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Preface

The book “CMOS Hotplate Chemical Microsensors” provides a comprehensive treat-
ment of the interdisciplinary field of CMOS technology-based chemical microsensor
systems, and, in particular, of microhotplate-based systems. The book is, on the one
hand, targeted at scientists and engineers that are interested in getting first insights
in the field of microhotplates and related chemical sensing, since all necessary funda-
mental knowledge is included. On the other hand, it also addresses experts in the field
since it provides detailed information on all important issues related to realizing mi-
crohotplates and, specifically, microhotplate-based chemical sensors in CMOS tech-
nology. A large number of microhotplate realizations and integrated-sensor-system
implementations illustrate the current state of the art and, at the same time, give an
impression of the future potential of chemical microsensors in CMOS technology.
Since microsensors produce “microsignals’, sensor miniaturization without sensor in-
tegration is, in many cases, prone to failure. This book will help to reveal the benefits
of using integrated electronics and CMOS-technology for developing microhotplates
and the corresponding chemical microsensor systems and, in particular, the advan-
tages that result from realizing monolithically integrated sensor systems comprising
transducers and associated circuitry on a single chip.

After a brief introduction, the fundamentals of miniaturized metal-oxide-based
chemical sensors are laid out, which include the description of microhotplate struc-
tures as well as basic information on the gas detection mechanisms of the predomi-
nantly used metal-oxide material, tin oxide. The next section includes different meth-
ods of modeling the thermal properties of microhotplates and strategies to include
those models into circuitry simulation programs. These more fundamental sections
are followed by an extensive description of different microhotplate structures that
have been realized in CMOS technology. Thereafter, a comprehensive overview of
monolithically integrated CMOS microsystems comprising hotplates and the neces-
sary driving and signal conditioning circuitry is given. In a next chapter, the devel-
opment of monolithic sensor arrays and fully developed microsystems with on-chip
sensor control and standard interfaces is presented. The book is concluded by a short
summary, a review of the commercialization potential and possible applications, and
an outlook to future developments.
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Introduction

In recent years, there has been increasing interest and development efforts in minia-
turizing gas sensors and systems. Particularly strong efforts have been made to mon-
itor environmentally relevant gases like carbon-monoxide (CO), methane (CH,4) and
ozone (O3). Commonly used chemically sensitive materials for these target gases are
wide-bandgap semiconducting oxides such as tin oxide, tungsten oxide or indium ox-
ide, which are operated at elevated temperatures of 200-400 °C [1-3]. At those high
temperatures, these oxides show considerable resistance changes upon exposure to
a multitude of inorganic gases and volatile organics. The most prominent example
is tin oxide (SnO,), which shows large electrical resistance changes upon exposure
to the above-mentioned gases at operating temperatures between 250 °C-350 °C and
has been engineered to provide sufficient long-term stability [4-6]. The miniaturiza-
tion efforts in the field of metal-oxide-based gas sensors follow several major trends:

(a) the development of micromachined sensor platforms [7-9],

(b) the micro- and nanotechnological fabrication of the sensing materials [10, 11],
and

(c) the design and co-integration of application-specific circuits with the transducer
leading to smart sensor systems [8, 12-14].

During the last years, so-called “microhotplates” (tHP) have been developed in order
to shrink the overall dimensions and to reduce the thermal mass of metal-oxide gas
sensors [7,9, 15]. Microhotplates consist of a thermally isolated stage with a heater
structure, a temperature sensor and a set of contact electrodes for the sensitive layer.
By using such microstructures, high operation temperatures can be reached at com-
parably low power consumption (< 100 mW). Moreover, small time constants on the
order of 10 ms enable applying temperature modulation techniques with the aim to
improve sensor selectivity and sensitivity.

The development of microhotplates is strongly coupled to novel nanotechnologi-
cal fabrication strategies as well as microdeposition and microstructuring techniques
for the respective metal oxides.

To date, most microhotplate-based chemical sensors have been realized as multi-
chip solutions with separate transducer and electronics chips [16-19]. The co-inte-
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gration of circuitry with chemical sensors requires sensor design and microfabrica-
tion processes that are compatible with the chip- and microelectronics technology
to be used. The currently dominant and well-established technology for integrated
circuits is CMOS (Complementary Metal Oxide Semiconductor) technology. Con-
sequently, there is ongoing efforts to use CMOS technology for fabricating chemical
sensors, and several CMOS-based monolithic systems have been successfully real-
ized [14,20]. CMOS-based systems do not only feature small size, but they also offer
low power consumption, and the option of batch fabrication at industrial standards
and low costs. The co-integration of transducers and circuits provides on-chip ampli-
fication and conditioning of sensors signals, enables on-chip analog-to-digital conver-
sion, and allows for using on-chip standard interfaces, which alleviates the packaging
problem (less pins and connections). Drawbacks of using CMOS technology include
a limited selection of materials and a predefined fabrication process for the CMOS
part. Sensor-specific or transducer-specific materials and fabrication steps have to
be, in most cases, introduced during the post-processing after the CMOS fabrication.
The integration of microhotplates using CMOS technology is particularly challenging,
since the metal-oxide operating temperatures of 250 °C-350 °C are much higher than
the temperature specifications of common integrated circuits (between -40 °C and
150 °C). Nevertheless, microhotplates relying on CMOS technology with subsequent
additional micromachining have been presented by several groups [21-23]. The de-
vices presented in this book additionally include examples of newly developed sensor
systems featuring micromachined sensors, embedded smart features and nanotech-
nologically fabricated sensitive layers.

After this introduction, a general overview on microhotplate-based metal oxide
sensor systems is given Chap. 2. Thermal modeling, which supports the device design
and the fundamental understanding of the microhotplate thermal characteristics is
detailed in Chap. 3. Three different prototypes of microhotplates in CMOS technology
are presented as part of a design and transducer toolbox in Chap. 4. The first device is
a circular-shape microhotplate fabricated with a minimum of post-processing steps.
The design is optimized for the use with a drop-coated thick film nanocrystalline
tin-oxide layer. The second device is designed with the aim to overcome the on-chip
temperature limit of 400 °C, which is the consequence of the CMOS-metallization.
The third microhotplate features a MOS-transistor heater that substitutes the conven-
tional resistive heating element. All three microhoplates were, for the first time, inte-
grated in monolithic sensor systems. In the subsequent Chap. 5 two monolithic sys-
tems are presented. The first monolithic system includes the circular microhotplate,
a digital temperature controller, advanced read-out circuitry and a digital interface.
The second monolithic sensor system features a high-temperature microhotplate and
tully differential analog circuitry thus increasing the potential operation temperature
range. Finally, several fully integrated sensor arrays are described in Chap. 6. The first
array comprises the circular microhotplate and co-integrated analog circuitry such as
a temperature controller and sensor read-out circuitry. The microhotplates were then
further miniaturized in order to reduce the overall power consumption. The second
arrray chip features these smaller microhotplates and a differential mixed-signal ar-
chitecture, which enables individual temperature control and sensor read-out. The
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last chip comprises three transistor-heated microhotplates monolithically integrated
with a fully digital sensor architecture and a digital interface. This chip shows the ad-
vantages and potential of using the CMOS-MEMS approach for metal-oxide-based
microsensors. The book finally concludes with an outlook discussing future develop-
ment work and potential applications of the presented sensor systems (Chap. 7).



2

Miniaturized Metal-Oxide Sensors

2.1 Overview of Microhotplates for Gas Sensing Applications

As already mentioned in the introduction, a so-called microhotplate (uHP) for metal-
oxide-based gas sensing consists of a thermally isolated stage fabricated using mi-
crotechnological processes. The integrated heating element provides the typical
operation temperature on the order of several 100 °C, and the temperature sensor
measures the microhotplate temperature. Two or more electrodes are used to perform
resistance or impedance measurements of the sensing material. The microhotplate be-
comes a chemical sensor through the deposition of a sensitive layer. Several reviews
on micromachined metal-oxide sensors are available [7, 9]. The scheme in Fig. 2.1
gives an overview on the design and development considerations for monolithic sen-
sor systems.

Microhotplates, however, are not only used for metal-oxide-based gas sensor ap-
plications. In all cases, in which elevated temperatures are required, or thermal decou-
pling from the bulk substrate is necessary, microhotplate-like structures can be used
with various materials and detector configurations [25]. Examples include polymer-
based capacitive sensors [26], pellistors [27-29], GasFETs [30, 31], sensors based on
changes in thermal conductivity [32], or devices that rely on metal films [33,34]. Only
microhotplates for chemoresistive metal-oxide materials will be further detailed here.
The relevant design considerations will be addressed.

The basic components of a microhotplate-based sensor system are shown in the
lower part of Fig. 2.1. They include the microhotplate and dedicated sensor electron-
ics. As shown in Fig. 2.1 the electronics part may feature a temperature controller,
read-out and measurement circuitry for the different sensor elements, or a first data
processing stage. Another interesting feature is an embedded sensor interface.

In a monolithic system, electronics and sensor part are integrated on a single chip.
Separate circuitry and microsensor chips are characteristic for hybrid systems, as it is
indicated by the dashed separation line in Fig. 2.1. The advantages and issues with hy-
brid and monolithic systems are extensively discussed in literature [14], so that only
a few key points are mentioned here. The main disadvantage of monolithic systems
is the limitation with respect to available materials and microtechnological process
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Fig.2.1. Schematic diagram of design considerations for monolithic or hybrid metal-oxide-based
sensor systems

steps, since the overall device fabrication has to be compatible with microelectronics
fabrication processes as provided, e.g., by CMOS technology. Interdisciplinary exper-
tise is required for system prototyping, and low-volume chip fabrication is expensive,
so that the development of such systems is rather complex.

Monolithic sensor systems, however, offer advantages such as low power con-
sumption or reduced packaging efforts. Integration of an on-chip serial interface re-
duces the number of bonding wires, especially in the case of an integrated multi-
sensor array. Taking into account the mass-production facilities with established
microelectronic and microtechnological processes, commercialization of monolithic
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systems appears to be very cost-effective. From the performance point of view, on-chip
amplification and conditioning of small sensor signals is possible, and the miniatur-
ized systems offer the advantage of reduced sensor size, and short recovery and re-
sponse times, which render monolithic approaches to microhotplate-based sensing
systems attractive. In most publications to date the microhotplates are realized, how-
ever, as discrete sensors that are read out by conventional measurement equipment or
separate dedicated electronics.

In the upper part of Fig. 2.1, three main blocks are shown that represent all the
issues related to the design and layout of microhotplate-based sensors and electronics.
They include:

(a) microdevice properties
(b) the sensing layer material and its deposition technology
(c) the sensing mode and operational details.

First papers on microfabricated metal-oxide sensors were published by Demarne and
Grisel [35]. The authors already used standard silicon technology such as thermally
grown and chemical-vapor-deposited (CVD) silicon oxide as membrane material, as
well as KOH-etching for membrane release. Over the last years, many more micro-
hotplate types have been presented. New technologies were introduced, and the de-
vices were optimized with respect to power consumption and response time. Besides
closed membranes, spider-like structures were fabricated, the heated area of which is
suspended by four arms, with the openings between the arms serving as etch-holes
for frontside etching [21,36,37]. Removing some parts of the membrane increases the
thermal resistance and decreases the total heat capacity. A recently presented device
relies on SOI (Silicon-on-insulator) technology. A combination of front- and backside
etching leads to bridge-like microhotplates suspended by only two arms [38]. A device
with six legs including a novel SiC/HfB, thin film was recently presented [39].

Other devices feature a closed membrane made of dielectric layers such as silicon
nitride or silicon oxide [40-44]. In some cases a thin Si-membrane is additionally in-
cluded. The Si-membranes show good mechanical stability, but owing to the thermal
conductivity of the highly doped silicon thin film serving as an etch-stop, the thermal
resistance of the microhotplate is reduced [7, 45]. Hence, a stress-optimized silicon
oxinitride membrane has been used to replace the silicon layer in later designs [46].
A Si-island as heat spreader underneath the central heater area was shown to pro-
vide excellent temperature homogeneity [47]. The corresponding microhotplate was
fabricated with a highly doped boron diffusion as etchstop in the island area. Such
an island can be also created by a two-step backside etch in KOH thus avoiding ad-
ditional diffusion steps [48]. Surface micromachining through sacrificial etching of
either a polysilicon [49] or a porous silicon layer [29,50] has been used as an alterna-
tive membrane release process.

Many devices have been denoted to be “CMOS-compatible’, this term, however,
not being clearly defined. In most cases CMOS-compatible means, that CMOS ma-
terials have been used, or the design can be used within a modified CMOS-process.
As modifications in industrial CMOS-processes are difficult to implement, two main
approaches have been pursued so far. One approach relies on an open process window
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for the sensor, so that the post-process formation of the microhotplate is as much as
possible decoupled from the CMOS-process. CMOS-compatible in this case means,
that the post-processing steps do not require temperature steps at temperatures higher
than 400 °C, since the CMOS metallization might degrade, and the device parame-
ters may be altered. Therefore, LPCVD (Low Pressure Chemical Vapor Deposition)
oxides and nitrides with typical deposition temperatures of 700-800 °C are not ap-
plicable [51]. The deposition and annealing temperatures of the sensitive layer are
also limited. The sensor development is largely independent of the complex CMOS-
process. Several groups pursued such an approach, but neither full process integration
nor monolithic devices have been presented so far [23,38].

The other method includes the pre-definition of the microhotplate in the CMOS-
process. Additional post-processing steps are then used for the microhoplate forma-
tion. Examples are the microhotplates [21], which were developed at the National
Institute for Standard and Technology (NIST, Gaithersburgh, MD, USA) and the mi-
crohotplates that will be discussed in this book. Another example is a microhotplate
relying on SOI (Silicon On Insulator)-CMOS technology with a transistor instead of
a resistor as heating element [22, 52]. All these devices have the potential for mono-
lithic integration with circuitry, as will be discussed in one of the next paragraphs.

