperature dependence of resistance

The resistance vs temperature characteristics of TiN ALD thin film-based hot-surface devices can be roughly
described by a linear relation with a characteristic slope 3 which when divided by the resistance value extrapo-
lated to 0 °C gives the TCR ().

R:R0(1+50T):R0(1—|—aT), (6.1)

where o is the TCR and Ry is the resistance at 0 °C. In Figure 6.4 the resistance as a function of the temperature
is presented for meander, spiral and link-based heaters collected in the range from room temperature to 300 °C.
Both a positive and a negative TCR were found. The variation in TCR between flat and link heaters can be
attributed to the different content of oxygen in grown TiN thin films or the influence of contact resistance. In
addition to that, variations in the processing of ALD TiN thin films between the first and the second run resulted
in a change in the TCR sign. Over the computed range of devices indicated a variation in TCR values from ca.
—2x 1072 to +2.5 x 10~* /°C was found.

PT curve

Presented in Figure 6.5 is the dependence of temperature of different hot surface devices on supplied power
with a maximum temperature being ca. 250-300 °C. As can be seen, nanolink-based heaters require only 5
UW to obtain a temperature above 250 °C. For such a temperature, micron-sized link heaters consume up to
0.5 mW, and a flat meander up to 8-10 mW. This gives a thermal efficiency 5x10* °C/ mW for the nanolink,
500 °C/ mW for the micron-link and 25 °C/ mW for flat heaters. The efficiency of the latter is comparable to
values mentioned in literature for thin film suspended heaters [150], which is within the range of tens °C/ mW.
The heating efficiency of nano- and micro- link devices is much higher compared to state-of-the-art hot surface
devices.
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Figure 6.4: Temperature dependence of resistance for spiral ALD TiN heater (a) and um-SMA (b) from run 2
(wl75), for nm-SMA (c) and meander heater (d) from run 2 (wi81).

Thermal time constant

It takes a defined amount of time for a heating element to adjust its temperature when conditions are changed
suddenly. To estimate this effect the thermal time concept is implemented, i.e. the time needed for a heater to
change its resistance to a value of 63.2 % according to a baseline value. This time is required to be within a ms
(or a few ms) for rapid sensing and heating applications. To quantify the dynamic response of a heating element
to power pulses, the thermal time constant was measured in open air. In Figure 6.6 shows the dynamic response
of a um-link-based and flat meander heaters obtained as a result of a square voltage pulse of 1.2 V and 6.6 V,
respectively. As can be seen, the rise time is less than 0.5 ms. We would expect the link-based devices to exhibit
smaller thermal time constants, but surprisingly, flat ALD TiN heaters were found to respond within us range.
The measured link-based devices are low ohmic and, therefore, the resistance is governed not only by the link
but also by the resistive leads, which increases the overall thermal mass. To sum up, both link-SMA and flat
meander heaters exhibit small thermal time constants (within 0.5 ms) which makes rapid sensing application
feasible.

6.4 Selected applications

In this section an overview of applications for the studied devices will be given. For each type of sensing tech-
nology a correlation between measured output parameters and physical or chemical process will be discussed.
In the simplified form a relation describing the thermal output of a heating element used as flow, thermal con-
ductivity, or catalytic sensor can be expressed as:

Qin + Qcat - Qlass = Qout (R7 U,P) (62)
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Figure 6.5: Dependence of temperature maintained at the hot surface on supplied power for (a) meander, (b)
micro link and (c) nano-link heaters.

Where Q;, is the supplied power expressed as measured voltage across the heating element multiplied by the
current passing through it:
Qin=U-1 (6.3)

QOca 1s the heat release/uptake due to the catalytic reaction (adopted from [151]):
Qcat ~B-D-AH°-[LEL) (6.4)

In Equation 6.4, the constant B is a function of the catalytic sensor design and assembly (related to the thermal
resistance of the construction to the environment, e.g. m x C) and catalyst properties (volume, concentration
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Figure 6.6: Thermal time constants measured im-link-based devices (a-b) (w175) and meander flat heaters
(c-d)(wl75), measurement circuit used (e).

of active sites); D is the diffusion coefficient to active sites, A,H" is the standard enthalpy of the reaction,
[LEL] is the lower explosive limit of the detected gas in air. An estimation of Q.. is done relative to methane,
which is usually considered as a standard gas (if data are available), in order that k does not need to be consid-
ered.

Q)55 represents thermal heat losses, e.g. radiation, convection (natural, forced), conduction (in both solids and
fluids), and can be expressed in a simplified approximation as a function of the temperature difference relative
to ambient (Ty,,;) and thermal conductivities (A1) of all constituents of the system:

Qloss ~ f(T - Tamb) : f()') (6.5)

Qo represents the measurable thermal response of the heating element and depending on the selected mea-
surement circuit, can be either resistance, voltage across or power level of a heating element.
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6.4.1 Calorimetric flow sensor

Calorimetric flow sensors are widely applied for flow metering of both gaseous and liquid media in a broad flow
range, as well as for the detection of movement , e.g. via flow-/no-flow applications. When flow passes the hot
surface, it causes distortion of the temperature profile because of the enhanced conductive and convective heat
fluxes (losses) as described in Equation 6.5. The sensing mechanism is, thus, based on measurement of heat
removal from the heated element due to the flow or flow variations. Preferably, the sensing curve is a linearized
dependence of the sensor output signal (relative to a stationary situation or reference flow) on flow.

6.4.2 Thermal conductivity detector

Thermal conductivity detectors are commonly used in gas/liquid chromatography. Various media have different
thermal conductive properties. Usually there is a stable heat flux present from the heating element when in
operation. When an analyte of interest with different thermal conductive properties is brought in contact with
the hot surface, the heating element is heated up or cooled down because of enhanced or decreased thermal
losses from the hot surface (Equation 6.5). The rate of the cooling/heating is related to a measurable electric
output of the sensor and can be calibrated. Additionally, the output of the sensor is dependent on the diffusive
properties of the analyzed gas, which influences how fast heat removal processes can take place. The signal
is usually measured in constant temperature mode as a difference of output to a reference flow and an analyte
flow. The concentration of an analyte can be determined by integrating the area of the peak.

6.4.3 Catalytic detector of flammable gases

Catalytic thermal sensors are used to detect the presence of combustible gases in air within the low explosive
range (% LEL). A thin film of catalyst integrated on the surface of a heating element causes the gas to react,
and this provides a way for selectivity and lowers the operational temperature of the device. The release or
uptake of thermal energy due to the combustion reaction causes an increase or decrease of the temperature of
the heating element. The measurable output of the sensor is a decrease or increase in resistance (depending on
the sign of the TCR) of the heating element for a constant power measurement circuit, or a difference in the
level of supplied power in case of constant temperature mode operation.

6.5 Experimental

6.5.1 Device assembly

The typical die containing two devices in the middle for gas sensitivity tests (with and without the catalyst film)
and test structures for process control is shown in Figure 6.7. The implemented device assembly, holder with
installed spring connectors for electrical readout and glued capillaries, is demonstrated in Figure 6.8.

The design of holder ensures that the sensors located in the central area along the channel (two sensors with
and without the catalyst) are exposed to the gas flow. The dimensions of the channel are chosen to provide a
sufficient amount of reactants to the sensor and ensure controlled gas feed (laminar flow) and, thus, a better
control over sensing conditions. Peek flexible tubings were used for the gas feed. The inner diameter of the
tubings is 800 pm to reduce the pressure drop over the inlet of the channel, and the outer diameter of the tubings
was 1/16 inch (1587.5). Gold spring connectors were installed directly into the holder as it is an isolating
material. Electrical connections were soldered on top and extended further to the measurement equipment.
Alternatively, glass chip with etched channel profile glued to silicon chip using UV curable epoxy can be used.
In this way high-temperature anodic bonding, that might cause a device failure (due to for instance oxidation of
thin ALD films) is avoided.
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Figure 6.7: Outlook of the typical die containing two devices fitting in the holder channel for gas sensitivity
tests and other test structures for process control.
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Figure 6.8: Assembly of the non-bonded chips in a holder (a), bottom part with the place for chip and o-ring
ensuring leakage free connection (b), upper part containing the channel, inlet/outlet for gas feed and electrical
connectors(c), dimensions of the channel (d).