The second block in Fig. 2.1 is the sensitive layer. The discussion here is limited
to sensitive layers on micromachined substrates, which can be categorized accord-
ing to the deposition method. A more detailed discussion of various methods can
be found in [53]. One set of methods relates to thin-film technology and includes
the direct deposition by means of conventional microtechnological processes such as
chemical-vapor deposition (CVD), sputtering or thermal evaporation. A general dif-
ficulty is the precise patterning of these materials at micrometer resolution. Lift-off
techniques are applicable for a variety of metal oxides, but impose limits on the depo-
sition temperature [23,49]. For in-situ CVD-processes, the microhotplate is heated,
which leads to the decomposition of the gaseous precursor material and a locally de-
fined deposition of a thin-film layer in the heated area [54]. The hotplate temperature
heavily influences the film morphology in CVD-processes, which also holds true for
the case of sputtering. Masklessly sputtered films have not to be patterned according
to the authors of [37], since the resistance of the non-heated material is very high,
and, therefore, gas-sensitive electrical conduction effects will only occur in the heated
parts, i.e., on the microhotplate. Thermolithographic patterning of sol-gel materials
constitutes an alternative, which was reported on recently [55]. Another possibility
includes rheotaxial growth and thermal oxidation of tin metal layers (RGTO): A tin
layer is deposited and subsequently oxidized. The layer is patterned either by lift-off
or by using a shadow mask [56, 57]. The result is a locally defined nanocrystalline
thin-film layer.

The other category of deposition methods starts with the production of a metal-
oxide powder. This powder is mixed with water and/or organic solvents to produce
a paste, which is deposited onto the substrates. The deposition can either be done by
spin-coating in combination with etching or by thermolithograhic patterning through
membrane heating [58,59]. There are also methods relying on pulverization deposi-
tion [60]. All these deposition technologies lead to nanocrystalline metal-oxide layers
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in the micrometer and submicrometer layer-thickness range. Even thicker layers (tens
of microns) are fabricated by drop coating [30,61], screen printing [62,63] or fluidic
paste deposition [64], for which post-structuring is not necessary.

The gas-sensing properties of the device, i.e., the metal-oxide conduction phe-
nomena and mechanisms depend on the characteristic dimensions of the crystallites,
which are typically on the order of 10 nm [65, 66]. Thick-film sensing layers consist
of highly porous agglomerates of crystallites that feature a large surface area. Co-
integrated electronics on the device impose a temperature limit for film sintering and
stabilization (the CMOS limit s, e.g., 400 °C). Such limits are not imposed on the pre-
processing of the powders, but apply afterwards to the annealing of the paste on the
membrane.

Layer doping with catalytic metals can be done either during the powder prepa-
ration or later in the deposition and annealing process. Doping is an important
procedure in tuning the gas-sensor characteristics (selectivity pattern of the sensitive
layers) [67,68].

The third block in Fig. 2.1 shows the various possible sensing modes. The ba-
sic operation mode of a micromachined metal-oxide sensor is the measurement
of the resistance or impedance [69] of the sensitive layer at constant temperature.
A well-known problem of metal-oxide-based sensors is their lack of selectivity. Addi-
tional information on the interaction of analyte and sensitive layer may lead to bet-
ter gas discrimination. Micromachined sensors exhibit a low thermal time constant,
which can be used to advantage by applying temperature-modulation techniques. The
gas/oxide interaction characteristics and dynamics are observable in the measured
sensor resistance. Various temperature modulation methods have been explored. The
first method relies on a train of rectangular temperature pulses at variable temper-
ature step heights [70-72]. This method was further developed to find optimized
modulation curves [73]. Sinusoidal temperature modulation also has been applied,
and the data were evaluated by Fourier transformation [75]. Another idea included
the simultaneous measurement of the resistive and calorimetric microhotplate re-
sponse by additionally monitoring the change in the heater resistance upon gas ex-
posure [74-76].

Most microhotplate-based chemical sensors have been realized as multi-chip so-
lutions with separate transducer and electronics chips. One example includes a gas
sensor based on a thin metal film [16]. Another example is a hybrid sensor system
comprising a tin-oxide-coated microhotplate, an alcohol sensor, a humidity sensor
and a corresponding ASIC chip (Application Specific Integrated Circuit) [17]. More
recent developments include an interface-circuit chip for metal oxide gas sensors and
the conccept for an on-chip driving circuitry architecture of a gas sensor array [18,19].

The first monolithic devices have been presented at the same time by a group at
NIST and a group at the Physical Electronics Laboratory (PEL) of ETH Zurich [77-
81]. The NIST chip hosts an array of microhotplates integrated with transistor switches
and a readout amplifier for the sensitive layer. The device presented by PEL includes an
analog temperature controller and a logarithmic converter for reading out the sensor
values. This was the first monolithic realization of an embedded system architecture
with integrated microhotplate.
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2.2 Microhotplates in Industrial CMOS Technology

A cross-sectional schematic of a monolithic gas sensor system featuring a microhot-
plate is shown in Fig. 2.2. Its fabrication relies on an industrial CMOS-process with
subsequent micromachining steps. Diverse thin-film layers, which can be used for
electrical insulation and passivation, are available in the CMOS-process. They are de-
noted “dielectric layers” and include several silicon-oxide layers such as the thermal
field oxide, the contact oxide and the intermetal oxide as well as a silicon-nitride layer
that serves as passivation. All these materials exhibit a characteristically low thermal
conductivity, so that a membrane, which consists of only the dielectric layers, pro-
vides excellent thermal insulation between the bulk-silicon chip and a heated area.
The heated area features a resistive heater, a temperature sensor, and the electrodes
that contact the deposited sensitive metal oxide. An additional temperature sensor is
integrated close to the circuitry on the bulk chip to monitor the overall chip tempera-
ture. The membrane is released by etching away the silicon underneath the dielectric
layers. Depending on the micromachining procedure, it is possible to leave a silicon
island underneath the heated area. Such an island can serve as a heat spreader and
also mechanically stabilizes the membrane. The fabrication process will be explained
in more detail in Chap 4.

Fig. 2.2. Cross-sectional schematic of a monolithic sensor system in CMOS technology

2.3 Basic Sensing Mechanisms in Tin-Oxide Materials

2.3.1 Nanocrystalline Tin-Oxide Thick-Film Layers

The sensitive layers that have been used throughout this book consist of nanocrys-
talline tin-oxide thick films. The resistance change is the result of a multitude of reac-
tions taking place at the surface and in the bulk. This resistance change depends also
on the morphology of the sensitive layer and the contact-electrode geometry. Due
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to the complex chemistry generating the sensor signal, a direct correlation with ana-
lyte concentrations is difficult. Sensor results have to be compared to results of other
measurement methods, to reveal the reaction mechanisms and interactions that oc-
cur between sensing layers and analytes [65, 66]. Investigations on the fundamentals
of the sensor processes are still in progress [82-84], the results of which will lead to
further improvements in sensor technology.

The model analytes, which were used to show the sensor performance of the mi-
crosystems include carbon monoxide, CO, and methane, CH,4. The sensor microsys-
tems were designed for practical applications, such as environmental monitoring, in-
dustrial safety applications or household surveillance, which implies that oxygen and
water vapors are present under normal operating conditions. In the following, a brief
overview of the relevant gas sensor mechanisms focused on nanocrystalline tin-oxide
thick-film layers will be given.

Carbon-Monoxide Sensing

Figure 2.3 shows a schematic view of the nanocrystalline sensor material. It consists of
single-crystalline tin-oxide grains with a typical size of 10 nm and a narrow size distri-
bution [68]. The grains are in loose contact. The lower graph in Fig. 2.3 schematically
represents the conduction band of the layer.

Typical operating temperatures are 200 °C to 400 °C. If oxygen is present, it is
ionosorbed on the surface as O~ or O*". A layer of negative charges builds up at the
grain surface and leads to a depletion of the conduction band at the surface.

contact tin-oxide  depletion
electrode grain layer
]

AU A

Er

»
L

X

Fig. 2.3. Schematic view of a porous nanocrystalline sensing layer with a one-dimensional repre-
sentation of the energetic conduction band. A inter-grain band bending, eVs, occurs as a conse-
quence of surface phenomena, and a band bending, eV, occurs at the grain-electrode contact.
Eg denotes the minimum conduction band energy in the bulk tin oxide, and Ey is the Fermi-
energy in the electrode metal
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The Debye length, Ap, is characteristic for the depletion depth. In Fig. 2.3, the
grain size is considerably larger than the Debye length, which is represented by the
light halo along the grain boundary. A typical value for Ap is 20 nm at a temperature
0f 600 °K [65]. Under these conditions the nano-size grains (approx. diameter 10 nm)
are fully depleted.

For conduction through the sensitive layer, the electrons have to pass the inter-
granular contacts and associated potential barriers. The height of these barriers de-
pends on the composition of the ambient gas atmosphere.

Carbon monoxide molecules react with the adsorbed oxygen species at the surface
of the grains and form carbon dioxide, CO,, according to:

CO+0,y — COy+e” (2.1)

CO acts as a reducing gas and lowers the surface barriers between the grains, so that
the resistance of the sensitive layer drops.

Experimental results and theoretical considerations suggest a power law for the
dependence of the sensor resistance, Rg, on the CO partial pressure, pco [65]:

Rs ~ pco (2.2)

where n depends on materials properties such as surface morphology and state and on
the electrode configuration. The negative exponent indicates that the sensor resistance
decreases with increasing CO concentration.

Interaction With Water Vapor

The interaction of tin oxide and water also leads to a decrease of the sensor resistance,
for which several reaction mechanisms were proposed. The first mechanism involves
tin and oxygen lattice atoms reacting with water [1]:

H,0 + Snyyy + Opye «— (HO — Snyye) + (OlatH)+ +e (2.3)

The rooted OH group including the lattice oxygen serves as electron donor, whereas
the hydroxyl group bound to the lattice tin forms a dipole.

A second possibility of electron donation is a reaction, in which a double-charged
oxygen vacancy, Vg, is created [1]:

H,0 + 280, + Oy <— 2 (HO - Snpy) + Vg + 2¢” (2.4)

Additional explanations consider the influence of adsorbed water molecules on the
oxygen chemisorption, which affects the electronic barrier heights between the
grains [85].

Influence of Humidity on the CO-Detection

The reaction mechanisms for water vapors do not only influence the sensor resis-
tance but also the detection of CO. A promotion of CO-induced reactions is observed.
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In both interaction mechanisms with water molecules as proposed by Eq. (2.3) and
Eq. (2.4), hydroxyl groups are formed on the surface. These hydroxyl groups are addi-
tional reaction partners for CO. Starting from Eq. (2.4) and considering experimental
findings, the reaction can be expressed as [86, 87]:

CO + (HO - Snyy) + Oy <— CO, + Snipge + (OpH) " + €7 (2.5)

The oxygen vacancies created according to Eq. (2.4) act as additional adsorption
sites for oxygen, which increases the concentration of adsorbed oxygen and results
in a larger resistance change.

The following experimental observations qualitatively summarize the influence
of humidity on the CO sensing process [66].

If humidity increases,

- R3Tin air decreases
—  R§P for a defined CO concentration decreases
—  the sensor signal R&"/R$® upon CO exposure increases.

The sensor resistance can still be approximated by a power law as given by Eq. (2.2)
with a specific exponent #.

Methane Sensing

Another analyte of interest is methane (CHy). Its detection is highly relevant to
safety applications such as natural-gas leakage detection or environmental monitor-
ing. Methane is a known interferant to CO, because the tin-oxide resistance also de-
creases in the presence of methane [88]. The operating temperature for achieving large
sensor signals upon the presence of methane is generally higher than for CO. The
methane-induced change is attributed to reactions with lattice oxygen and ionosorbed
oxygen. Both reaction paths lead from an adsorbed methyl group to a C-H group that
is rooted on the tin-oxide surface [89].

In the presence of humidity, the sensor signal for a given methane concentra-
tion decreases. This can be attributed to competing adsorption of water and methane
molecules at the same sites, which holds particularly true for lattice oxygen sites [90].

2.3.2 (Catalyst Doping

It is well established, that the poor selectivity of tin-oxide sensors can partly be over-
come by adding catalysts to the sensitive layer. Most common additives are noble met-
als like gold (Au), platinum (Pt) or palladium (Pd). They can be mixed with the tin
oxide during paste formation before deposition. The influence of dopants on the gas
sensor response is still subject to debates. The two most established mechanisms are
the spill-over and the Fermi-level mechanism [82].

In the spill-over or catalytic model, the noble-metal clusters on the surface act
as catalytic reaction sites (Fig. 2.4a). Reacting species such as oxygen can be dissoci-
ated more easily at these sites. When they move from the metal cluster to the grain
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(a) spill-over mechanism (b) Fermi-level mechanism
0 (o (O (o noble-metal
ZY O—/cluster
o o
RO «—

depletion

) (ol zone
R o~ O°

Fig. 2.4. Effects of noble-metal catalyst doping on the tin oxide: (a) Spill-over mechanism,
(b) Fermi-level mechanism

surface (spill-over) additional adsorbed reactants are provided. Thus, the presence of
the catalyst leads to a higher coverage of reactants on the grain surface. Moreover,
the presence of the catalyst promotes and accelerates the reaction of the analyte with
the adsorbed reaction partners, and an altered sensor response is observed. Higher
selectivity is achieved, if the catalytic activation is specific for certain gases.

In the so-called “Fermi-level mechanism” it is assumed, that chemisorbed oxygen
on the noble-metal cluster traps electrons that come from the semiconductor grain
(Fig. 2.4b). This electron trapping implies a change in the depletion layer and in the
band bending at the grain surface, thereby changing the conductivity of the nanocrys-
talline material. The oxidation state and the Fermi-level of the metal cluster depend
on the composition of the ambient gas atmosphere. Hence, the influence of the gas at-
mosphere on the electronic properties of the metal cluster will alter the conduction in
the sensitive layer owing to the above-mentioned electron trapping effect. The catalyst
doping consequently can increase the selectivity of tin oxide towards certain analytes.
Palladium is considered a typical representant of the Fermi-level mechanism.

The doping-induced effects on the gas sensing performance of nanocrystalline tin
oxide include, first and foremost, a conductivity decrease in clean air by one to three
orders of magnitudes, and, secondly, a shift of the optimal sensor working temperature
from higher to lower temperatures.

Combustible gases will have a much higher reaction rate on Pd-doped layers due
to catalytic effects. Two mechanism may help to explain the experimental findings:
First, increased reaction rates lead to higher electron density in the surface area, thus
generally increasing the sensor response. Second, the catalytic activity can increase
the reaction rate for certain analytes in such a way that all available analyte molecules
are consumed. Analytes with high reaction rates are completely consumed, and the
gas sensing response is dominated by the species with lower reaction rates.

The model sensitive layer, which will be used for gas sensor performance tests
throughout this book, was SnO, that has been doped with 0.2 wt % Pd. The minute
Pd-content leads to a better sensitivity to carbon monoxide. The larger response is
a consequence of the increased reaction rate. For the sensor arrays in Chap. 6, two
additional materials have been prepared. Pure tin oxide shows a good sensor response



Thispageintentionallyblank



2.3 Basic Sensing Mechanisms in Tin-Oxide Materials 15

to NO; and alower sensitivity to CO. Pd-doping concentrations of 3% result in a better
sensitivity to methane. Highly Pd-doped layers are operated at higher temperatures
so that the catalytic additive helps to combust the carbon monoxide, which results in
reduced cross-sensitivity to CO.

2.3.3 Sensitive-Layer Fabrication

The sensitive layers that have been used throughout this book were produced and de-
posited by AppliedSensor (AS, Reutlingen, Germany). Although metal-oxide-based
microhotplate-sensors are already commercially available, a brief description of the
paste production is given for the sake of completeness. The process is detailed in [82].

The fabrication starts with tin tetrachloride, SnCly, in an aqueous solution. Upon
presence of NH3, the SnO, precipitates as nanosize particles. The suspension is cen-
trifuged and dried in an oven at 80 °C, so that hydrated SnO, remains, which is the
precursor material for the calcination. The calcination takes places in an oven at el-
evated temperatures between 250 °C and 1000 °C. During heating the water is re-
moved, and the crystallites grow in a controlled way. The product is a SnO, powder,
that is ground in order to separate agglomerates and homogenize the powder.

The powder is then suspended in an aqueous solution of the doping metal chlo-
ride, e.g., PACl,, so that the metal chloride will attach to the tin-oxide crystallites.
Annealing during 1h at 450 °C releases the chloride, and the Pd-clusters remain at
the grain surface. The powder is finally mixed with an organic solvent, and a homo-
geneous paste is produced. This paste is the starting material for the sensitive-layer
deposition on the micromachined substrates.
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Thermal Modelling of CMOS Microhotplates

3.1 Modelling Approach

The main goals of improving microhotplate designs include (a) reducing its power
consumption and (b) increasing the hotplate temperature homogenedity, i.e., an op-
timization towards a minimum temperature gradient in the sensitive area. To reach
these goals, novel device and hotplate designs usually undergo an extensive simula-
tion process such as thermal modelling using finite-element simulations. Modelling
the transducer and hotplate behavior is an important step towards establishing a com-
pact sensor model for monolithic system realizations [91]. The parameters of interest
include the hotplate thermal resistance and the thermal time constant, a prediction of
which facilitates and accelerates the design of monolithic systems for a given micro-
hotplate design.

Many of the hotplate devices presented so far rely on corresponding thermal sim-
ulations that are based on model assumptions and finite element methods (FEM) [47,
92-97]. Analytical models also have been developed [7,9,98,99]; another publication
describes RC-network analysis and dimension reduction [100]. A reduction of the
complexity and order of the model has been successfully realized, and the different
relevant approaches have been summarized in recent articles [101, 102]

The general model assumptions and FEM implementations depend on the geo-
metrical dimensions and the hotplate layouts. Most of the approaches are based on
linear approximations, i.e., the temperature coefficients of the heat conductivity are
not included. The temperature coefficients, however, are on the order of 107%/°C [103,
104], and will, depending on the geometry, noticeably influence the temperature dis-
tribution in the typical operating temperature range of 250-350 °C.

Another issue is how to include heat conduction and dissipation through ambient
air. A heat transfer coefficient, h, is commonly used in 2-dimensional simulations,
which is difficult to determine, since it is strongly depending on the package of the
microhotplate sensor. It is, therefore, in most cases introduced as a parameter that is
varied to fit the experimental data [45,94].

The specific heat of the ambient air is generally temperature-dependent, which en-
tails a temperature-dependent h. The heat conductivities of the transducer thin film
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materials are, in most cases, not well known, and the thin-film properties can consid-
erably differ from that of the bulk material. In case that the heat conductivity is not
known, it can be implemented as a fitting parameter, although this might affect the
validation of the model assumptions.

The focus of this chapter is on improving the thermal modelling of a microhotplate
in CMOS technology. Thermal simulations of such microhotplates have two main
purposes: (a) gaining information about the temperature distribution over a given
microhotplate structure and facilitating its optimization procedure, and (b) provid-
ing input parameters for the overall microsystem simulation. The temperature de-
pendence of the heat conductivities has to be included, which results in a nonlinear
modelling problem. Another important guideline was to avoid the introduction of fit
parameters.

A key issue in monolithic-system design is the simulation of the microhotplate
coupled to the circuitry to ensure full chip functionality. This requires an adequate
description of the microhotplate and an implementation in a language that is appli-
cable to circuitry simulations.

FEM -~ lumped
simulation " model
geometry device elements iR AHDL-
model Rheat, R model
(Rheat Rr) Fig. 3.1. Schematic of

I I the modelling steps

needed to come from

microhotplate |]___________ »  system amicrohotplatelayout to
layout simulation a model description for
system-level simulations

The suggested procedure to arrive at this goal is presented in Fig. 3.1. It starts with
the transfer of a certain microhotplate layout into a geometry model for a complex
FEM simulation. This step is shown in Fig. 3.2 and will be explained in more detail
in one of the next sections. A complex 3-d FEM simulation is then performed. The
results of this simulation are used to produce a lumped-element model. This model is
translated into a hardware description language (HDL). Using the resistances of the
device elements such as the heater resistance, Ry, and the resistance of the temper-
ature sensor, Ry, co-simulations with the circuitry can be performed.

The aim in converting the microhotplate into a geometry model for the FEM
simulation was to find a model that is as simple as possible but includes all relevant
processes. The model assumptions to be explained in detail in the following section
and the steps to arrive at the model are represented in Fig. 3.2. The feature on the
bottom left-hand side represents the microhotplate schematic. The microhotplate ex-
hibits a symmetric design so that a simulation of one quarter is adequate. Geomet-
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rical simplifications are introduced into the representation of the membrane layout
and structure, for which a quasi 2-d membrane model is developed in Sect. 3.2. After-
wards, the membrane model is transferred back to a simplified 3-d description of the
membrane, the different sections of which exhibit homogeneous heat conductivity
and constant thickness. Finally, the membrane structure is combined with the sup-
porting silicon frame and the surrounding air. The result is a geometry model for the
FEM simulation as discussed in Sect. 3.3. The input parameters for a lumped-model
description (Sect. 3.4) of the microhotplate are calculated from the simulation results.
An AHDL (Analog Hardware Description Language) model, which then will be used
for a circuitry simulation of the complete sensor system, is derived from the lumped-
model equations in Sect. 3.5.

3.2 Microscopic Description and Model Assumptions

The governing equation for heat conduction with temperature-dependent heat con-
ductivities can be written as:

j(xt) =k (T (xt)) - VT (xt) (3.1)

where j(x,t) denotes the heat flux, and x(x, T(x,t)) is the heat conductivity that locally
depends on the temperature. T(x,t) denotes the temperature field as a function of
the 3-dimensional coordinate x. The conservation equation of energy leads in the
presence of a heat source term, p(x), and by introducing the heat capacity, ¢(x), to
the dynamic differential equation:

d
¢(x) 5, Tt -V (kBT (1) - VT (21)) = p (2) (3.2)
For the static case, the differential equation:

-V (x(xT(x)) VT (x))=p(x) (33)

is valid.

Membrane-like microstructures are generally several micrometers thick, while the
lateral dimensions of the structures and the surrounding package are on the order
of a few hundred micrometers. If the layered thin-film structure would be directly
transferred to a 3-d geometry model, an enormous number of finite elements would
be created, as the smallest structure size determines the mesh density. Averaging the
structural information and properties over the different layers in the cross section of
the membrane is a good method to avoid such problems. The membrane is, therefore,
initially treated as a quasi-two-dimensional object.

To account for the much larger lateral extension of the membrane in comparison
to its thickness, some approximations are made. The variation of the temperature field
in the membrane along the z-axis is assumed to be small, i.e., the temperature is nearly
constant. For further considerations, the temperature field within the membrane is
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separated into two terms:
T (xt) =T(z) - T(xp5t)|.=0 (3.4)

where the lateral membrane temperature field T(x,y,t) is modulated in the z direction
by the function T(z). The coordinate z = 0 corresponds to the top surface of the
membrane. This function is developed in a power series:

T(z) = Z apz" (3.5)
n=0

The dynamic Eq. (3.2) is integrated along the z-axis within the interval of the topmost
membrane layer at z = 0 and the local membrane thickness z;:

f ()5 T(xt)dz f OV(K(g,T)~VT(§,t))dz:[::0p(g)dz (3.6)

The first integral can be rewritten with Eq. (3.4) as:

[z c(X) T(x t)dz = ([::Oc({) T(2) dz) . %T(x,y,t)

Zd

3
= cm(xy) - 5 (1) (3.7)

The second term in Eq. (3.6) is divided into two parts by using a 2-dimensional gra-
dient:

[:; V(k(xT) VT (xt) )dz =V, (([:0 x(xT) T(z)dz) nyT(x,y,t))

+T(x,y,t)~( i 0 J ( (xT) < T(z))d(z) |
3.8

The first term on the right-hand side of Eq. (3.8) corresponds to a two-dimensional
heat flux. The second part has, in this model, the physical interpretation of a local heat
sink or source perpendicular to the x-y-plane. The equation can be further simplified
by introducing an integral heat conductivity within the membrane:

z=0 "
km (3, T) = f k(xT)T(z)dz (3.9)
—z
The power generation term on the right-hand side of Eq. (3.6) becomes:

z=0
[ @ dz=pulxy) (3.10)

As already mentioned, the thickness of the membrane is much smaller than the lat-
eral dimensions. This motivates the assumption that the temperature across the mem-
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brane is approximately constant in the z-direction, which modifies Eq. (3.5) to:
T(z)=ap=1 (3.11)

Rewriting the dynamic differential Eq. (3.1) with the results of Egs. (3.7), (3.8)
and (3.9), yields:

d
Cm(x))/)aT(X,y,t) =V (Km(x,y,T) - nyT(x,y)) = pm(xy) (3.12)

Since the relation

iT(z) =0 (3.13)
0z
holds, the second integral on the right-hand side of Eq. (3.8) vanishes.

The membrane consists of a stack of thin films of a certain thickness, d;, with char-
acteristic isotropic and homogeneous material constants ¢; and «; (see Fig. 3.2). The
composition of the stack locally depends on the x,y-coordinates. The local membrane
thickness is defined as

dm(xy) =D d; (3.14)

and varies according to the microhotplate structure.
Integration of the material constants over z leads to:

cm(xy) = [FO c(x)T(z)dz = Z cid; (3.15)

Zd

km (%), T) = /ZZ:O K(g,T(g,t))T(z) dz =) xid; (3.16)
~Z i
The temperature dependence of the heat-conductivity for a certain film can be
included as a truncated Taylor series:
ki(T) = xio (1 + BiAT) (3.17)
where
kio = %; (To) (3.18)

is the heat conductivity at the reference temperature T, e.g., ambient temperature,
corresponding to the unheated state of the microhotplate. f; is the first-order temper-
ature coefficient of the heat conductivity and AT = T - T.

The heat generation and loss term py,, (x,y), can be subdivided into several contri-
butions:

Pm (X,)’) = PJoule — Prad — Pair (3.19)
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The heat on the hotplate is generated by resistive Joule heating, pjouie. Usually, one
resistive layer in the membrane serves as heating structure, while all others do not
contribute to heating. With the thickness of the heating layer, dpe, the Joule-heating
can be expressed as:

p]oule = 0( T) . VVZ . dheat (320)

A possible heat-loss mechanism includes thermal radiation, p.4. The hotplate op-
erating temperature range is up to 350 °C, for which radiation losses are considered
to be negligible [94, 96]. In case of higher temperatures, radiation losses would have
to be included [97,98]. The overall loss owing to radiation scales with the total heated
area. A rough estimate for radiation losses of the presented microhotplate at 300 °C
is 2% of the overall hotplate power consumption.

On the other hand, there are heat losses through the surrounding air, p,ir. These
can be further subdivided into pure conduction losses owing to the heat conductiv-
ity of the air, natural convection losses and forced-convection losses. In the present
case, natural convection can be neglected [99], which was validated by measuring the
power consumption of a certain membrane at different orientations in air. The power
consumption did not depend on the orientation such as the inclination angle of the
hotplate, which would have been the case if natural convection had played an impor-
tant role. A further contribution to the heat losses through air is forced convection
originating from streaming air, which also can be neglected in the model owing to
the encapsulation of the sensor. Consequently only the heat losses owing to the heat
conduction of the air remain to be considered.

To correctly assess the contribution of p,;, it is necessary to transform the qua-
si-2-d model of the membrane back into a 3-d geometric FEM model, as it is schemati-
cally shown in Fig. 3.2. The membrane is modeled as a plate of defined thickness, dpoq.
A slightly larger dpoq in comparison to the physical thickness also increases the size
of the mesh units in the membrane and leads to a reduced total number of elements
without significantly affecting the modelling results. The local material properties in
the membrane, ¢y (x,y), &m(x,y), and the heat generation, pjoyl, are converted back
into volumetric units by division with dp,,q. With this method, the topographical and
material thin film structure is included in the averaged, homogeneous material prop-
erties of the membrane model that features a constant membrane thickness.

3.3 FEM-Simulations

FEMLAB™ is a MATLAB™.-based finite-element program with direct access to the
model equations. The static nonlinear heat conductivity mode was chosen for the
simulation, in which the nonlinear coefficients are implemented through polynomi-
als representing the temperature field. Starting with the physical layout, a geometrical
model for the solver was constructed as was shown in Fig. 3.2 and was described in
the previous section. The designs presented in the next chapter are intended to feature
homogeneous temperature distribution and low stress gradients. The symmetry is ad-
vantageous for modelling, since it is sufficient to model only a representative fraction
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(one quarter) of the structure. The total width of metal lines connecting the func-
tional elements on the heated area is summed up and then divided by four. As already
mentioned, the integrated heat conductivity, kn,(x,y,T), is divided by the modelling
thickness, dmoa. A modelling thickness of the membrane, dio4, 0of 7.5 tm was used
which is close to the averaged membrane thickness. Since dy,0q represents a geomet-
rical model simplification and is not the physical thickness of the membrane, its value
can be chosen in a certain range. This value determines the minimum mesh size and,
therefore, the total number of elements created by the meshing tool. The chosen value
of dmod allows for computing a solution at reasonable computational efforts.