6.6. RESULTS AND DISCUSSION 91

6.5.2 Electrical readout

Two types of signal readout modes were implemented:
e Constant current mode;
e Constant temperature mode.

The measurement circuit used is shown in Figure 6.9. In the constant current mode, the current set point was
given to the heating element and the voltage across it was constantly measured. The changes in the measured
voltage output is a measure of a distortion of the heat profile of the device. In constant temperature mode, a
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Figure 6.9: Measurement circuit used for readout of sensor signal.

temperature set point was given and a Labview-based feedback control was used to keep the heating element
at a desired temperature. The control constantly adjusted the source current according to the temperature set
point. Thus, an instantaneous change in the power level is a measure of the distortion due to heat profile change
of the device. Here we assume that the resistance of the heating element, and thus the temperature, is changed
according to Equation 6.1 with a constant TCR. If the TCR of the heating element is not stable along the
measurement range, the feedback loop can not control correctly for the temperature. In this case, application of
correction values for each temperature range is required. The arrangement of the gas supply was discussed in
the previous chapters (see Chapter 3 and Chapter 5).

6.6 Results and discussion

6.6.1 Flow sensor

In Figure 6.10a a normalized output of the flat meander type of heating element upon exposure to nitrogen flow
in the range 0 to 5 sccm is shown. The sensor output - flow curve can be linearized with a good approximation,
i.e. R?=0.998. A similar trend was obtained for a flat spiral heater (The measurements were performed at about
20 mW supplied power which is nearly the maximum power level the devices can withstand). In Figure 6.10b
the normalized output of a micron-link type of heater is shown. As can be seen, upon flows of 1 to 5 sccm
the slope of the curve is low indicating low sensitivity. However, for flow/no-flow conditions are compared
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Figure 6.10: Normalized response of the flat meander D6@wI81 (a) and nano-link G3@wl181 (b) sensors to

flow of nitrogen in the range 0-5 sccm.

significant differences were observed. The measurements were performed at 0.65 mW supplied power.

Based on the performed experiments we can conclude that the devices indeed were at elevated temperature.
This is indicated by presence of the thermal losses. The rate of thermal losses from the hot element is, in this
case, a useful signal and measured in response to variation in flow set point.

Responses at higher flow rates could not be measured due to limitations of device assembly and operational
range of the used mass flow controllers. To enlarge the sensing flow regime, a bypass allowing larger flows

shall be introduced.

6.6.2 Thermal conductivity detector

In Figure 6.11a the response of the flat meander heater to switching between nitrogen and hydrogen flow at
various supplied power levels is shown. Clearly, a response is visible, which is the evidence that the surface
of the heating element is indeed maintained at an elevated temperature. The measurements were performed
at power levels between 0.3-4 mW. A micron-link heater shows a similar tendency in response to hydrogen

pulsing, however, the signal is a factor of 100 less (see Figure 6.11b).

6.6.3 Catalytic gas detector
We did not succeed in obtaining good measurement results for the oxidation of propane over sputtered platinum

catalyst for any type of heating element considered in the study. The reasons for this are: a low activity and
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surface area of the sputtered Pt catalyst, low sensitivity of the heater material, noise introduced by PID, inability
to deliver the required power per unit area to catalyst surface to initiate the ignition, etc.

6.7 Outlook and remarks

From our point of view and based on the outcome of the research conducted within SC Group [148], [149] as
well as our experience with devices fabricated (run 2, w175, w181) these research directions shall be prioritized
before carrying on with the gas sensitivity measurements on these devices:

o Investigation of thermo-physical properties of the resistive ALD materials and establishing the link be-
tween this knowledge and final device characteristics.

e Establishing the connection between the thermo-physical design concept, application and properties
(TCR, stability at high temperature) of the resistive ALD layers comprising the device with respect to
the sensor output (sensitivity). More characterization measurements should be performed on devices

exhibiting a similar behavior.
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e Three applications were proposed as potentially interesting: thermal flow sensor, thermal conductivity
sensor and catalytic sensor for flammable gases. The preliminary tests on number of reference flat heaters,
micron- and nano- link devices have shown potential as being employed as flow sensors and thermal
conductivity detectors.

o At this moment the exhibited thermal sensitivity and stability are not sufficiently high to compete with
conventional micro hotplates.

e The strongest advantage of the micron- and nano- link sensor concept remains ultra-low power consump-
tion.



Selection, characterization and local deposition of catalytic
thin films. *

To ensure a specific interaction between a gas to be analyzed and a sensing interface (micro hotplate) a catalyst
is immobilized. One of the most critical factors is the development of a technology for local immobilization of
the catalyst (or a catalyst pattern) close to the transducer.

In this study we characterize and compare platinum (Pt) and palladium (Pd), both as sputtered thin film and
as nanoparticles supported on y-alumina catalysts, in terms of their applicability as functional coatings in
catalytic gas sensors. Specifically, we discuss the deposition techniques applied, involving both self-assembly
and soft-lithography, and their limitations.

*Submitted as: E.Vereshchagina, O.Bliznyuk, K.Altena-Schildkamp, R.M.Tiggelaar, J.G.E.Gardeniers, Selection, characterization
and local deposition of catalytic thin films, J. Michromech. Microeng.
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7.1 Introduction

7.1.1 Role of catalyst

In catalytic microsensors used for the detection of combustible gases, e.g. methane, ethane, propane, a catalyst
is an important structural element in making the response of the sensor selective for the target molecules. The
measured output of the sensor is dependent on the chemical reaction occurring on the catalyst surface. The
reaction is controlled by the temperature and the kinetic properties of the selected catalyst (activity, selectivity,
stability, etc.). A catalyst reduces the activation energy for a reaction without being consumed and lowers the
operational temperature of the sensor. Also, it fixes the location of the reaction at its surface and therewith it
also fixes the location where an effect may be detected by a transducer. For this reason, local deposition of the
catalyst on top of the sensing area is an important issue.
Pt and other noble metals (gold [152], palladium [153], rhodium [154]) are well established catalysts for partial
and deep oxidation of hydrocarbons [155], [156], [157]. Pt and Pd are often applied as model oxidation cata-
lysts due to their ease of use, and a large number of publications reporting kinetic data is available. The ability
of Pt and other noble metals to lower the activation energy of many oxidation reactions makes it a useful catalyst
in catalytic microsensors [158] and in catalytic converters of automobile exhaust [159], as lower temperatures
are required. The main reasons for this are high activity and high resistance to over-oxidation and poisons, such
as sulfur, that can cause catalyst deactivation.
Bulk noble metals have, however, poor catalytic properties. To retain a catalyst’s long-term stability, highly
porous catalyst supports are often implemented, which have high catalyst dispersion and, therefore, resist the
sintering of small active particles to inactive metal clusters.
In this study different methods to deposit Pt- and Pd-based catalysts are applied. The catalysts were deposited
as solid thin films and as nanoparticles dispersed on a highly porous alumina. The first method has the advan-
tage of deposition and patterning in a straightforward way: by using a combination of thin metal deposition
(evaporation or sputtering), traditional UV lithography and metal lift-off or wet etching. These deposition tech-
niques are compatible with the processing of the sensor system. Post to deposition, the catalyst can be used
subsequently without an activation procedure.
Supported catalysts require the development of more sophisticated deposition techniques which need to be
adapted to a specific microsystem design. Some of the techniques for high-resolution, low cost patterning of
ceramics from wet precursor has been reviewed by J.E. ten Elshof et al [160]. In addition, sol-gel-based cat-
alysts can not be used for sensing directly, but need to be activated at high temperatures (above 400 °C) prior
to sensor utilization. The thermal activation procedure is not always compatible with materials comprising the
sensor. The high surface area porous catalysts ensure a higher conversion and a lower sensitivity to deactivation.
The response of such a system might be slower because, in order for gas to react on the surface of active metal
particles, it first has to diffuse into the pores of the catalyst support. However, if the catalyst film has a thickness
up to a few micrometers and contains mesopores the diffusive process is sufficiently fast, which is required for
fast sensor response. From the approximated Equation 1 for diffusion time (¢), given the diffusion coefficient
for propane D=10"> m?/s and the diffusion length equal to thickness of the porous catalyst film laip=1 pm,
times needed for propane to diffuse are in order of 100 ns:

12

dif
t~—= 7.1
4D 7.1

7.1.2 Specifications of the catalyst and catalyst deposition

The choice of a catalyst is application specific and determined by the combination of catalyst and feasibility of
techniques for local deposition and patterning. Our application is the detection of combustible gases in air. The
following factors are considered the most important:

e High activity as oxidation catalyst;

e Resistance to over-oxidation, poisoning and sintering;
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e Compatibility of the catalyst activation procedure with the materials of the sensor;

e Applicability of the deposition method at the microscale for local deposition and patterning (a catalyst
pattern distributes mechanical stress induced at high temperature).

The activity of Pt has an impact on the heat generated and the operating temperature of the sensor. Although Pt
is a good catalyst for a wide range of hydrocarbons, some degree of selectivity can be achieved based on two
measurables: ignition temperature and heat release [161].

Pt is known for being resistant to deactivation at high temperatures. This gives a long lifetime and stability of
the sensor when operated in an aggressive and (or) oxidizing environment. Pd is an alternative catalyst, but is
more prone to oxidation.

Often, prior to utilization, the catalysts need to be activated which is achieved by heat treatment (calcination,
reduction at temperatures above 300 °C) in a hydrogen containing ambient. This high temperature annealing
step has to be compatible with the materials comprising the sensor.

Technology must ensure proper operation of both the sensor and the catalyst afterwards, and prioritize local
positioning of the catalyst pattern in a reproducible manner.

7.1.3 Deposition techniques

To ensure a specific interaction between the gas analyzed and a sensing interface (micro hotplate) a catalyst is
immobilized. One of the most critical factors is the development of a technology for local immobilization of
the catalyst (or catalyst pattern) close to the transducer.

Deposition of thin catalyst films can be achieved using evaporation or magnetron sputtering. There is, however,
no standardized approach for immobilization of sol-gel based catalytic materials. The development of tech-
niques enabling integration of sol-gel catalysts is important as they are commonly used as functional coatings
in micromachined gas sensors [162] and catalytic microreactors [163].

Although there exist a wide range of techniques for deposition on structured surfaces [164] only few are com-
patible with processing on a micro scale and give satisfactory results in terms of reproducibility. Due to these
limitations, mostly basic techniques such as drop- or spin-coating have been adapted to deposit the catalysts
on micro hotplates [165]. These, however, have drawbacks such as poor adhesion and low yield of functioning
devices.

Here we propose to use soft lithographic techniques for deposition and patterning of the boehmite (AIO(OH))
sol used as a support precursor for y-Al,Os3.

Soft lithography is a low cost technology for the direct deposition and patterning of colloidal suspensions [166].
It was introduced by G. Whitesides as an alternative technology to standard photolithography allowing micro-
fabrication of high-resolution structures in laboratory conditions [167]. Traditionally, flexible polydimethyl-
siloxane (PDMS) molds, prepared by casting in a patterned master, are used for transferring the microstruc-
tures. The master is prepared by any other lithographic technique which defines the smallest topological feature
required. There are several techniques which enable the transfer of a pattern with PDMS molds [168]: micro-
contact printing (4 CP) [169], micromolding in capillaries (MIMIC) [170], microtransfer molding (4t TM) and
minor modifications of these. The techniques used in this study are schematically demonstrated in Figure 7.1.
In MIMIC a PDMS mold, containing channels opened from one side, is placed on the surface upside down.
When a droplet of the solution to be patterned is applied on one side of the open channels, capillary forces
cause spontaneous filling [172]. This technique was successfully applied for the deposition of metal oxides in
thick film gas sensors [173], [174].

In £'TM a material to be patterned is spread over the PDMS mold and placed on the substrate. After temperature-
assisted curing the mold is removed.

Criteria used for comparison of the selected catalyst deposition techniques are listed below:

1. Feasibility of local deposition;

2. Applicability on microscale and compatibility with Si-based sensors;
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3. Smallest possible dimension;

4. Simplicity of the method;

5. Reproducibility of the method;

6. Cost efficiency;

7. Generic deposition approach for various materials;
8. Feasibility of wafer scale processing.

In uCP a PDMS mold is used to transfer a pattern of ”’ink™ to a substrate through conformal contact with the
formation of a covalently attached self-assembled monolayer (SAM) [171].

7.2 Experimental

7.2.1 Catalyst preparation

Based on the specifications mentioned in section 1.2 two catalysts were selected as model system for the cat-
alytic gas sensor: (a) solid thin films of Pt and Pd on Ta and (b) Pt and Pd nanoparticles immobilized on porous
Y-Al,Os3.

Sputtered thin film catalyst

Pt and Pd thin films with a thickness of 100 nm were deposited at a pressure of 0.066 mbar, in 148 sccm Ar flow
and a power of 200 W using a custom-built DC magnetron sputtering system. Ta was used as an adhesion pro-
moter as it was reported to be stable and resistant in a high temperature oxidizing environment [ 104]. Patterning
was done using conventional UV lithography and thin film lift-off (30 min sonication in acetone). Shown in
Figure 7.2 is a High-Resolution Scanning Electro Microscopy (HRSEM) image of a patterned Pt (100 nm) /Ta
(15 nm) thin film formed by a lift-off method. Due to a slight coverage of the resist sidewalls by sputtered
metal, so called ears” were formed, visible on the image. The pattern of squares was used to distribute the heat
homogeneously and reduce the impact of mechanical stress on both catalyst and catalyst support.

Pt and Pd on sol-gel-based catalyst

Pt and Pd on y-alumina (-Al,O3) catalyst were prepared in four steps:

1. Preparation of the boehmite (AIO(OH)) sol, used as a precursor for the y-Al,O3, via the colloidal sol gel
route;

2. Impregnation of the boehmite sol with the Pt and Pd precursors;

3. Calcination in air at 400 °C to form porous y-Al,O3 and decompose the noble metal precursor (PtO,
PdO,);

4. Reduction in Hp/N; (10/90) at 400 °C to reduce dispersed metal particles (PtO, PdO, — Pt, Pd).

The sol-gel method used for preparation of the boehmite sol was developed earlier [175] and optimized by
Biesheuvel et al. [176] to achieve highly porous, thermally-resistant, low-stress y-Al,O3 membranes.

The calcination and reduction temperature profile is shown in Figure 7.3. A temperature of 400 °C and a dura-
tion of 10 hrs was sufficient for the transformation to a stable y-phase of Al,Os3.
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Figure 7.2: HRSEM image of the Pt/Ta thin film catalyst sputtered and patterned with the lift-off process on the
micro hotplate surface. The magnified image shows the “ears” mentioned in the text, i.e. small protrusions at
the edge of the metal pattern.

Pt/y-Al,O3 and Pd/y-Al,O3 catalysts were prepared by wet impregnation of the commercial chloride and
nitrate precursors. For Pt hexachloroplatinic acid solution(H,PtClg, 20 wt. %) and tetraammineplatinum nitrate
(Pt(NH3)4(NO3),, 4 wt.%) were used. The precursors used for the preparation of Pd/y-Al,O3 catalyst were
palladium (II) chloride (PdCl,, 20 wt. %) and palladium (II) nitrate (Pd(NO3),, wt. 14-16 %).

N, flush
10 hr, 400 °C l 10 hr, 400 °C
1°C / min Air HZ/N2 1°C / min

20 °C 20°C

Figure 7.3: The heat treatment cycle used for the formation of the y-Al, O3 and activation of the metal catalyst.

7.2.2 Soft-lithography
Preparation of the mold

PDMS was prepared by cross linking of Si-based organic polymer Sylgard 184 (18500 D) with a hydroxy silane
cross linker (684 D).

The PDMS molds were made by replica molding from a microstructured silicon master, followed by heat
treatment at 80 °C for two hours. The curing rate of the PDMS molds is dependent on temperature. The
ratio of polymer and cross-linker in combination with temperature are parameters that influence the mechanical
durability of the molds.

PDMS affinity towards Si and glass can be modified by treatment in an oxygen plasma.

Two types of masters for replica molding were utilized:

e Grooves formed by patterning of a layer of SU-8 resist coated on a Si substrate;

e Grooves formed by Reactive lon Etching (RIE) of a Si substrate through an Olin-1.7 resist mask.

Examples of the masters are shown in Figure 7.4.
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Figure 7.4: Various designs of the master used as a template for the PDMS mold replication: (a-b) optical
imaging of the cross section showing not completely vertical wall profile which corresponds to the effect of
underetch from RIE; (c) distortion of the square shape pattern due to lithgraphic limitations, (d-h) stripe and
square patterns used as a mask for the surface modification or replicated for direct catalyst patterning with the
PDMS mold.

Pattern transfer

The following techniques were used for deposition and patterning (see Figure 6.1): direct deposition and pat-
terning of boehmite sol using MIMIC and uTM, chemical patterning (using (CP of functional groups and
conventional lithography in combination with Chemical Vapor Deposition (CVD) of functional groups) with
the subsequent deposition of the boehmite sol dropwise using piezoactuated droplet dispensing, and using spin-
and dip- coating.

The procedure used for patterning using the MIMIC method consists of the following steps:

1. The PDMS mold was placed on the substrate ensuring a good conformal contact;
2. The liquid catalyst precursor was placed at the entrance of the open mold pattern;
3. Filling of the pattern occured due to capillary forces;

4. The mold was removed;

5. Temperature treatment of the patterned catalyst is performed as described in section 6.2.1.
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In uTM the PDMS mold was first immersed in the catalyst solution, followed by the removal of the material
excess, and then directly transferred onto the substrate. This was followed by curing at ca. 100 °C and release
of the mold. The curing temperature was selected to be sufficient for evaporation of the water from the catalyst
precursor, but below the maximum permitted temperature for PDMS (ca. 150 °C).

UCP and lithography-assisted catalyst self-asssembly included one more step prior to immobilization of the
catalyst, i.e. chemical surface modification of the oxidized silicon surface using the PFDTS SAMs (1H, 1H,
2H, 2H, perfluorodecyltrichlorosilane).

Oxidized Si is a high energy solid surface with a high critical surface tension (150 mJ/m), and therefore wetted
by the majority of liquids. The hydrophilicity of the Si surface can be modified with a hydrophobic molecular
layer of the type -(CH;)- or -(CF;)-. For hydrogenated and fluorinated coatings the surface tension drops (20
mJ/m) and these surfaces exhibit highly non-wetting behavior [177].

To introduce a chemical pattern on a Si surface we used SAMs of PFDTS. The PFDTS molecule has a flu-
orinated chain consisting of 10 carbon atoms and a silane head-group that binds covalently to a thin layer of
native oxide present on the Si wafer. Once oxidized silicon chemically reacts with PFDTS a fluorinated tail is
exposed. The presence of fluorinated groups results in overall hydrophobic behavior of the self-assembled thin
film. The thin films formed are densely packed with a height, measured by AFM, ca. 0.8 nm.

The proposed method of pattern transfer is based on CVD of PFDTS [178]. The procedure was developed by
H. Rathgen et al. [179]. Deposition was carried out in a degased chamber. The silicon master containing a resist
pattern made by UV lithography was exposed to PEDTS vapor. Afterwards the reservoir containing PFDTS
was closed and water vapor was introduced to initiate the reaction. By adjusting the pressure the amount of
water and PEDTS vapor entering the chamber can be regulated, thus, leading to controlled and reproducible de-
position of SAMs. The Si wafer contains a layer of resist with defined openings which were exposed to PFDTS.
The PFDTS vapor react with the oxygen atoms on Si wafer to the formation of covalent bonds. PFDTS does not
react with the photoresist. After the reaction was carried out the resist was removed in acetone and the wafer
was cleaned by immersion in concentrated nitric acid.

7.3 Results and Discussion

7.3.1 Sputtered thin films

The sputtered thin films have a preferential orientation {111} which was reported for identical sputtered thin
films by R. Tiggelaar et al. [104]. This is an unfavorable orientation when used as a catalyst. It has been reported
that catalyst with densely packed atoms (such as {111} or {100}) exhibit low catalytic activity. Conversely,
a catalyst characterized by high index planes provides more active sites where reactant molecules can interact
[180].

The number of active catalyst centers on the surface of thin platinum catalyst was estimated using chemisorption
with 1 % carbon monoxide (CO) 4.7 as a pulsing gas. The experiment confirmed a low surface area of active
sites, ca. 10™* m?/g, see Table 1. To increase the accessibility to gas a square pattern was introduced as
described earlier (see section 6.2.1), with the resolution limited by UV lithography to 2 pum.

The surface area does not change dramatically when patterned. However, the walls and edges of the pattern can
be more catalytically active than the top layer. Implementation of the pattern results in a discontinuity of the
catalyst, i.e. defects acting as reactive centers. An alternative approach would be to roughen the surface of the
sputtered thin film or realize a channel profile in Pt such that the gas can react at both the channel bottom and
on the side walls. This would also lead to more efficient storage and distribution of the heat.

7.3.2 Porous thin films

Presence of the desired y-Al,Os was verified by X-ray Diffraction Analysis. Shown in Figure 7.5 are the
diffractograms taken from the powder samples of uncalcined boehmite sol and y-alumina. The peaks identified
confirmed the formation of y-alumina. Thermal treatment may cause crack formation and (or) detachment of
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the catalyst from the substrate (see Figure 7.6). Therefore, 1 °C/min heating and cooling rates were used (to
reduce mechanical stresses due to the high temperature). y-Al,O3 was selected as a support due to the high
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Figure 7.5: The X-ray diffractograms taken after preparation of the boehmite sol and calcination resulting in

Yv-alumina.

surface area. The surface area was estimated using the BET method and was found to be 383.5 m?/g.
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Figure 7.6: Stress induced detachment of the catalyst from the substrate.
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Pt is well dispersed on y-Al,O3 which can be seen from Transmission Electron Microscopy analysis (see
Figure 7.7) of the powder catalysts prepared. The average particle size is ca. 5-6 nm. The smaller the particle
size, the larger the amount of low coordinated Pt atoms (defects, edges) that act as reactive centers, thus the
higher the activity of the catalyst per gram. Catalysts containing smaller particles are more prone to oxidation
and sintering, i.e. faster deactivation, but on the other hand, lead to high metal dispersion. It was found that

Figure 7.7: Transmission electron microscopy image of the Pt/y-Al,O3/5 wt.% impregnated from the chloride
solution (H>PtClg) (a), Pd/y-Al, O3/5 wt.% impregnated from the nitrate solution (Pd(NO3),) (b) showing well-
dispersed catalysts particles with an average size of 5-6 nm.

sols containing a chloride precursor were highly aggressive for the material of the sensor, in particularly to
the Al metallization layer. This was attributed to formation of hydrochloric acid (HCI) during the calcination.
Chloride ions, originating from the precursor, were also reported to inhibit catalytic activity [181]. They can be
partly removed by high temperature treatment which is not compatible with the CMOS-based sensor materials.
Pulsed CO chemisorption was used for the determination of the active Pt and Pd surface, the size of active cata-
lyst particle and metal dispersion. The results of chemisorption experiments are given in Table 1. The metallic
surface area is several orders of magnitude higher for the porous catalysts compared to the thin sputtered cata-
lyst.