The heat is generated in the resistive microhotplate heater. The power density was
calculated for the total volume of the heater. The surfaces were set to Ty, so that the
temperature increase upon heating was modelled, and the coefficients refer to ambi-
ent temperature (T = 25°C). The heat conductivity values and temperature coefhi-
cients of the CMOS layers have been measured for the CMOS process family, which
is used to fabricate the devices [103]. The doping level in the n-well silicon island
does not significantly alter the heat conductivity in the temperature range of interest
so that the value of single-crystalline silicon was used [105, 106]. The silicon island
size and the membrane size vary owing to wafer-thickness and etching-process fluc-
tuations. These fluctuations also influence the measured thermal resistance, which
makes it imperative to use the real geometric values of fabricated devices for vali-
dating the model. The heat conductivity of the surrounding air was modeled on the
basis of measured values [107] leading to the function: k(AT) = 26.3 + 0.079AT
-3.38-107°AT>. It is important to point out that no fitting or open parameters were
used in the entire simulation. The mesh was generated automatically with the meshing
tools. The values of the heat conductivities and heat capacities, which were used for
the simulation, are summarized in Table 4.2, the respective results will be presented
and compared to the measured data in Chap. 4.

3.4 Lumped Microhotplate Model

In the previous paragraph, the basic considerations of FEM modelling have been laid
out. The outcome of a static thermal simulation based on this model is a 3-d temper-
ature field T'(x,y,z). In this section it is discussed, how the characteristic figures, such
as thermal resistance and thermal time constant of the membrane, can be deduced.

The temperature sensor on the hotplate measures the membrane temperature, Ty,
at a certain location, x,, such as the membrane center:

Ty = T()&) (3.21)

If the sensor occupies a larger area, the temperature field has to be averaged ac-
cordingly. Another characteristic number is the overall power consumption, Pe,s, at
a certain temperature distribution. The Joule heating, as discussed in Eq. (3.20), re-
quires a complex electrothermal simulation. Such simulations can be circumvented
by introducing a local heat generation density in the membrane under the prerequi-
site that the heated area shows a homogeneous temperature distribution, and that no
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hot spots appear as a consequence of heater resistance variations. Otherwise, the heat
generation distribution would be affected, since electrical conductivity, and, conse-
quently the heater resistance, exhibit significant temperature dependence. The con-
servation of energy requires that the total heat flux through the outer boundary, 0Q,
of the structure is equal to the total power generation, Peqy:

Pheat = 563\9] -dA = Vheat : Iheat (3~22)

On the other hand, the total heating power can be calculated as the product of
heating voltage, Vieu, and heating current, I, For a heater occupying an area, Apeat
in the geometric model, the power density can be calculated to:

Prea
P]oule = et (323)

Aheat * dmod
A characteristic measurement includes the determination of the microhotplate
temperature as a function of its power consumption. The curves can be fitted by
a second-order polynomial using the coeflicients #, and 1,

AT = Ty — To = oPheat + 1 Pheat (3.24)

The reference temperature, T, refers to ambient temperature, i.e., the membrane
temperature before applying any heating power. The thermal resistance, 7, can be gen-
erally defined as:

dTm

(3.25)
dPheat T

n(T) =

The thermal resistance will be temperature-dependent as can be seen in Eq. (3.24),
which is not only a consequence of the temperature dependence of the thermal
heat conduction coefficients. The measured membrane temperature, Ty, is related
to the location of the temperature sensor, so that the temperature distribution across
the heated area will also influence the thermal resistance value. The nonlinearity in
Eq. (3.24) is, nevertheless, small. The expression “thermal resistance” consequently
often refers to the coefficient #y only, which is used as a figure of merit and corres-
ponds, according to Egs. (3.24) and (3.25), to the thermal resistance or thermal ef-
ficiency of the microhotplate at ambient temperature, Ty. The temperature Ty can
be determined from simulations with distinct heating powers. The thermal resistance
then can be extracted from these data.

Another value that can be calculated from the simulation results, is the total
amount of stored heat:

8Q= [ () (T(x) - To) av (3.26)
14
Using a linear approximation leads to:
A
o=29, 99 (3.27)
AT dTwmlyg,
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where ¢y denotes the total heat capacitance of the microhotplate at the reference tem-
perature, Tj.

Using the thermal resistance and the total heat capacitance, the dynamic equation
for a lumped-element model in the linear regime can be written as:

Co- %AT + n—loAT = Phent (3.28)
the solution as:
T(t) = AT¢(1- exp(~t/7)) (3.29)
with
AT =T;- T, (3.30)

where T; denotes the final temperature and T; the initial temperature.
For a heating process starting at ambient temperature, Eq. (3.28) for the static case
can be written as:

ATg = Tg = Ty = o Pheat (3.31)

which is equivalent to a linearized version of Eq. (3.24). The time constant in Eq. (3.29)
can be expressed as:

To = Coto (3.32)

which can be determined by measuring the temporal behavior of the microhotplate
temperature. The experimental time constant is calculated from a dynamic measure-
ment curve using a fit based on Eq. (3.29). On the other hand, the simulated time
constant can be deduced from the result of the static simulation. Inserting Eq. (3.27)
and Eq. (3.31) in Eq. (3.32) leads to:

AQ AT AQ
Tn = — =
’ AT Pheat Pheat

(3.33)

The time constant will show a temperature dependence owing to thermal resis-
tance variation and temperature-dependent heat capacitance. The differential - and
more general - form of Eq. (3.33) is:

dQ
dp heat I'T

o(T) = (3.34)

The considerations so far rely on constant heating power, and the way how this
power is applied to the microhotplate does not play a role. In fact, a monolithically
integrated control circuitry does not apply constant power but acts as an adjustable
current source. Moreover, for measuring the thermal time constant experimentally,
either a rectangular voltage or rectangular current pulse is applied. Analyzing the dy-
namic temperature response of the system leads to a measured time constant, which
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differs from the “real” thermal time constant as defined by Eqgs. (3.33) and (3.34).
The reason is the “self-heating” in the resistive heater, which will be exemplified for
the case of a current-source driven heater. In a first-order approximation, the heating
power of such a heater that is fully located on a membrane can be expressed as:

Pheat = Ricat - Iteys = Ro (1+ ay - AT) - I, (3.35)

In case of a homogeneous temperature distribution in the heated area, ay, corre-
sponds to the temperature coefficient of the heater material, otherwise ay, includes
the effects of temperature gradients on the hotplate. As a consequence of the already
mentioned self-heating, the applied power is not constant over time, and the hotplate
cannot be simply modelled using a thermal resistance and capacitance. Replacing the
right-hand term in Eq. (3.28) by Eq. (3.35) leads to a new dynamic equation:

d 1
co - EAT+ (— ~Ro-ap -Iﬁm) AT =Ry - I}, (3.36)
t o

The coupling of the hotplate to the electronics via a resistive heater consequently
alters the equation, and a change in the effective time constant occurs:

-1
Teft = Coffei = To - (1= 10Ro - &h - gy ) (3.37)

Inclusion of the self-heating effect yields an additional temperature dependence of
the thermal time constant. Differences in the time constants for heating and cooling
are evident, and the real thermal time constant can be observed only in the cooling
cycle with Ihe = 0.

3.5 AHDL-Model for System Simulations

The modeling of micro-electro-mechanical systems (MEMS) with hardware descrip-
tion languages (HDLs) supports the design and simulation of microsystems, which
include MEMS-components and readout electronics [108]. For a complete and reli-
able simulation of the micromechanical sensor system it is mandatory to find a model
for the microhotplate in an analog hardware-description language (AHDL). AHDL is
a computer language that is specifically designed to enable high-level description and
the behavioral simulation of continuous-time systems.

Examples for such descriptions were reported recently. Starting with the lumped-
model equations explained in Sect. 3.4, a matrix formulation can be found that sup-
ports the system optimization [19].

A first description of the microhotplate in AHDL was developed, which calcu-
lates the power dissipated by the polysilicon heater as shown in Fig. 3.3 [89]. The
calculated power serves as input for a look-up table with the measured values of the
power dissipated by a normalized polysilicon resistor, which then provides the cor-
responding microhotplate temperature. The model extracts the microhotplate tem-
perature from the table. This microhotplate temperature is subject to temporal delay
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look-up table delay look-up table

delayed
Rheat —>Pheat— —Ty— — Tn — g Rr

Fig.3.3. AHDL description of a microhotplate using look-up tables

according to the thermal time constant of the microhotplate. The microhotplate tem-
perature then serves as input to another look-up table containing the measured values
of microhotplate temperatures and the corresponding resistance values of a normal-
ized polysilicon resistor. The model thereafter extracts the resistance value from the
table to calculate the resistance of the polysilicon temperature sensor.

This table can be replaced by analytic expressions, which reduces the input pa-
rameter set to variables that can be determined by simulations or measurements on
microhotplate test devices. The input signal is the heating power applied to the mi-
crohotplate:

Pheat(t) = Iheat(t) . Vheat(t) (338)

According to Eq. (3.31), the heating power would produce a final static tempera-
ture difference, AT;. Now the dynamics have to be taken into account. A reformulation
of the differential equation leads to an expression including a certain delay:

dT
AT(t) =ATf— 71— (3.39)
dt

As already mentioned, the applied power to the hotplate is not constant owing to
the change of the heater resistance:

Rpear(t) = f(AT(t)) = Ruear(To) - (1+ anAT(t)) (3.40)
The self-heating effect of the heater is included in a change of the heating voltage:
Vheat(t) = Rheat(t) ' Iheat(t) (341)

In order to allow for a complete analysis of the sensor device, the feedback pro-
vided by the temperature sensor on the membrane has to be included as well. The
voltage across the temperature sensor resistor can be determined as:

V(1) = lias - Re(AT(2)) (3.42)

In the simulation, these equations describing the hotplate are coupled to the cir-
cuitry. The voltage, Vr(t), determines the output current, I, (), of the circuitry,
but the circuitry response time is much smaller than the thermal time constant of the
microhotplate. A coupled set of equations, those of the system including the micro-
hotplate and the circuitry, is solved during the overall simulation procedure.
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Microhotplates in CMOS Technology

The following chapter includes the description of different types of microhotplates
that feature resistor and transistor heating elements. Three of them were specifically
designed to be monolithically integrated with circuitry, and one was a testing de-
vice that was used for the assessment of temperature distributions on the microhot-
plates.

The first device is a circular microhotplate (Sect. 4.1). One important guide-
line was to implement the microhotplate in CMOS technology with a minimum of
post-CMOS micromachining steps. Additionally the hotplate had to be optimized
for drop-coating with nanocrystalline tin-oxide layers. This microhotplate was co-
integrated with circuitry, and the respective monolithic sensor system will be dis-
cussed in Sect. 5.1.

The second microhotplate design is derived from this circular microhotplate. In
contrast to the first device, it does not feature a silicon island underneath the heated
area, but exhibits a network of temperature sensors in order to assess the tempera-
ture distribution and homogeneity (Sect. 4.2). The measured temperature distribu-
tion was compared to simulations, and the model described in Chap. 3 was validated.
Furthermore, the influence of the tin-oxide droplet on the temperature distribution
was studied. A microhotplate without silicon island is much easier to fabricate, though
the issue of sufficient temperature homogeneity has to be evaluated.

The third microhotplate introduced in Sect. 4.3 was designed to extend the oper-
ation temperature limit imposed by the CMOS-metallization contacts in the heated
area. A new heater design was devised, and a microfabrication sequence that enables
the realization of Pt temperature sensors and Pt-electrodes was developed. This mi-
crohotplate was also monolithically integrated with circuitry as presented in Sect. 5.2,
and operating temperatures of up to 500 °C have been achieved.

Finally, a transistor-heated hotplate will be described (Sect. 4.4), which offers the
advantage of lower power consumption, since there is no additional power transistor
needed on the chip. Moreover, a transistor hotplate can be digitally controlled and
addressed so that new operation modes can be realized (Sect. 4.5). The integration of
the transistor hotplate with accompanying, mostly digital circuitry will be described
in Sect. 6.3.
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4.1 Circular Microhotplate

4.1.1 Design Considerations

The microhotplate design and development was guided by the following considera-
tions:

- The membrane layout should be as symmetric as possible to achieve good tem-
perature homogeneity over the membrane area and, as a consequence, low stress
gradients. This includes also thermal stress owing to the mismatch of the thermal
expansion coefficients of the layer materials.

- A homogeneous temperature distribution in the heated area is highly desirable to
make sure that all sensing processes on the hotplate take place at the same defined
and precisely controlled temperature.

- A high thermal resistance is needed to achieve minimum power consumption.

- The desired operating temperature (250 °C-350 °C) has to be reached with a sup-
ply voltage of 5.5V.

In view of the above considerations, a circular design of the heated area (300 um
diameter) on a square dielectric membrane (500 x 500 pmz) was chosen, which is
shown in Fig. 4.1.

The design parameters of this microhotplate are summarized in Table 4.1.

A considerable part of the heat is usually dissipated through the metal supply lines
to the bulk. A circular-shape microhotplate reduces this heat dissipation, as it allows
for comparatively long metal leads extending from the heated area to the corners of
the membrane. The width of the metal lines along each diagonal is approximately
identical. Thus, a symmetric heat flow through the membrane is created. The heat is
produced by a ring heater along the edge of the circular heated area.

100 um

_
X300 6.00kV 00 o

Fig.4.1. (a) Micrograph of a circular microhotplate without sensitive layer, (b) SEM-micrograph
of a metal-oxide coated microhotplate
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Table 4.1. Design parameters of the circular microhotplate

membrane size 500 x 500 um?
Si-island diameter 300 pm

heater resistance 1250
annealing heater resistance 600 Q)
temperature sensor resistance 10 kQ
reference resistor 3kQ
electrode distance 40 pm
electrode length 205 pm

The circular heater design also perfectly matches the shape of the sensitive tin-
oxide droplet: No excess area is heated, and the heat losses to ambient air are reduced.
A SEM (Scanning Electron Microscope) micrograph of a microhotplate coated with
a SnO,-droplet is shown in Fig. 4.1. The grainy structure of the nanocrystalline oxide
material is clearly visible.