7.3.3 Choice of the catalyst

Surface area, dispersion and activity of a metal phase are interrelated parameters which dictate the choice of
catalyst.

Sputtered thin films are characterized by a low surface area and, if there is a non-active phase present on the
top layer, low activity. However, introducing a pattern may resolve this issue. The catalyst does not require any
specific activation procedure after deposition and can be used directly.

Sol-gel based supports ensure a high surface area and a high dispersion, resulting in high activity. However, a
procedure for the selection of a suitable catalyst precursor and activation procedure is required. Moreover, the
catalyst can not be used subsequently and needs to be activated.

7.3.4 Deposition on chemically patterned Si

The surface of oxidized silicon was chemically modified using the PFDTS SAMs as discussed in section 6.2.2.
The motivation for this is to introduce areas with different surface energies, i.e. with hydrophobic or hydrophilic
(non-wetting or wetting) behavior. When applied on top of such surface the catalyst “feels” the pattern and
shows a different affinity towards patterned and non patterned surfaces: repelled from the hydrophobic areas
and adhering on hydrophilic sections. As a result, deposition can be achieved selectively and locally: on the
area of interest. This technique allows controlled deposition and patterning of the catalyst in a non-destructive
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manner, for both the sensor and the catalyst, with a resolution limited only by the mask fabrication method.
The wetting behavior of the boehmite sol on a patterned Si surface was investigated. Boehmite sol, used as

Figure 7.8: Droplets of the boehmite sol deposited on the chemically patterned surface (white line shows
direction of the line pattern) with various ratio of hydrophilic and hydrophobic areas; corresponding contact
angles are shown below each photograph.

a precursor for y-Al,Os3, has viscosity and wettability properties close to those of pure water. The viscosity
of boehmite was measured at room temperature and found to be equal ca. 3.5 mPa-s (for comparison the
viscosity of water is 1.002 mPa-s). This is an important property for the material to be patterned by various soft
lithographic techniques. The boehmite droplets (volume of dispensed droplets kept constantly 3 1) deposited
on the stripe-patterned surfaces are demonstrated in Figure 7.8. The stripe pattern was realized with various
widths of hydrophobic and hydrophilic areas. Symmetrical patterns, such as 4 X 4 um, result in a (nearly)
round shape of the boehmite droplets.

When the width of the hydrophilic part was increased compared to chemically modified hydrophobic areas,
such as from 8 x 2 umto 16 x 2 um, elongation of the droplets was observed. Similar behavior was observed
with water and glycerol with mechanism for this explained in [182], [183].

The difference in the affinity of the boehmite sol to hydrophobic and hydrophilic areas causes a deformation
of the droplet and preferential orientation along the lines. Thus, by creating a specific pattern, manipulation
with a limited amount of the catalyst precursor is possible. When the volume deposited becomes too large
the macroscopic effects play a more important role and the boehmite sol does not respond anymore to the
hydrophobic/hydrophilic pattern underneath the droplet volume. Contact angle measurements of boehmite and
water droplets on equally patterned surfaces indicated nearly the same angles (ca. 100°), from which we can
conclude that the wetting behavior of boehmite is similar to that of water. Spin coating and dip coating can
be used to deposit the boehmite on a chemically patterned surface. Figure 7.9 and 7.10 show examples of the
self-assembled boehmite for wide lines and squares.

It was possible to achieve stable adhesion of the catalyst, which was tested by sonification in water. After 20
min of ultra-sound treatment no mass loss was observed.

Formation of the PFDTS SAM chemical pattern on Si can also be achieved by the uCP method. Although, it
was reported as being successfully applied in patterning of colloidal suspensions [184], in our case this method
is less promising. Silanes are known for being unreactive when an insufficient amount of water is present. On
the other hand, in an excess of water they tend to polymerize. Therefore, deposition has to be carried out in
a controlled environment, e.g. a glove box, and even then humidity control is crucial. The polymerization
reaction requires a defined amount of time, thus when directly exposed to air the printed ink still keeps its
properties for a few minutes, but this reduces the reproducibility of the patterned films. Moreover, the uCP
technique in most of the cases requires transfer of the pattern chip by chip. Therefore, the procedure of surface
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Figure 7.9: HRSEM images of the the boehmite patterns obtained by droplet wise deposition (a), pinning effect
at the edges of the deposited droplet (b), self-assembly of the boehmite on a non-patterned silicon surface
and free of catalyst chemically modified surface (c), cross sectional view on patterned structures (d) showing
average thickness in order of 25-30 nm (e).

100 um

Figure 7.10: Square pattern of catalyst thin film obtained by dip coating of chemically patterned Si/SiO;
substrate in the boehmite solution. Low energy (hydrophobic) areas with immobilized PFDTS SAM repel the
boehmite, high energy (hydrophilic) SiO, surface facilitates deposition of the boehmite.

modification by pCP alone is a time-inefficient process with a low rate of success.

7.3.5 Direct deposition using the PDMS mold

The MIMIC technique was utilized for patterning of boehmite sol on microstructured surfaces. In Figure 7.11
an example of the pattern achieved by MIMIC is demonstrated. Structures with a resolution down to 4 um were
achieved. This method can be adopted for the patterning of various liquid catalyst precursors. However, in each
case an experimental procedure needs to be developed at which the affinity of the material to be patterned is
higher towards the solid surface than the mold, to prevent sticking.
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Figure 7.11: Instantaneous filling of the PDMS channels due to capillary forces (a), the y-Al,O3 pattern
obtained by the MIMIC technique (b), close up showing sintering of the oxide during the calcination (c).

Additionally, after calcination the y-Al,O3 tends to shrink, causing deformation of the original pattern. This
factor has to be considered in the original design.

In uTM the catalytic precursor is transferred by the mold. After placing the mold containing the precursor
on the substrate, a temperature treatment is applied to dry the catalytic precursor. The main factor limiting
implementation of this technique is the time for adjusting the affinity of the material to the mold and substrate
in combination with the temperature treatment step. These factors cause sticking of the catalytic material to
walls of the PDMS molds. In addition, initial removal of the catalyst excess results in non-clean conformal
contact with the substrate. Due to these reasons the method is regarded as less efficient for the purpose of the
sol-gel catalyst deposition.

7.3.6 Choice of the deposition technique

In this study we aimed to select a technique which can be directly applied for the deposition of sol-gel based
catalysts; which does not require a long tuning procedure for the material to be patterned and gives reproducible
results.

The best results in terms of reproducibility and time efficiency were achieved by lithography-assisted self-
assembly of the catalyst sol and the MIMIC techniques.

Among the advantages of these methods are:

1. Non-destructive method for both patterned catalyst and the substrate;
2. Low cost;

3. Can be adopted fast to different type of catalyst precursors;

N

. Procedure itself is not time consuming;

|91

. Provides possibility for wafer scale deposition.
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The minimum achievable dimension is limited by the mask fabrication process and wetting properties of the
immobilized catalyst precursors.
By wafer scale deposition we mean (see Figure 7.12):

e Deposition of various catalyst precursors using a single PDMS mold;

e Deposition of one catalyst precursor from the mold replicated from a wafer and placed on a rigid support
to ensure mechanical stability.

An example of a machine facilitating wafer scale printing of a catalyst can be found in literature [168].

PDMS

E molds

Catalyst A N—

Catalyst B ~/l

Catalyst C|| [N\~ 1l

Si wafer

PDMS mold
Catalyst

pattern T

\/

Si wafer

Rigid support

Figure 7.12: Upscaling of soft lithographic techniques to wafer level.

7.4 Summary and conclusion

Sputtered thin films and sol-gel based catalyst were investigated as potential functional coatings in microma-
chined gas sensors. Sputtered thin films are characterized by a low surface area and if, there is a non-active
phase present on the top layer, low activity. However, introducing a micropattern may resolve this issue. The
catalyst does not require any specific activation procedure and can be used directly. Sputtered thin films can be
deposited and patterned in a straightforward way using magnetron sputtering in combination with metal lift-off
and photolithography.

Sol-gel based supports ensure a high surface area and a high dispersion, resulting in high activity. Sol-gel
based catalyst precursors require the development of specific immobilization techniques in combination with
activation procedures (calcination, reduction). Soft-lithographic techniques were applied for the deposition of
a boehmite sol.

In terms of reproducibility and efficiency lithography-assisted self-assembly and MIMIC are considered as the
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most promising techniques to pattern a sol-gel based catalyst.

Both the metal thin films as well as the metal dispersed sol-gel based y-alumina layers were characterized and
showed good catalytic activity (for the results of CO chemisorption see Table 7.1). Future work will combine
these catalyst micropatterns with MEMS-based microcalorimeters to develop catalytic gas sensors [71], [72].



Future Research

In this chapter we present our perspectives on future research. We address possible issues for improvement of
the current design and technology for silicon-based low power hot surface devices.

111
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8.1 Design and fabrication of hot surface devices

In the new hot plate designs these parameters could be interesting to investigate:

e Effect of the heater shape on temperature distribution along the membrane and heater, and, influence on
sensitivity;
o Effect of heater and catalyst dimensions on sensitivity;

e [ocation of heater and temperature sensor relative to each other;

o Integration of several temperature sensors to measure the temperature in the middle of the membrane and
at the gas inlet and outlet;

e Different thickness and composition of membrane leading to more robust sensor platform for liquid
applications;

e Processing on fused silica and other type of substrates.

e Redesign temperature sensors based on TiSiy/poly-Si to match the measurement circuit (high-ohmic re-
sistors lead to more accurate measurements).

8.2 Materials for heating and sensing

e To complete the knowledge about the TiSiy/poly-Si temperature sensors the TCR as a function of thick-
nesses of TiSi and poly-Si can be investigated.

8.3 Experimental

e Implementation of a differential measurement circuit: differential power (between transducers with and
without catalyst patch) in constant temperature mode.

e Introducing splitter and bypass which allows us to set the flows of MFC-s to higher range, i.e. measure
more precise (with larger flows error on uncertainty in set point is less), in addition, with these flows it is
possible to measure more accurately.

8.4 Catalytic thin films

New fabrication methods for the formation of high surface area catalysts in a reproducible way. This can be
done, for example, by introducing “defects” and profiles into sputtered thin films. The first ensures presence of
highly active catalytic centers, the latter distributes the heat homogeneously and reduces the mechanical stress.

8.5 Nanolink-based devices

As far as we can conclude, the link-based device has more potential as a thermal sensor than a thermal actuator.
Therefore, in the future study, if application as catalytic gas detector of combustible gases is prioritized, the link
heater can be combined with larger flat heater.

For passive temperature sensing applications and those, not exceeding 300 °C, combining links in an array
opens possibilities to high resolution temperature measurements. As a lot of nano-scale and low micro-scale
effects can not be quantified due to limitation in spacial resolution, ultra-small and ultra-low power heaters can
contribute in that.
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Due to their low thermal mass link-based devices are extremely fast, therefore, sensing applications where a
rapid response is required, such as flow sensors, are potentially attractive.

The temperature sensitivity of link-based devices is not compatible at this moment with conventional micro
hotplates. The fabrication process flow remains challenging and time consuming. The main advantage of this
technology is, however, low power consumption. If the sensitivity of the link-based devices can be improved
(resistive properties of integrated ALD layers) and process flow simplified, the devices can be potentially useful
in various portable sensing systems.
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Appendix A

(a) Temperature dependence of thermal conductivity of Si, SiO; and Si3Ny.
The following polynom fits were incorporated in the model:
frir(Ts)=-6-10"7-T3+1.5-1073-T2-1.27-T+418.32,

frir(Tsi02)=3-1072-T3-3:1076-T2+2.4-1073-T+0.88,

frir(Tsiana)=-4-10"2-T342:1075-T2-26.9- 103 T+22.43.

(b) Temperature dependence of specific heat capacity of Si, SiO, and SizNy.
The following polynomial fits were incorporated in the model:
frir(Ts)=-6-10"7-T3+1.5-1073-T2-1.27-T+418.32,

frir(Tsi02)=3-102-T3-3:1076-T2+2.4-1073-T+0.88,

frir(Tsiana)=-4-10"2-T342:1075-T%-26.9-10 3. T+22.43.
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Summary

In the Hot Silicon project low and ultra-low-power Si-based hot surface devices have been developed, i.e. thermal sensors
and actuators, for application in catalytic gas micro sensors, micro- and nano- calorimeters.
This work include several scientific and technological aspects:

e Design and fabrication of suspended membrane ultra-low-power hot-surface Si-based thermal sensors and actua-
tors;

e Integration of the sensors and actuators into a micro flow channel, and investigation of the related microfluidic
aspects, i.e. flow behavior and control, heat transport and transport of reactive species,

o Investigation of potential applications in the field of micro calorimetric sensing, e.g. studying thermally-activated
physical and chemical processes on-a-chip, i.e. detection of reaction heats, adsorption/desorption kinetics.

A numerical model for a catalytic micro flow system consisting of a micro hotplate at elevated temperature with an

immobilized reactive catalyst has been developed. The influence of the micro hotplate design parameters, such as, thick-
ness and material of an isolating membrane, dimensions of the etched cavity in silicon substrate, type of substrate on
power consumption, overall thermal efficiency, heat loss mechanism and surface temperature distribution has been inves-
tigated. The material of the membrane influences heat loss mechanisms more than the thickness of the membrane with
all other constant parameters. The implementation of thinner membranes and membranes of low thermally conductive
materials both leads to a decrease in the total power consumption but also leads to non-uniformity in surface temperature
distribution. The ratio of heater area to membrane, a,/a,,, taken below 0.25 reduces the heat flux to the substrate and does
not lead to sharp surface temperature profiles. The main heat loss paths are by Si substrate (ca. 40 %) and air (ca. 60 %),
the amount of heat lost through the membrane is less than 1 % of total supplied power. However, the membrane introduces
a heat path to the Si, thus, the thickness, and especially the material of the membrane need to be selected based on the
application specific power consumption requirements.
The heating effect of a reaction is directly proportional to the concentration of a target gas (propane) in air, and actuating
temperature. If a catalyst is not active enough, higher temperatures can be applied to compensate for it. Non-flow oper-
ating conditions are the preferred operational mode because losses are less compared to constant flow operation. From
the actuation point of view it does not make sense to downscale the dimensions of the heater to nanometer range while
keeping constant the size of the catalytic patch. A small heater would be not capable of delivering sufficient power to heat
up the catalyst patch. If the catalyst is much smaller than the heater than it also not favorable situation as heat will be just
generated and lost to the air. A preferred design is where heater and catalyst are of the same dimensions or a.,/aj; below
2.5. A small resistive element when integrated with a powerful heater can be used as a temperature sensor.

The fabrication, characterization and testing of a low-cost, low-power, CMOS-compatible microcalorimetric sensor for
detection of reaction heats is discussed.

The construction of the calorimetric sensing system based on extrinsically-doped polysilicon resistive heaters and tem-
perature sensors has been demonstrated. The compatibility with Si technology and the chemical inertness at elevated
temperatures makes polysilicon attractive for integration into microreactors and sensors. However, non-linearity of its
resistive properties and drift still offer challenges to its successful implementation as a functional sensing material.

We demonstrate the detection of reaction heats for a model reaction - the catalytic oxidation of propane in air. The reaction
was performed over a thin film Pd catalyst at concentrations of propane (0.01 to 0.8 vol %) which is significantly below
lower explosion limit of propane. The sensor exhibits an immediate and reversible response upon exposure to propane in
air. The short response time allows this detection mechanism to be applied in transient studies of chemical reactions, such
as differential scanning microcalorimetry.