From the conventional heat conduction equation it is found that the tempera-
ture gradient within the heated area can be minimized (a) by using high-thermal-
conductivity materials in the heated area and (b) by generating the heat at the loca-
tion with the largest thermal losses. Both issues were taken into account in realizing
the hotplate heated-area design. First, a 5.5-pum-thick n-well silicon island, which ef-
fectively distributes the heat, owing to the high thermal conductivity of silicon, was
fabricated underneath the heated area in the center of the membrane. The island also
mechanically stabilizes the membrane, which results in less membrane buckling. The
second feature is a novel type of polysilicon ring heater including two semicircular
heating resistors along the edges of the heated area, which are connected in par-
allel. Using this heater type, the heat is generated in the locations with the largest
heat losses via membrane and metal leads to the bulk. The parallel heater configu-
ration moreover decreases the overall heater resistance to a nominal value of 125 Q.
With such a low resistance it is possible to provide enough heating power to reach
high temperatures (up to 350 °C) with the on-chip driving circuitry at 5.5V supply
voltage.

The temperature sensor in the membrane center is made of polysilicon with
a nominal resistance of 10 kQ). An additional reference resistor is needed for the con-
trol circuitry (Sect. 5.1). For the resistance measurement of the sensitive layer, plat-
inum electrodes are deposited on top of the CMOS aluminum metallization in order
to establish good electrical contact to the sensitive metal oxide.

An additional heater for annealing of the sensitive material was also integrated
but not used so far. The basic idea was to provide a heater, which can achieve much
higher temperatures than the heater for normal operation. Since the temperature for
material sintering on wafer-level is limited to 400 °C to prevent degradation of the
integrated electronics (last thermal step of the CMOS process is 400 °C), higher an-
nealing temperatures can only be applied locally on the membranes by using the extra
heater with an external power source. The annealing heater is, if ever, only used once
during sensor fabrication. Therefore, only the heater for normal sensor operation is
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connected to the circuitry in the monolithic sensor system (see Sect. 5.1) and was
optimized for performance.

4.1.2 Fabrication

The starting material for the sensor fabrication are fully processed wafers of a 2-poly 2-
metal 0.8 um industrial CMOS process provided by austriamicrosystems (Unterprem-
stitten, Austria). In the following, the main post-CMOS processing steps (schemati-
cally summarized in Fig. 4.2) are discussed.

dielectric CMOS photoresist  backside

layers  metallization nitride
CMOS wafer
a) photolithography d) backside lithography
Pt/TiW-layer shadow mask
b) local metallization e) electrochemical etch stop (ECE)
tin oxide ~ 400°C
c) lift-off f) tin-oxide deposition

Fig. 4.2. Schematic of the process flow to fabricate the circular microhotplate

Local Metallization

Good electrical contact to the sensitive layer is required for optimal sensor operation.
The CMOS aluminum metallization turned out not to be well suited for contacting
the tin-oxide droplet. Oxidation of the coated electrodes was observed during an-
nealing. As a consequence, the contact resistance increased, and no sensor signal was
measurable. To circumvent this problem, a lift-off metallization process for covering
the electrodes with a better contact metal, such as platinum, was developed. Lift-off
techniques are well-suited for post-processing as no aggressive chemistry for pattern-
ing is involved. Moreover, to assure good lift-off results with clean edges, a negative-
undercut resist profile is desirable. Standard profiles suffer from metal deposition on
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the side walls, which remain as residues after resist removal. One possible solution is
a process involving an image-reversal resist.

After a cleaning sequence including an O,-plasma step, the photolithography is
performed (Fig. 4.2a) using the image-reversal resist TI35ES (microchemicals, Berlin,
Germany). A dark-field-structured quartz mask is applied to transfer the desired
structures into the resist. After a reversal bake, a flood exposure is performed, and only
the structures, which have been exposed, are dissolved in the developer AZ826MIF
(Clariant). This developer is particularly well-suited for a lift-off process, since it
completely removes resist residues by special additives. After the development, the
desired undercut resist profile was achieved, as has been established by using SEM
(Fig. 4.3).

Fig.4.3. SEM micrograph of image-reversal resist stripes of a test pattern after photolithography.
The resist shows an undercut profile as desired for the lift-off process

A shadow-mask technique has been applied for the local metal deposition to ex-
clude metal residues on other designs processed on the same wafer (Fig. 4.2b). Such
metal residues may be caused by imperfections in the patterned resist due to topo-
graphical features on the processed CMOS wafers or dust particles. The metal film
is only deposited in those areas on the wafer, where it is needed for electrode cover-
age on the microhotplates. This also renders the lift-off process easier since no closed
metal film is formed on the wafer, so that the acetone has a large surface to attack the
photoresist. Another advantage of the local metal lift-off process is its full compat-
ibility with the fabrication sequence of chemical sensors based on other transducer
principles [20].



34 4 Microhotplates in CMOS Technology

A silicon wafer with anisotropically KOH-etched openings was used as shadow
mask. The shadow mask is accurately positioned with the help of an optical micro-
scope and fixed using a custom-made wafer holder. A 50-nm-thick TiW-film is de-
posited by sputtering through the shadow mask. This film serves as adhesion layer
and diffusion barrier and covers the rough surface of the CMOS-Al-metallization.
A Pt-layer with a thickness of 100 nm was sputtered on top of this TiW-layer.

Finally, the wafer is immersed in acetone, and the lift-off process is performed in
an ultrasonic bath. The Pt metal layer showed good adhesion to the CMOS-aluminum
electrodes and facilitated good electrical contact to the sensitive layer.

Membrane Release

The membranes of the microhotplates were released by anisotropic, wet-chemical
etching in KOH. In order to fabricate defined Si-islands that serve as heat spreaders of
the microhotplate, an electrochemical etch stop (ECE) technique using a 4-electrode
configuration was applied [109]. ECE on fully processed CMOS wafers requires, that
all reticles on the wafers are electrically interconnected to provide distributed biasing
to the n-well regions and the substrate from two contact pads [110]. The formation of
the contact pads and the reticle interconnection requires a special photolithographic
process flow in the CMOS process, but no additional non-standard processes.

Another CMOS-process modification included the deposition of a nitride layer
on the wafer backside. The backside nitride is identical with the CMOS passivation.
All wafers are already delivered with this backside nitride by the CMOS foundry aus-
triamicrosystems.

After the lift-off process, the nitride is structured in a RIE etching process with SFq
to define the etch windows for the membrane openings on the backside (Fig. 4.2d).
Afterwards, a protective coating is spin-coated onto the frontside to protect the open
CMOS metallization features and to stabilize the fragile membrane structures. The
wafer is then mounted in a waferholder and connected to a potentiostat (AMMT,
Frankental, Germany). Finally the wafer in the holder is immersed in 6M KOH solu-
tion at 90 °C, and the membranes are released (Fig. 4.2¢). After etching, the protective
coating is completely removed in a O,-plasma microstripper.

Dicing

Conventional chip-dicing saws apply high water pressures to remove the debris from
the chip surfaces during dicing. As the released membranes would not survive such
a standard dicing process, the chips were diced applying the lowest possible water
pressure. Additionally, the wafer frontside was protected using an adhesive foil (Ad-
will P-5780, Lintec Corporation, Japan), which easily peels off after UV-illumination
and heating. The foil stabilized the membranes and protected them against the depo-
sition of sawing dust [111]. The optimized lift-off, etching and dicing process led to
an excellent fabrication yield of 95% for the microhotplates.
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Deposition of the Sensitive Layer

The basics of the paste preparation were explained in Sect. 2.3.3. For the devices
presented in this book, the paste was deposited onto cleaned chips using a drop-
coating method [48, 61]. The deposition was performed by the company Applied-
Sensor (Reutlingen, Germany). A metal-wire loop is immersed in the paste and the
tin-oxide suspension adhering to the loop forms a droplet, which is accurately posi-
tioned in the membrane center. After the drop deposition, the whole chip is put in
a belt oven and annealed for 20 min at a temperature of 400 °C. This temperature is
close to the elevated-temperature steps at the backend of the CMOS process. Conse-
quently, we never observed a significant difference of the circuitry performance be-
tween coated and uncoated chips. The whole deposition process is, therefore, fully
CMOS compatible, and no additional on-chip annealing is necessary.

The chips have not to be bonded before the layer deposition, and the droplet de-
position and annealing can be performed on wafer level, which is advantageous for
device commercialisation.

To achieve higher annealing temperatures, the additional on-chip annealing heater
was implemented. In-situ annealing requires the chip to be packaged and wire-bonded
prior to processing the sensitive material. Only single-chip processing is possible.
Therefore, the additional annealing heater was never used so far. The annealing tem-
perature range can be extended up to 500 °C by using the hotplate annealing heater.

4.1.3 Physical Microhotplate Characterization

For thermal characterization and temperature sensor calibration a microhotplate was
fabricated, which is identical to that on the monolithic sensor chips, but does not in-
clude any electronics. The functional elements of this microhotplate are connected to
bonding pads and not wired up to any circuitry, so that the direct access to the hotplate
components without electronics interference is ensured. The assessment of character-
istic microhotplate properties, such as the thermal resistance of the microhotplate and
its thermal time constant, were carried out with these discrete microhotplates.

A schematic view of the microhotplate functional elements is presented in Fig. 4.4.
A resistive temperature sensor is embedded in the heated area of the microhotplate.
The resistance is measured in a four-point measurement. The calibration procedure of
the temperature sensor will be explained in the next section (Sect. 4.1.4). The heating
power dissipation is determined using also a four-point configuration. The external
wiring of the heater typically adds another 5% to the heater resistance, which has to
be eliminated for an accurate measurement of the dissipated power. A heating cur-
rent, Iney is applied, and the voltage drop, Viea, across the heater is measured on
chip.

The setup includes multimeters and current sources controlled by a LABVIEW™
program. Equidistant power steps can be generated by the program, which is advan-
tageous for extracting thermal resistances. The required heating current is ramped up
and down. This ramping allows for detecting possible hysteresis effects in the temper-
ature sensor measurements and in the chip heating, none of which has been found in
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membrane Fig. 4.4. Schematic of the functional
pHP elements of the microhotplate. Rpeat
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the measurements. Using a calibration polynomial for each sensor (see Sect. 4.1.4), the
temperature rise upon membrane heating was recorded, and the resulting correlation
between heating power and microhotplate temperature was established.

In order to determine the thermal time constant of the microhotplate in dynamic
measurements, a square-shape voltage pulse was applied to the heater. The pulse fre-
quency was 5 Hz for uncoated and 2.5 Hz for coated membranes. The amplitude of
the pulse was adjusted to produce a temperature rise of 50 °C. The temperature sen-
sor was fed from a constant-current source, and the voltage drop across the tempera-
ture sensor was amplified with an operational amplifier. The dynamic response of the
temperature sensor was recorded by an oscilloscope. The thermal time constant was
calculated from these data with a curve fit using Eq. (3.29). As already mentioned in
the context of Eq. (3.37), self-heating occurs with a resistive heater, so that the thermal
time constant has to be determined during the cooling cycle.

4.1.4 Calibration of the Temperature Sensors

The discrete microhotplates were packaged and bonded in a DIL-28 package for tem-
perature sensor calibration. A Pt-100-temperature sensor was attached to the chip
package in close vicinity to the sensors. The chips were then calibrated in an oven at
temperatures up to 325 °C with the help of the Pt-100 resistor. A second-order poly-
nomial was extracted from the measurements for each temperature sensor providing
the temperature coefficients oy and a;:

AT:T—TO:a1p+(x2p2 (4.1)

where p is the relative resistance change and R(T) the measured resistance of the
temperature sensor at temperature T:

_R(T) - R(Ty)

R(To) (4.2
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The calibration was done for temperatures between 25 °C and 325 °C. The data
were fitted according to Eq. (4.1), and the two temperature coeflicients were extracted.
Within the same wafer batch, a production-spread-induced error of 2% in the deter-
mination of the microhotplate temperature coefficients was observed.

4.1.5 Comparison of Thermal Characterization and Simulation Results

The circular microhotplate was thermally characterized, and the results were com-
pared with simulations carried out according to the approach discussed in Chap. 3.
Applying FEM simulations as described in Sect. 3.3 generate a temperature field, and
the temperature in the membrane center represents the overall membrane tempera-
ture according to Eq. (3.21). The values that have been used for the simulation are
summarized in Table 4.2.

The relationship between the temperature difference, AT, and the input power
is shown in Fig. 4.5 for microhotplate simulations and measurements. The simu-
lated values are plotted together with the mean value of the experimental data for
a set of three hotplates of the same wafer. The experimental curve was fitted with
a second-order polynomial according to Eq. (3.24). As a result of the curve fit, the
thermal resistance at room temperature, 7, is 5.8 °C/mW with a standard deviation
of £0.2 °C/mW, which is mainly due to variations in the etching process.

A thermal resistance of 5.7 °C/mW results from the simulation in the range be-
tween 0 and 10 mW heating power. The deviation from the mean value is 2%, with
larger deviations for higher temperatures. A general trend is, that the simulated mem-
brane temperatures are lower than the measured ones. Nevertheless, for an input
power of 60 mW, producing a AT of approximately 300 °C, the relative discrepancy
between measured and simulated values is still less than 5%. As the temperature de-
pendence of the thermal conductivities is larger at higher temperatures, there may
incur additional deviations, since the temperature behavior was only determined for
temperatures up to 125 °C [103], so that the heat conductivity increase may be over-
estimated. According to Eq. (3.26), the overall stored heat is calculated by integrating
the temperature field over the geometry model regions and multiplication with the
specific heat capacities summarized in Table 4.2. The temperature dependence of the

Table 4.2. Thermal conductivities and heat capacities as used for the FEM simulations

material thermal temperature Ref.  specificheat  Ref.

conductivity  coefficient capacity

at 300 K a [107°K™ ¢ [IMJm—°K™]

ko [Wm™K™] at 300 K
dielectric membrane 1.2 1.1 [103] 1.7+0.2 [112]
polysilicon 37 0.8 [103] 1.7+0.2 [112]
metal 190 1.0 [103] 2.5+0.2 [112]
Si 150 - [106] 1.7 [113]
Sn0, 28.5-30.6 - [114] 2.6 [114]




38 4 Microhotplates in CMOS Technology

350|||||||||||||||||||||||||||||||||||||

—{F— AT

300

250

200

AT[°C]
&
S

100

50

0 10 20 30 40 50 60

Pheat (mW]

~
o

Fig. 4.5. Measurements and simulation of the temperature increase, AT, versus heating power of
a circular microhotplate

heat capacities are neglected in the linear regime around ambient temperature. The
values of the heat capacities of the different materials were originally determined for
CMOS materials from a different foundry, but since all values are in agreement with
tabulated bulk material values [112], they were also applied to this CMOS process.
Reviewing the data, a value of 1.7 + 0.2 MJ/°C - m?® was selected for Si and all dielectric
materials. For an input power of 10 mW, which corresponds to a membrane temper-
ature increase of AT = 57 °C, the overall stored heat is calculated to be 108 uJ which
corresponds to ¢g = 1.9 uJ/°C. The calculated time constant according to Eq. (3.27) is
10.8 ms.