The sensor can be applied for the detection of reaction heats and kinetic analysis, where commonly higher concentrations
of reactive components are used, which will lead to greater heat release. Besides that it can be utilized as a safety sensor
for the detection of propane leaks. In addition, immobilization of a highly active catalyst with a high surface area on the
sensor can significantly increase the sensitivity.
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Thin films of titanium silicide (TiSi,) formed on heavily boron doped polycrystalline silicon (poly-Si/B™*) were applied
for resistive temperature sensing. The TCR and the thermal stability were tested on TiSi,/poly-Si thin films on Si and FS
substrates and on TiSiy/poly-Si resistors suspended on a SiRN membrane. The TCR for flat, non-patterned layers was
found to be (2.9 —3.1) x 1073 /°C in the range of temperatures from 20 to 800 °C. The TCR of suspended TiSi,/poly-Si
resistors was measured (3.6 —4) x 1073 /°C from 20 to 185 °C.

The process developed for poly-si and TiSi,/poly-Si resistive thin films was implemented in a microhotplate for applica-
tion in microcalorimetric sensing. Thermo-electrical characterization and analysis was performed. The sensor consumes
ca. 12mW at an operational temperature of 350 °C. Thermal imaging with an infrared camera indicated heating in the
high-ohmic part with the temperature gradient along the active sensor area estimated to be 4 °C/um (at ca. 500 °C). The
heating and cooling times were found to be ca. 1 ms and 8 ms. The power vs temperature curve was determined while
operating in both stationary and constant flow conditions and shows the thermal resistance to ambient of ca. 28 °C/mW.
We demonstrate the detection principle in constant temperature mode based on model reactions of propane and hydrogen
oxidation in air at temperatures 200-350 °C and 100 °C, respectively.

Sputtered thin films and sol-gel based catalyst were investigated as potential functional coatings in micromachined gas
sensors. Sputtered thin films are characterized by a low surface area and, if there is a non-active phase present on the top
layer, low activity. However, introducing a micropattern may resolve this issue. The catalyst does not require any specific
activation procedure and can be used directly. Sputtered thin films can be deposited and patterned in a straightforward
way using magnetron sputtering in combination with metal lift-off and photolithography.

Sol-gel based supports ensure a high surface area and a high dispersion, resulting in high activity. Sol-gel based catalyst
precursors require the development of specific immobilization techniques in combination with activation procedures (cal-
cination, reduction). Soft-lithographic techniques were applied for the deposition of a boehmite sol.

In terms of reproducibility and efficiency: lithography-assisted self-assembly and MIMIC are considered as the most
promising techniques to pattern a sol-gel based catalyst.

Both the metal thin films as well as the metal dispersed sol-gel based y-alumina layers were characterized and showed
good catalytic activity.

A novel heating and temperature sensing concept proposed by Chair of Semiconductor Components (University of
Twente) has been utilized for development of ultra-low-power hot surface devices. A so-called ’link” heating and sensing
device is based on a small and highly conductive link which can act both as heater and temperature sensor. This is a novel
type of heater where the dissipation of heat takes place inside the link acting as a resistor. In such a structure the electrical
and thermal resistances are controlled independently. This reduces losses from conduction via the resistive leads, which is
a practical problem for all type of heaters, as the leads remain ’cold” during the device operation. This increases the over-
all efficiency of the heating device. These ultra low power, CMOS compatible, suspended membrane, resistive sensors
and actuators with operating temperatures up to 300 °C were tested as transducers for calorimetric sensing applications.
The sensors consist of a thin film, titanium nitride resistive element in a 4-point configuration: meander-, spiral-, link-
shaped heaters. They can facilitate local heating and temperature sensing of 0.001 — 0.1 mm? area at a power consumption
less than 3 mW and for particular designs even limited to few pW. This enables potential applications in various portable
sensing systems where rapid temperature sensing and/or thermal actuation with high spacial resolution and minimized
power consumption are required.

The feasibility of successful operation was demonstrated with two examples: flow meter and thermal conductivity detec-
tor. It was not possible to obtain reliable measurements while operating devices as a pellistor.



Samenvatting

In het "Hot Silicon” project zijn laag- en ultra-laag-vermogen-meetinstrumenten ontwikkeld, die gebaseerd zijn op silici-
umtechnologie. De ontwikkelde geminiaturiseerde thermische sensoren en actuatoren maken gebruik van een heet opper-
vlak, en kunnen worden toegepast als katalytische gassensoren en als micro- of nanocalorimeters. Wetenschappelijke en
technologische aspecten die in het onderzoek ter sprake zijn gekomen zijn:

e Ontwerp en fabricage van ultra-laag-vermogen op silicium gebaseerde thermische sensoren en actuatoren met een
meerzijdig ingeklemd membraan met een heet oppervlak;

e Integratie van de sensoren en actuatoren in een microkanaal met gasstroom, en onderzoek naar de relevante mi-
crofluidische aspecten zoals stromingsgedrag en -controle, warmtetransport, en transport van reactieve gassen;

e Onderzoek naar mogelijke toepassingen op het gebied van microcalorimetrische metingen, zoals het bestuderen van
thermisch geactiveerde fysische en chemische processen op een chip, waaronder de bepaling van reactiewarmte en
adsorptie/desorptiekinetiek.

Er is een numeriek model ontwikkeld dat het katalytische microgassensorsysteem beschrijft dat bestaat uit een microver-
warmingsplaat op verhoogde temperatuur waarop geimmobiliseerd een reactieve katalysator. De invloed van de on-
twerpparameters voor de microverwarmingsplaat, zoals dikte en materiaalkeuze van het isolerende membraan, dimensies
van de geétste holte in het silicium substraat, en het type substraat, op vermogensverbruik, totale thermische efficiéntie,
warmteverlies en oppervlaktetemperatuursverdeling, is onderzocht. Het materiaal gekozen voor het membraan beinvloedt
het warmteverlies meer dan de dikte van het membraan, als alle andere parameters constant worden gehouden. De im-
plementatie van dunnere membranen of van membranen uit materialen met een lagere thermische geleidbaarheid leidt tot
een afname in het totale vermogensverbruik, maar helaas ook tot een niet uniforme oppervlaktetemperatuursverdeling.
Wanneer de verhouding tussen verhit oppervlak en membraanoppervlak, aj/a,,, onder de 0.25 wordt gekozen, wordt de
warmteflux naar het omringende substraat gereduceerd, en ontstaan er geen sterke gradiénten in het oppervlaktetemper-
atuursprofiel. De belangrijkste paden voor warmteverlies zijn via het Si substraat (ca. 40 %) en via de lucht (ca. 60 %), de
hoeveelheid warmte die verloren gaat door het membraan is minder dan 1 % van het totale toegevoerde vermogen. Echter,
het membraan introduceert wel een warmtelek naar het Si, daarom moeten de dikte, en vooral het materiaal van het mem-
braan adequaat gekozen worden, afhankelijk van de vermogensverbruikseisen die gelden voor een specifiek toepassing.

Het warmte-effect van een chemische gasreactie is evenredig met de concentratie van het te meten gas (propaan) in
lucht, en de van de aangelegde basistemperatuur. Als de gekozen katalysator niet actief genoeg is, dienen hogere temper-
aturen te worden toegepast ter compensatie. Stilstaande (geen gasstroming) condities hebben de voorkeur omdat daarbij
de verliezen minder zijn in vergelijking met bedrijven van het systeem bij constante stroming. Uit actuatieoogpunt heeft
het weinig zin om de dimensies van het verwarmingselement verder te verkleinen tot het nanometerbereik, indien men
daarbij de grootte van het katalysatorelement constant houdt. Een kleinere verhitter zal niet in staat zijn om voldoende
vermogen te leveren om het katalysatorvolume tot de gewenste (de ontstekings-) temperatuur te verhitten. Een katalysator
veel kleiner dan het verwarmingselement is ook onwenselijk, omdat in dat geval de overbodige warmte slechts verspild
wordt door verhitting van de omringende lucht. Ideaal is derhalve een ontwerp waarin de verhitter en de katalysator van
vergelijkbare dimensies zijn, ofwel a.,/a; beneden de 2.5. Een klein weerstandselement geintegreerd met een verhitter
met sterk vermogen kan dan dienen als een temperatuursensor.