The experimentally determined time constant was 7o = 9.7 + 0.2 ms. The cal-
culated time constant is approximately 11% higher than the measured one. This is
a good agreement given the fact that an error of 15% was assumed as a consequence
of the uncertainty of +0.2 MJ/°C - m® in the heat capacities.

In conclusion, simulated and measured values are in good agreement, and the
achieved accuracy is sufficient for system-level simulations. The experimental results
for the characteristic data of a circular microhotplate design are listed in Table 4.3.

The deviation between the time constants for membrane heating and cooling
was measured as well (Eq. (3.37)). The heater of a single microhotplate was driven
with a rectangular-shape current pulse. The pulse amplitude was adjusted to produce
a temperature rise of 50 °C. In this case the measured time constant for cooling was
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Table 4.3. Characteristic data of a circular microhotplate design

circular microhotplate circular microhotplate
with sensitive layer

7o [°C/mW] 5.8+0.2 58+0.2
7o [ms] 9.7 +£0.2 21+1

7o = 9.7 ms. Equation (3.37) predicts f.g = 10.1, which is in excellent agreement with
the measured rise-time constant of 10.1 + 0.1 ms.

As long as the coating is predominantly located in the membrane center, no addi-
tional heat conduction paths will be created from the heated area to the bulk silicon,
so that no major changes in the thermal resistance have to be expected. The ther-
mal time constant, however, will considerably change owing to the additional volume
of the tin dioxide droplet. The time constant of a coated circular microhotplate is
21 + 1 ms. A rough estimation for a circular droplet with a height of 25 um and a ra-
dius of 150 um, 80% solid material and a specific heat capacitance of the crystalline
SnO, of 2.6 MJ/°C-m? (Table 4.2) leads to an additional heat capacity of 1.9 uJ/°C.
This corresponds to an 11-ms increase in the time constant, which is fully consistent
with the measurements.

4.2 Assessment of Microhotplate Temperature Distributions

4.2.1 Device Description

The electrochemical etch-stop technology that produces the silicon island is rather
complex, so that an etch stop directly on the dielectric layer would simplify the sensor
fabrication (Sect. 4.1.2). The second device as presented in Fig. 4.6 was derived from
the circular microhotplate design and features the same layout parameters of heaters
and electrodes. It does, however, not feature any silicon island. Due to the missing heat
spreader, significant temperature gradients across the heated area are to be expected.
Therefore, an array of temperature sensors was integrated on the hotplate to assess
the temperature distribution. The temperature sensors (nominal resistance of 1k(})
were placed in characteristic locations on the microhotplate, which were numbered
T1 to T4.

The measurement results have been compared to the corresponding values of
a FEM simulation in Sect. 4.2.2, and the validity of the model for simulations of the
temperature distribution has been established.

Instead of a silicon island underneath the dielectric layer, a polysilicon plate can
be placed in the membrane center. Such a device was not fabricated, but the effect
of a heat spreader that is integrated in the dielectric membrane was demonstrated by
simulations. The results of the simulations are discussed in Sect. 4.2.2 [115,116].
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Fig.4.6. Close-up of the circular microhotplate with temperature sensor array and without silicon
island

Another issue is how the tin-oxide droplet changes the temperature distribution
in the heated area. This issue was experimentally investigated and the results are sum-
marized in Sect. 4.2.3.

4.2.2 Comparison of Simulations and Measurements

The comparison of simulation and measurement data of an uncoated membrane is
shown in Fig. 4.7. The temperature curves, T; to T4, were measured with the on-
membrane temperature sensors. The graphs of the simulated temperatures are de-
noted §; to S4. The temperature discrepancy between simulation and experiment was
less than 5% for all sensors. The general shape of the temperature distribution was
correctly modeled within measurement accuracy. It has to be noted that no additional
fitting parameters were used for these simulations.

Figure 4.8 shows the relative temperature difference of the various sensors with
respect to the sensor in the membrane center T;, which acts as a reference. The values
of T, represent, e.g., the relative difference (T, — T;)/Ti. One would intuitively expect,
that T, shows the lowest temperature owing to the ring heater scheme, which would
lead to a positive difference value for all other sensors. However, T, shows a lower
temperature than T) owing to the fact that T is in close proximity to the wide metal
line of the heater. As a consequence of the large heat flux through the heater line to
the bulk silicon, the measured temperature of T, is lower. The deviation of T is close
to 15% and that of T3 close to 9%.

In conclusion, the measurements support the presented microhotplate model and
simulation approach. As the active region of the sensitive material is between the two
electrodes, T5 is a good measure for the temperature gradient across the active region.
Although this device has no feature for improving the temperature homogeneity (sili-
con island etc.), the temperature gradient at T5 at 300 °C hotplate temperature is only



4.2 Assessment of Microhotplate Temperature Distributions 41

C I T T T T I T T T T I T T T T I T T T T I T T T T I T T]
350 Ff e T1--e--51 A
[ | —=—T2--0--S2 A 1
- | —>—T3--4--53 1
300 F1 o T4--v--54 ]
250 |- ]
200 [ ]
) I ]
g I ]
150 | -
100 [ 3
50 L ]
oL . I_'

0 10 20 30 40 50

P [mW]

heat

Fig.4.7. Simulated and measured temperature distribution in the heated area of a microhotplate
without Si-island. T; to T4 denote the temperature sensor measurements, S; to S, the simulated
temperatures at the respective locations

0.3 °C/um. With a Si-island underneath, the temperature homogeneity is further im-
proved. For a comparable device with a Si heat spreader a relative deviation of less
than 2% equivalent to a temperature gradient of 0.07 °C/um at 300 °C in the active
area was achieved (see Sect. 4.4.4 and [81]).

Another possibility to improve the temperature homogeneity is to introduce an
additional polysilicon plate in the membrane center. The thermal conductivity of
polysilicon is lower than that of crystalline silicon but much higher than the thermal
conductivity of the dielectric layers, so that the heat conduction across the heated area
is increased. Such an additional plate constitutes a heat spreader that can be realized
without the use of an electrochemical etch stop technique. Although this device was
not fabricated, simulations were performed in order to quantify the possible improve-
ment of the temperature homogeneity. The simulation results of such a microhotplate
are plotted in Fig. 4.9. The abbreviations S, to S4 denote the simulated temperatures
at the characteristic locations of the temperature sensors. At the location T5, the sim-
ulated relative temperature difference is 5%, which corresponds to a temperature gra-
dient of 0.15 °C/pum at 300 °C.
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4.2.3 Temperature Distribution Assessment of a Coated Microhotplate

Since the bare uncoated membrane represents a worst-case-scenario in terms of tem-
perature homogeneity, it is mandatory to analyze the effect of the tin-oxide droplet
on the temperature distribution. The material constants of the SnO, thick-film layer
are not well known, and the deposition is not as reproducible as the industrial CMOS
process and the subsequent micromachining steps. Therefore, the sensitive layer was
not included in the simulations. The heat conductivity and heat capacity of crystalline
SnO; are listed in Table 4.2. These values might scale with the porosity of the mate-
rial, but it is also known, that the heat conductivity is strongly reduced in nano-porous
materials such as porous silicon [117]. Since the SnO, droplet has a typical height of
25 pm, the temperature homogeneity will be increased by heat spreading through the
thick layer. The active area of the material is almost identical with the heated part of
the microhotplate surface, so that the simulations of the non-coated microhotplate can
be taken as a coarse approach to finding the temperature distribution on the coated
microhotplate.

The temperature distribution on a coated microhotplate was experimentally as-
sessed. The results of the measurements are plotted in Fig. 4.10. In comparison to the
results presented in Fig. 4.8, the temperature gradients at all temperature sensor loca-
tions were lower as can be expected. An interesting feature was the change in sign for
temperature sensor T,. An interpretation of this change is, that the heat flux via the
SnO; droplet provides enough heat to counterbalance the heat loss through the metal
line, so that the temperature difference between T, and T is reduced. The relative dis-
crepancy between temperature sensors T5 and T amounts to half of the discrepancy
for the uncoated device and is close to 3% at 300 °C.

The conclusion from the results of this chapter is, that a silicon island fabricated
by ECE is not absolutely necessary, if a relative temperature difference of 5% within
the active area between the electrodes is acceptable. A microhotplate with a dielectric
membrane and a polysilicon heat spreader in the center features sufficient temperature
homogeneity. Moreover, the tin-oxide droplet serves as additional heat spreader and
smoothes out temperature gradients.

In conclusion, a simple KOH-etching process without ECE is applicable for future
microhotplate designs, although the best temperature homogeneity is achieved with
the silicon island heat spreader. The island remains an important design feature, es-
pecially for the use of thin-film sensitive layers, where the additional heat spreading
effect of the sensor materials is small.

4.3 Microhotplate with Pt Temperature Sensor

4.3.1 Design Considerations

The circular microhotplate presented in Sect. 4.1 features an upper sensor operat-
ing temperature limit of 350 °C, which is imposed by the CMOS metallization. At
higher temperatures, electromigration, especially in the heater structures, will occur,
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Fig. 4.10. Measured relative temperature differences between the temperature sensors T, to T4
and T1. The microhotplate was coated with a nano-crystalline SnO; droplet

which limits the life time of the system. Thus, any contacts and metal lines in the
heated area have to be avoided. Another problematic element is the poly-Si tempera-
ture sensor.

It is known, that polycrystalline Si changes its resistance at higher temperatures.
The changes in the resistance are either attributed to a recrystallization process [118]
or degradation due to interlayer diffusion and thermomechanical stress defects [119].
Such a resistance change will lead to a drift in the temperature sensor signal. A re-
sistance drift will be also observable in a polysilicon heating resistor, it is, however,
less critical in comparison to that of the temperature sensor, since the temperature
controller adjusts the heating current according to the temperature feedback and au-
tomatically compensates for changes in the heating resistor.

Another issue is the membrane buckling due to internal and thermal stress of the
CMOS layers, which are not optimized for high-temperature operation. The buckling
of the microhotplate can generate severe problems in the adhesion of the sensitive
layer. In a temperature-pulsed operation mode, the repeated bending of the mem-
brane could cause a reliability problem [120].

A novel microhotplate design was proposed to overcome the CMOS operating
temperature limit and to avoid polysilicon-induced drift problems. A cross-sectional
schematic of the device is shown in Fig. 4.11. Instead of using a polysilicon resistor as
temperature sensor, a platinum temperature sensor is patterned on the microhotplate.
The Pt-metallization process step was used to simultaneously fabricate the electrodes
and the temperature sensor. The CMOS-Al/Pt contacts are located off the membrane



4.3 Microhotplate with Pt Temperature Sensor 45

CMOS thick-film SnO, local
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Fig. 4.11. Cross-sectional schematic of the high-temperature microhotplate

on the bulk chip and no more in the heated membrane center. The Pt-elements have
to be protected by a passivation layer, and the passivation has to be opened again to
contact the sensitive layer to enable resistive measurements. The passivation layer is
deposited locally, which allows to use materials that reduce or compensate the me-
chanical stress of the membrane. A stress compensation technique has been used on
wafer level to reduce the overall stress in the dielectric layers with the drawback, that
the stress characteristics of the passivation have to be modified within the CMOS pro-
cess [121,122]. The CMOS passivation layer, however, is primarily optimized for the
protection of the circuitry. Applying local passivation depositon prevents, that CMOS
transistor parameters change upon passivation modifications, or that the device relia-
bility is compromised. Moreover, the thickness of the local passivation can be different
from that of the CMOS passivation, and the deposition process can be developed in-
dependently of the CMOS foundry.

Figure 4.12 shows the high-temperature microhotplate design, and Table 4.4 sum-
marizes the design parameters. The Pt-resistor was connected in a 4-point configura-
tion with the Pt-Al-contacts located on the bulk silicon. An additional poly-Si temper-
ature sensor was integrated underneath the Pt-resistor, which can be used as a refer-
ence. The heater is still fabricated in polysilicon, but the design was modified in order
to avoid Al-contacts in the heated area. The heater has a nominal resistance of 200 Q
and was, again, realized in a parallel configuration. The contact of the polysilicon to
the metallization is not located in the heated area, but at a certain distance from the
heated area on the membrane. This contact position features a reduced contact tem-
perature as is illustrated in Fig. 4.13.

On the right-hand side of Fig. 4.13 the temperature distribution along two paths
across the membrane is schematically plotted. The first path is along a metal line.
Since only heat conduction along the metal line occurs, a linear temperature decrease
is observed. The second path is along the heater connection. Owing to Joule-heating
and the lower thermal conductivity of the resistive poly-Si section of the connecting
arm, a significant temperature drop occurs. The temperature of the contact is consid-
erably lower in comparison to path 1 at the same distance from the hotplate center.
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Fig. 4.12. Micrograph of the microhotplate with Pt temperature sensor

Table 4.4. Design parameters of the high-temperature microhotplate

membrane size

Si-island diameter

heater resistance

temperature sensor resistance
reference resistor

electrode distance

electrode length

500 x 500 um*
300 um

200 Q2

75 kQ

10 kQ

80 um

185 um

As a consequence, the temperature slope in the metal-line part of path 2 between the
contact and the bulk chip is lower, which indicates a reduced heat flow through the
metal line. This is equivalent to a better thermal decoupling of the metal power supply
lines from the heated area, so that the presented microhotplate design is well suited
to achieve operating temperatures up to 500 °C.

{5omm 300
Y 200
'—
<
100
“\‘ 1 1 1 1 >
patht S path 75 150 225 225

center distance [um]

Fig. 4.13. Temperature distribution along a metal connection path (path 1) and a heater contact
arm (path 2)



4.3 Microhotplate with Pt Temperature Sensor 47

4.3.2 Fabrication

A process sequence schematic of the principal steps is given in Fig. 4.14. The pro-
cess sequence is similar and compatible to the fabrication of the circular hotplate in
Sect. 4.1.2. The most important modifications include the additional process steps to
apply the local passivation. The modifications of the other steps are described in the
following section [115].

CMOS CMOS  CMOS backside shadow mask local nitride passivation
metallization oxides passivation nitride —l

SR

i!.CMO'S wafer ' U

a) open CMOS passivation e) local passivation
photoresist photoresist
b) photolithography f) passivation patterning
Pt-layer shadow mask

c) local metallization g) backside lithography & ECE

tin oxide\‘ 400°C
|
d) lift—off h) tin-oxide deposition

Fig.4.14. Schematic of the microfabrication process for the high-temperature microhotplate with
Pt temperature sensor

Local Metallization

The standard CMOS passivation is locally opened already during the CMOS process
(Fig. 4.14a). Open CMOS metallization structures serve as a contact to the Pt-wires.
The thickness of the TiW-layer can be reduced to 20 nm, since there is no aluminum
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underneath, and the metal stack is directly sputtered onto the PECVD intermetal ox-
ide of the CMOS process (Fig. 4.14¢). The applied lift-off process (Fig. 4.14d) is iden-
tical with the procedure described in Sect. 4.1.2.

Local Passivation

After the lift-off process, the surface of the wafer is exposed to an O,-plasma in
a plasma asher to remove possible resist residues, and to activate the surface for the
subsequent nitride deposition.

To assure local deposition, the PECVD silicon nitride is deposited through
a shadow mask. After alignment, the CMOS wafer and the shadow mask are fixed by
a wafer holder to assure a close contact between mask and substrate. This has the ad-
vantage, that nitride deposition underneath the edges of the shadow mask is marginal,
and that the boundaries of the deposited nitride area are well defined. In Figure 4.15
a micrograph of a nitride layer deposited on a bare silicon wafer is shown. As can be
seen from the interference pattern, the thickness in the membrane center is fairly ho-
mogeneous. The layer thickness decreases towards the edges. Little nitride deposition
is observed along the frame edges within a distance of 75 um for a 1.5 pm thick silicon
nitride layer.

Mixed-frequency deposition of the nitride is one possibility to adjust the stress
in the deposited layer [122]. The ratio of the deposition times in the high-frequency
(375 kHz) and low-frequency (187.5 kHz) plasma can be varied during the process. For
the layer used here 95% high-frequency deposition time was chosen (Fig. 4.14e).The
stress was measured on wafer-level with a thin-film stress analyzer. The stress value
was determined by recording the curvature of the wafer after thin-film deposition.
A tensile stress of 75 + 5 MPa was measured for the layer.

Fig. 4.15. Silicon nitride spot locally de-
posited through a shadow mask on a bare
Si-substrate
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After the deposition of the passivation, the contact electrodes for the resistive mea-
surements have to be opened (Fig. 4.14f). The respective nitride etching was done in
a reactive-ion etcher under SF¢ atmosphere.

The membrane release and the deposition of the sensitive layer are identical with
the process described in Sect. 4.1.2.

4.3.3 Thermal Characterization

The fabricated microhotplate chips were packaged in a DIL-28 package and bonded.
Calibration and thermal characterization of the Pt-temperature sensor was carried
out according to the procedures described in Sect. 4.1.3 and 4.1.4. The thermal resis-
tance and thermal time constant values averaged over three identical uncoated mi-
crohotplates are summarized in Table 4.5. The thermal resistance is 30% larger as
compared to the circular membrane. The increase is a consequence of reduced Al-
metallization line width, as the high-temperature microhotplate does not exhibit any
annealing heater. As discussed in one of the previous sections, the heater design also
entails a reduced heat flow through the power supply lines. A higher thermal resis-
tance is desirable, since the higher operating temperatures can be achieved at lower
overall power consumption.

Table 4.5. Characteristic thermal data of a microhotplate with Pt temperature sensor

Microhotplate with
Pt temperature sensor

7o [°C/mW] 7.6+0.2
7o [ms] 10.2+0.2

4.4 Microhotplate with MOS-Transistor Heater

4.4.1 Basic Heater System Architectures

For the monolithic integration of microhotplates with on-chip temperature con-
trollers two basic approaches are possible. Most microhotplates rely on a resistor as
heating element as discussed in the previous chapter and as is shown in Fig. 4.16a.
Driving the heating current according to the controller output requires an on-chip
power transistor. However, the voltage-drop across this transistor leads to a massive
fraction of the overall power being dissipated in the power transistor, which is not
contributing to heating the hotplate. Alternatively, CMOS technology allows to di-
rectly utilize a transistor as heating element so that all power contributes to heating
the hotplate (Fig. 4.16b). The power consumption of the microhotplate can be reduced
in this approach, and novel heating schemes become feasible.
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Fig.4.16. Heating approaches for monolithically integrated microhotplates (WHP): (a) shows a re-
sistive heater with power transistor and (b) shows a PMOS transistor heater: Rye, denotes the
heating resistor; Rs is the metal-oxide chemiresistor, and Rr is a resistor used as temperature-
sensor (see Fig. 4.4)

Microhotplates with an active transistor heating element have been fabricated in
SOI (Silicon on insulator)-CMOS technology [22, 52]. SOI technology is commonly
used for devices that have to work reliably at operating temperatures higher than
120 °C. No examples of microhotplates in conventional CMOS technology have been
reported on so far, which is probably due to the fact that an increased leakage current
occurs in the diode insulation to the bulk material at elevated temperatures [123, 124].
To circumvent this problem, it is possible to fabricate a microhotplate with a n-well
Si-island in the center using the electrochemical etch stop technology, that has been
presented in Sect. 4.1. A PMOS heating transistor can be placed on the n-well island,
which is thermally and electrically insulated from the bulk, so that leakage currents to
the bulk material are suppressed, and the transistor heating element preserves its basic
transistor properties even at higher temperatures. An analytic model based on stan-
dard transistor equations has been introduced to describe the properties of such a mi-
crohotplate. A main goal was to only use device parameters, which are available from
the CMOS foundry. The use of additional fitting parameters was avoided, since these
would compromise the compatibility with standard circuitry modelling. The identifi-
cation of important parameters and effects that influence the thermal characteristics
of the microhotplate was the primary goal. The model with some simplifications led
to a sufficiently accurate description of the device.

4.4.2 System Description

A schematic view of the microhotplate with transistor heater is shown in Fig. 4.17
[125]. In order to ensure a good thermal insulation, only the dielectric layers of the
CMOS process form the membrane. The inner section of the membrane includes an
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n-well silicon island underneath the dielectric layers. The n-well is electrically insu-
lated and serves as heat spreader due to the good thermal conductivity of silicon. It
also hosts the PMOS-transistor heating element. The n-well source and drain contact
diffusion are indicated in the cross-sectional drawing (Fig. 4.17).

A special octagonal-shape transistor arrangement was chosen for homogeneous
heating (Fig. 4.18). A polysilicon resistor is used to measure the temperature on the
microhotplate. The resistance of the SnO, thick-film layer is measured using two
metal electrodes. The inner section of the membrane (500 x 500 um?) exhibits an
octagonal-shape n-well silicon island (300 um base length). The octagonal shape pro-
vides a comparatively long distance between the heated membrane area and the cold

thick-film SnO, temperature
re5|stor sensor
PMOS ring- gate dielectric layers
transistor heater membrane)
\ - _

'/
\ p-diffusion n- weII /
KOH-etched St-island bulk silicon

cavity electrodes (p-doped)

Fig.4.17. Cross-section of a microhotplate with integrated MOS-transistor heater, D and S denote
drain and source of the transistor

contact
electrodes PMOS ring-
transistor heater

Si-island /
(n-well) \
transistor
/temperature
/ sensor Ty
membrane
temperature \
sensor Ty
polysilicon

annealing heater

—
50 pm

Fig. 4.18. Micrograph showing the membrane and the PMOS-heater
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bulk chip, which considerably reduces the heat dissipation via metal connections in
comparison to a quadratic layout of the island (see Fig. 4.18).

A PMOS-ring transistor of 5 um gate length and 710 um overall gate width is in-
tegrated in the n-well as the active heating element. As the major heat losses occur
along the edges of the silicon island, a ring-like transistor geometry promotes homo-
geneous heat distribution.The ring-like heater structure also offers the advantage, that
it leaves some space for additional functional elements. In addition to the PMOS tran-
sistor, two resistive temperature sensors are implemented in polysilicon, one in the
center and the other near the transistor (Fig. 4.18). By measuring the membrane tem-
perature at two locations, the heat distribution on the membrane can also be roughly
assessed. An additional resistive heater is implemented on the membrane as well. This
heater was designed for in-situ annealing of the sensitive material. As the sensitive lay-
ers used in this work are annealed in a furnace as described in Sect. 4.1.2, the extra
annealing heater was not used. The fabrication of the chip is identical to that of the
circular microhotplate described in Sect. 4.1.2.

4.4.3 Analytical Model for the MOS-Transistor Heater

Starting with the basic model assumptions, the analytical heater model is devel-
oped in several steps [126]. The equations include common model equations such
as the Shichman-Hodge model [127], the LEVEL3 model [128] and the BSIM3.v3
model [129]. Only selected components of these partly complex models were taken
to yield a set of equations that is suitable for modelling the transistor heater. The vari-
ables and parameters have been defined in accordance to standard notations. First,
a model has been established that describes the unheated transistor, then, tempera-
ture dependencies have been introduced, and, finally, the electrothermal coupling to
the microhotplate has been considered. The result is an implicit equation, which can
be iteratively solved. The considered model will be compared to measurement data in
Sect. 4.4.4.

To achieve membrane temperatures higher than 300 °C, a thermal power of sev-
eral tens of mW is required, which entails a source-drain current of several mA at
a source-drain voltage of 5 V. For the transistor used here featuring a channel length
of 5 um and an overall gate width of 710 um, it is legitimate to largely neglect short-
channel and narrow-channel effects. The transistor works in strong inversion and is
exclusively driven in the saturation region so that the basic transistor equation holds:

Heff Weff : Cox

2
s (Veg= Vo) - (1+1- Vi) (4.3)

Isd,sat =

The saturation current is denoted I s, the effective mobility peq, and the capac-

itance of the gate oxide Cox. The effective geometrical parameters of the transistor
include its overall gate width, Weg, and the effective gate length, Lg.

To be consistent with common equations for NMOS transistors, the polarities of

the applied voltages have been inverted. The source-gate voltage is denoted Vg, the

source-drain voltage V4, and the threshold voltage V;. Equation (4.3) corresponds to
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the analytical Shichman-Hodges MOSFET model, the first two terms of which repre-
sent the “square-law” description of the saturated drain current [127]. The last term is
a simple expression for the effect of channel-length modulation, where A is extracted
from measured data. The effective mobility, g, takes into account the modifications
of the low-field mobility, yo, owing to the electrical fields in the transistor. The mobil-
ity is, therefore, subdivided into three components:

- The low-field mobility g

- The mobility, y,, which represents the modifications of ;o due to the vertical elec-
tric field;

— The mobility, pes, which represents the modifications of y, due to the lateral
(channel) electric field.

The effects of vertical and lateral fields are assumed to be independent of each
other. The modification of the mobility due to vertical field is expressed as [BSIM3.v3,
129]:

Ho
M)WB.(M)Z

tOX

iy = (4.4)

1+ (UA + UC-VSbX)-(

Oox

In this equation UA, UB, and UC are a set of parameters from the foundry for the
respective CMOS technology. Vi denotes the potential difference between source
and bulk, which is zero in the case of the MOSFET-heater. Finally f, represents the
thickness of the gate oxide.

The effective mobility can then be written as [LEVEL3, 128]:

_ il
1+ Wy - Vsld/ (Vsat : Leff)

Ueft (4.5)

where V; = min (Viq, Vg sar) and Vigeae = Vig — V4 is the source-drain saturation volt-
age, the value of Vg, at which the channel pinches off. Since the transistor is exclu-
sively driven in the saturation region, the relation V{; = Vi, — Vi holds. The saturation
velocity is given by v,.

These equations describe an unheated transistor and were verified for a device
with no backside etching (no membrane). The modelling parameters were provided
by the manufacturer, whereas the value of the threshold voltage was taken from wafer
map data. The channel length modulation parameter, A, had to be extracted from
measurement data. The discrepancy between simulated and measured source-drain
saturation current, Iy s, for a transistor embedded in the bulk silicon was less than
1%, which confirmed the validity of the model assumptions.

The next step was the introduction of the temperature dependence of the relevant
parameters. A linear approximation was chosen for the temperature dependence of
the threshold voltage:

Vi(T) = Vi (Taom) — TCV - (T = Taom) (4.6)



54 4 Microhotplates in CMOS Technology

where TCV is the temperature coefficient of the threshold voltage and T, represents
the reference temperature, at which the parameters are extracted. For the device under
investigation Thom is 25 °C. Equation (4.6) reflects the fact, that the threshold voltage
decreases with increasing temperature.

The temperature-dependence of the low-field mobility can be described as:

#0(T) = pio(Thom) - ( r )1-5 (4.7)

Tnom

The temperature sensitivity of the saturation velocity, v, used in Eq. (4.5) to de-
scribe the effect of the lateral field, is additionally considered. The saturation velocity
is moderately affected by temperature changes; however, when the temperature largely
deviates from Ty, there is a strong effect on the saturation region characteristics of
the transistor. The temperature dependence of the saturation velocity is taken into
account using the temperature coefficient, AT, [BSIM 3.v3, 129]:

Vsat(T) = Vsat(Tnom) - AT- ( I - 1) (48)
Tnom

Replacing the respective variables in Eq. (4.3) using the Eqs. (4.5), (4.6), (4.7) and
(4.8), a temperature-dependent MOS transistor model is obtained. This temperature-
dependent model provides a term for the source-drain current depending on the
source-gate voltage, the source-drain voltage, and the temperature.