De fabricage, het karakteriseren en het testen van een goedkope, laagvermogen, CMOS-compatibele micro-calorimetrische
sensor voor de detectie van reactiewarmte wordt uitvoerig beschreven. De constructie van het calorimetrische sen-
sorsysteem gebaseerd op extrinsiek-gedoteerde polysilicium resistieve verwarmingselement en en temperatuursensoren
is gedemonstreerd. Zowel de compatibiliteit met Si-technologie als de chemische inertheid bij verhoogde temperaturen
maakt polysilicium attractief voor de integratie in microreactoren en sensoren. Evenwel, het niet -lineaire gedrag van de
weerstand en de drift blijven uitdagingen die een succesvolle implementatie als functioneel sensormateriaal belemmeren.
De detectie van reactiewarmte is gedemonstreerd voor een model reactie - de katalytische oxidatie van propaan in lucht.
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De reactie werd uitgevoerd over een dunne film Pd katalysator bij propaanconcentraties van 0.01 tot 0.8 vol %, wat sig-
nificant lager is dan de laagste explosielimiet van propaan, en daarom een zeer relevant gebied voor gaslekdetectie.

De sensor vertoont een onmiddellijke reversibele respons op blootstelling aan propaan in lucht. De snelle responstijd
laat het toe om het detectiemechanisme toe te passen in transient studies van chemische reacties, zoals in differentiéle
scanning (micro)calorimetrie (DSC). De sensor kan derhalve worden toegepast voor de bepaling van reactiewarmtes en
kinetische analyses, waarvoor normaalgesproken hoge concentraties aan reactieve componenten worden gebruikt, met een
navenant grote warmteontwikkeling. De sensor kan derhalve ook worden gebruikt als veiligheidsmonitor voor propaan-
lekkage. Het aanbrengen van een nog actievere katalysator met een groter oppervlak kan de gevoeligheid nog significant
verbeteren.

Dunne films van titanium silicide (TiSi;) gevormd op zwaar boor-gedoteerd polykristallijn silicium (poly-Si/B™) zijn
toegepast in resistieve temperatuurmeting. De TCR (temperatuurcoéfficiént van de weerstand) en de thermische sta-
biliteit zijn getest aan TiSiy/poly-Si dunne films op Si en op kwartsglas (fused silica) substraten, en aan TiSio/poly-Si
weerstanden op een SiRN (silicium-rijk siliciumnitride) membraan. De TCR van vlakke, niet gepatroneerde lagen was
(2.9 —3.1) x 1073 /°C voor het temperatuurgebied van 20 tot 800 °C. De TCR van de TiSiy/poly-Si weerstanden op
het membraan bedroeg (3.6 —4) x 1073 /°C, voor 20 tot 185 °C. Het proces ontwikkeld voor poly-Si en TiSiy/poly-
Si resistieve dunne films is gecombineerd met de fabricage van een microverwarmingselement (een microhotplate) met
beoogde toepassingen in microcalorimetrische metingen. Een thermo-elektrische karakterisering en analyse van de resul-
terende devices werd uitgevoerd, waaruit bleek dat de sensoren ca. 12mW consumeren bij een operationele temperatuur
van 350 °C. Thermische imaging met een infrarood camera liet opwarming zien in het hoog-Ohmige deel van de sensor.
Tevens kon hieruit geschat worden dat de temperatuurgradiént langs het actieve sensorgebied 4 °C/ um is (at ca. 500
°C). De opwarm- en afkoeltijden werden gemeten als ca. 1 ms en 8 ms. Een vermogen vs. temperatuur curve werd
bepaald voor zowel stationaire als constante gasstroomcondities, waaruit een thermische weerstand naar de omgeving
werd gevonden van ca. 28 °C/mW. Het detectieprincipe werd gedemonstreerd in een constante-temperatuur-modus, voor
de modelreacties propaan oxidatie en waterstofgas oxidatie in lucht bij temperaturen van 200-350 °C en 100 °C, respec-
tievelijk.

Gesputterde dunne films en sol-gel-gebaseerde katalysatorlagen werden onderzocht als potentiele functionele coatings
in micromachined gassensoren. Gesputterde dunne films worden getypeerd door een laag oppervlak en, indien er een
niet-actieve toplaag aanwezig is, een lage activiteit. Het introduceren van een micropatroon zou dit laatste bezwaar kun-
nen opheffen. De katalysator heeft geen specifieke activeringsprocedure nodig en kan direct worden gebruikt. Gesputterde
dunne films kunnen worden aangebracht en gepatroneerd op eenvoudige wijze, via magnetron sputtering in combinatie
met lift-off fotolithografie. Op sol-gel gebaseerde onderlagen garanderen een hoog oppervlak en grote dispersie, wat
resulteert in hoge activiteit. De sol-gel katalysatorreactanten vereisen evenwel de ontwikkeling van specifieke immo-
bilisatietechnieken in combinatie met activeringsprocedures zoals calcinatie en reductie. Soft-lithografische technieken
werden toegepast voor de depositie van Boehmite sol. In termen van reproduceerbaarheid en efficiéntie kunnen de op
lithografie gebaseerde zelf-assemblage en de zogenaamde MIMIC techniek worden beschouwd als de meest belovende
technieken om een sol-gel katalysator te patroneren. Zowel de dunne metaal films als de sol-gel gebaseerde -alumina
lagen met metaaldispersie werden gekarakteriseerd en vertoonden een goede katalytische activiteit.

Een nieuw verhittings- en temperatuurmeetconcept voorgesteld in de leerstoel Semiconductor Components werd onder-
zocht voor gebruik in ultra-laag-vermogen hot surface” devices. Deze nano-"link” is toe te passen als verwarmings- en
als sensorelement, is gebaseerd op een zeer kleine geleidende verbinding, waarin de link met zijn hoge weerstand als
verhitter optreedt door sterke lokale warmtedissipatie. In deze structuur zijn de elektrische en de thermische weerstanden
onafthankelijke van elkaar gecontroleerd, waardoor verliezen door conductie via de resistieve verbindingen, een praktisch
probleem voor alle typen verwarmingselementen, worden gereduceerd omdat deze verbindingen koud blijven gedurende
deviceoperatie. Hiermee neemt de efficiéntie van het verwarmingselement toe. Deze ultra-laag-vermogen, CMOS com-
patibele, membraan-geintegreerde, resistieve sensoren en actuatoren met werktemperaturen tot 300 °C werden getest als
omzetter in calorimetrische sensor applicaties. De sensoren bestaan uit dunne film titaniumnitride resistieve elementen in
een 4-puntsconfiguratie, met verschillende ontwerpen, namelijk meander, spiraal, en eenvoudige link-vormige verhitters.
Ze faciliteren lokale verhitting en temperatuurbepaling op een oppervlak van 0.001 - 0.1 mm? met een vermogensver-
bruik van minder dan 3 mW, voor sommige ontwerpen zelfs gelimiteerd tot een paar uW. Dit staat het toe te denken aan
toepassingen in mobiele sensorsystemen waarin snelle temperatuurmeting en/of thermische actuatie met een hoge plaat-
sresolutie en minimaal vermogensverbruik gewenst zijn. De toepasbaarheid van het concept werd succesvol gedemon-
streerd met twee voorbeelden: een stromingssensor en een thermische geleidbaarheidssensor. Betrouwbare metingen met
het nanolink-concept verwerkt in een pellistor zijn helaas nog niet succesvol geweest.
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