The last step in the construction of the MOSFET-heater model includes the de-
scription of an appropriate heating process. Due to the source-drain current flow, the
membrane is heated by resistive Joule heating in the channel region. By assuming that
all electric power dissipated in the device is converted into heat, the corresponding
heating power is:

Pheat = Ia - Vsa (4.9)

Combining Eq. (4.9) with the lumped-model Eq. (3.24), one gets an expression
for the temperature on the membrane depending on the source drain-current:

T=To+n0- (La(T.Vig) - Vaa) + 11+ (Ia (T Vig) - Vaa)’ (4.10)

where T is the membrane temperature for zero source-drain bias, which corresponds
to ambient temperature. The remaining variables in Eq. (4.10) are the temperature
of the transistor, T, as a function of the source-gate Voltage, ng, at constant source-
drain supply voltage. It is not possible to analytically solve this equation for T, owing
to the implicit temperature dependence of I 4. Therefore an iterative method has been
chosen to find a solution for the temperature as a function of the source-gate voltage,
Vig> which has been implemented in MATHEMATICA™,

The coefficients of thermal resistance can either be measured for existing devices
or be calculated with the thermal microhotplate model presented in Chap. 3. In anal-
ogy to resistor-heated membranes, the model can be used for evaluation and opti-
mization of new designs. A combination of the presented transistor model equations
with the lumped microhotplate model in Sect. 3.4 would allow to also derive an AHDL
model for coupled-system simulations.
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4.4.4 Electrothermal Characterization and Comparison with Simulations

The microhotplate with the transistor heater was electrothermally characterized sim-
ilarly to the procedures presented in Sect. 4.1.3. Special care was taken to exclude
wiring series resistances by integration of on-chip pads that allow for accurate deter-
mination of Vi, and V4. With the two on-chip temperature sensors in the center (Ty)
and close to the transistor (Tr) the temperature homogeneity across the heated area
was assessed as well. Both sensors were calibrated prior to thermal characterization.
The relative temperature difference (Tt — Ty)/Twm was taken as a measure for the
temperature homogeneity of the membrane. The measured thermal characteristics of
a coated and an uncoated membrane are summarized in Table 4.6. The experimental
values have been used for simulations according to Eq. (4.10).

The majority of the transistor parameters of the microhotplate were taken di-
rectly from the map or non-public simulation data provided by the CMOS foundry
austriamicrosystems. The only parameter that was experimentally determined for an
unetched transistor was the channel-length modulation parameter A. As mentioned
before in the introduction to this chapter, no fitting parameters were used for the
simulation. The first graph in Fig. 4.19 shows measured and simulated data for tem-
perature versus source-gate voltage for a V4 of 5V. As can been seen in Fig. 4.19,
temperatures even higher than 350 °C can be achieved with a MOS-transistor-heated
membrane. The relationship between membrane temperature and source-gate voltage
is almost linear. This feature is very interesting for the integration of the microhot-
plate in a monolithic sensor system as will be discussed in Sect. 6.3. The discrepancy
between simulated values and measurements is less than 5% up to a temperature of
300 °C. The discrepancy becomes more important above 300 °C, where the limits of
the model are obviously reached.

The saturation current, Iy, is plotted versus the temperature in Fig. 4.20. In this
case, the temperature is the independent variable, which is adjusted by the source-
gate voltage. The plot thus shows how well the transistor model in Eq. (4.3) takes into
account the temperature dependence.

Table 4.6. Experimentally determined values of the thermal resistance, the thermal time constant,
and the temperature homogeneity for uncoated and coated, transistor-heated microhotplates

microhotplate microhotplate
without sensitive with sensitive
layer layer

thermal resistance

1o [°C/mW] 58+0.2 6.2+0.2

thermal time

constant 7o [ms] 9.0+0.2 233+0.2

temperature homogeneity
(TT*TM)/TM ~ 2% ~ 2%
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The relative deviation between measurement results and the temperature-depen-
dent MOS transistor model data was less than 10% above 100 °C. In the case of
a source-drain bias of 5V it appeared that the model described the real situation well
up to 300 °C, but then started to deviate.
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Since the uncertainty in model parameters limits the model accuracy, a devia-
tion of 10% is generally considered a very good result. The measurements therefore
demonstrate the validity of the presented model, in particular when considering that
the temperature-dependent parameters are extracted from data that are only valid in
a temperature range between 0 °C and 100 °C.

A second reason for the model/measurement discrepancies are the strongly temp-
erature-dependent leakage currents of the reverse-biased p-n junction in the drain
contact of the transistor heater. At room temperature, these leakage currents can be
neglected, but due to their exponential temperature characteristics, they become sig-
nificant when the temperature increases. As a rule of thumb, the leakage currents dou-
ble approximately every 10 °C. In the source-drain current measurements done so far,
the leakage current of the reverse-biased drain/n-well-junction is inherently included
in the value of the source-drain current, as the leakage current also contributes to the
heating process. Since the MOSFET-heater model entirely disregards the influence
of leakage currents, this may lead to discrepancies between measurement data and
model. To quantify this discrepancy, the leakage current at the n-well terminal has
been measured at different source-gate bias voltages and has been compared with the
overall current at the drain terminal (Fig. 4.21).

Itis noteworthy, that, in the case of the MOSFET heater, the transistor temperature
is a function of the drain current, and, therefore, the leakage current also strongly
depends on the drain current. As it is shown in Fig. 4.21 the leakage current amounts
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Fig. 4.21. Ratio of the leakage current of the reverse-biased drain/n-well junction and the drain
current as a function of the drain current. A drain current of 14 mA corresponds to a membrane
temperature of 375 °C
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to almost 2.5% of the drain current at 14 mA. This current produces a temperature of
375 °C. Ignoring the leakage current during the modeling process consequently causes
a temperature error in the MOS-heater model.

4.5 Calorimetric Sensing Mode for Operation
at Constant Temperature

The microhotplate was coated with a thick-film tin-oxide droplet as described in
Sect. 4.1.2. To characterize the chemical-sensor performance, the chip was exposed
to CO concentrations from 5 to 50 ppm in humidified air at 40% relative humidity
(23.4 °C water vaporization temperature) (see Sect. 5.1.8 for a description of the gas
test measurement setup).

An exemplary sensor resistance plot for varying gas concentrations is shown in
Fig. 4.22. As discussed in Chap. 2 detailing the chemical reactions, metal-oxide sen-
sors also can be used as calorimetric sensors or pellistors, which monitor the tem-
perature change during gas exposure. To improve the gas discrimination, both, the
resistive signal and the temperature changes can be simultaneously monitored and
evaluated. The temperature changes or calorimetric signals provide information on
the thermal budget of the reactions taking place. The thermal budget and the corres-
ponding hotplate power consumption depend on the analyte nature, the sensing ma-
terial, and electrode layout. It provides additional information for better analyte dis-
crimination. The calorimetric mode is not easy to realize with temperature-controlled
microhotplates, since the purpose of the temperature controller is to keep the temper-
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Fig. 4.22. Sensor resistance changes of a MOSFET-heated microhotplate upon exposure to CO
concentrations of 5 to 50 ppm at 40% r.h.



4.5 Calorimetric Sensing Mode for Operation at Constant Temperature 59

ature constant at a preset value. The calorimetric signal is, therefore, only indirectly
accessible by monitoring the heating current that is required to maintain this tempe-
rature. The MOSFET heater offers the possibility to measure the change in the source-
gate voltage that is needed to maintain a preset constant temperature during analyte
exposure of the sensor. The temperature control was implemented by using a Lab-
view™ program, that reads out the resistance of the temperature sensor and readjusts
the source-gate voltage accordingly so that the temperature is kept constant.

Measurement results are plotted in Fig. 4.23. The sensor signal is recorded under
the same experimental conditions and with the same chip as the measurements dis-
played in Fig. 4.22. The membrane temperature was preset to be 300 °C. An increasing
source-gate voltage requires a larger heating power to maintain constant temperature.
Without any change in the heating power, the membrane temperature would decrease.
A concentration step of 50 ppm results in a voltage step of 3 mV. This corresponds to
a temperature change of 0.3 °C. The noise of the signal is equivalent to a temperature
fluctuation of 0.02 °C.
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Fig. 4.23. Source-gate voltage changes of a MOSFET-heated microhotplate upon exposure to CO
concentrations of 5 to 50 ppm at 40% r.h.

A control experiment was performed with an uncoated microhotplate in the gas
test measurement setup with the same measurement program and at the identical mi-
crohotplate temperature. No changes in the source-gate voltage could be measured.
Therefore, the changes in the microhotplate heat budget are clearly related to the in-
teraction of the analyte with the tin oxide.

A problem of the calorimetric sensing mode is its cross-sensitivity to changes
in ambient temperature. The realization of an additional temperature sensor on the
bulk chip solves this problem. The signal-to-noise ratio of the calorimetric mode
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is less favorable than that of the chemoresistive measurements. Nevertheless, valu-
able calorimetric information can be gained with temperature-controlled microhot-
plates. However, it is difficult to implement on-chip temperature controllers that pro-
vide a temperature stability of better than +1°C as will be shown in the following
chapters.



5

Monolithic Gas Sensor Systems

This chapter includes two different sensor system architectures for monolithic gas
sensing systems. Section 5.1 describes a mixed-signal architecture. This is an im-
proved version of the first analog implementation [81,91], which was used to develop
a first sensor array (see Sect. 6.1). Based on the experience with these analog devices,
a complete sensor system with advanced control, readout and interface circuit was
devised. This system includes the circular microhotplate that has been described and
characterized in Sect. 4.1. Additionally to the fabrication process, a prototype packag-
ing concept was developed that will be presented in Sect. 5.1.6. A microhotplate with
a Pt-temperature sensor requires a different system architecture as will be described
in Sect. 5.2. A fully differential analog architecture will be presented, which enables
operating temperatures up to 500 °C.

5.1 Single-Ended Mixed-Signal Architecture

5.1.1 System Description

Figure 5.1 shows a block diagram of the single-ended mixed-signal architecture [130-
132]. The microhotplate and its components, which were discussed in Sect. 4.1.1,
are represented as a single block. The circuitry includes three major components:
(1) the metal-oxide resistance readout (Sect. 5.1.3), (2) the microhotplate tempera-
ture control loop including a digital proportional-integral-derivative (PID) controller
(Sect. 5.1.4), (3) the temperature readout of the bulk chip carrying the electronics (dis-
cussed in Sect. 5.1.2), and (4) a standard I>C serial interface (Sect. 5.1.5). All measured
data are read out via the digital interface, which also allows for setting the membrane
temperature and the controller parameters.

This microsystem also comprises three 10-bit successive approximation analog-
to-digital converters (ADCs) that are used for reading out the microhotplate tempera-
ture, the bulk chip temperature, and the sensor resistance, three programmable offset
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compensators, a flash digital-to-analog converter (DAC), and a bias generator for the
reference voltages of the ADCs and the DAC.

The fabrication of the sensor system was described in Sect. 4.1.2, since this mi-
crosystem also features a circular microhotplate. A micrograph of the complete mi-
crosystem (die size 6.8 x 4.7 mm?) is shown in Fig. 5.2. The microhotplate is located
in the upper section of the chip. The analog circuitry and the A/D and D/A converters
are clearly separated and shielded from the digital circuitry. The bulk-chip tempera-
ture sensor is located close to the analog circuitry in the center of the chip. The dis-
tance between microhotplate and circuitry is comparatively large owing to packaging
requirements, as will be explained in Sect. 5.1.6.

—
500 pm

microhotplate

analog circuitry
& converters

eI [LLLL

£

4,41
bulk-chip
temperature
sensor

digital circuitry
(controller & bus-
interface)

6.8 X 4.7 mm?

Fig. 5.2. Micrograph of the single-ended mixed-signal microsystem chip

5.1.2 Bulk Chip Temperature Sensor

The schematic of the temperature sensor on the bulk chip is shown in Fig. 5.3. The
bulk chip temperature is measured via the voltage difference between a pair of diode-
connected pnp-transistors (parasitic transistors as available in the CMOS process, col-
lectors tied to substrate) working at different current densities. Transistor Q; is biased
with a current of 40 pA, and transistor Q is biased with a current of 10 HA.
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Voo Fig. 5.3. Schematic of the bulk-
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The voltage difference between the emitter-base voltages (AVgg) is proportional
to the absolute temperature (1), and is given by Eq. (5.1):

k-T Tyoun
AVgg = Vgg1 — Vepo = — - In (4—P) (5.1)
q Liopa

where k is the Boltzmann constant, and q is the electron charge.

The performance of the temperature sensor on the bulk chip is shown in Fig. 5.4.
The ambient temperature was swept from —40 to 120 °C in steps of 5 °C, and the tem-
perature controllers were switched off. A two-point calibration at 0 °C and 80 °C was
performed. The measured sensitivity is about 128 uV/°C, and the accuracy is better
than 1.5 °C.
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Fig. 5.4. Output of the bulk-chip temperature sensor as a function of the ambient temperature
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5.1.3 Logarithmic Converter

The resistance of the tin-oxide layer is read out by a logarithmic converter as a con-
sequence of the large resistance changes between 1kQ and 10 MQ that are often ob-
served with metal oxides. A logarithmic converter was chosen, since the relation be-
tween the metal-oxide resistance and the analyte concentration is nonlinear and can
be approximated by a power law (Eq. 2.2). Logarithmic conversion therefore leads to
a first-order signal “linearization”. The logarithmic converter shown in Fig. 5.5 was
designed to cope with this large resistance change.

The logarithmic converter is implemented with a voltage-to-current converter
(OPAM, My, and Rg) and a pair of diode-connected, vertical pnp transistors (Q; and
Q5). The relation between the differential output voltage (AVgp) and the sample re-
sistance (Rg) is given by the equation:

k-T I k-T I
AVEB:VEBI_VEBZZ < 'll’l(—R):— < ln(RSE) (52)
q Irgr q Vem

where k is the Boltzmann constant, g is the electron charge, and T¢ is the absolute
temperature of the bulk chip.

In the case that Vg = Vg, the sensor signal readout of the logarithmic converter,
Eq. (5.2) can be simplified to:

Vs = —k% - (In(Rs) + o) (5.3)
VDD
lej—( = b}—ﬁd
VCM VEB1 IREF ¢ VEBZ
——

OPAM TL Q, Q, Iner

microhotplate —», <4+—R
1

Fig. 5.5. Schematic of the logarithmic converter
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Fig. 5.6. Output voltage of the logarithmic converter as a function of the sample resistance

The negative sign is a consequence of the polarity of the differential output voltage:
Lowering the sensor resistance leads to an increased Vs. Equation (5.3) will be used
for further discussions of the sensor signal in the section on gas test measurements
(Sect. 5.1.9).

The dc level of the logarithmic converter can be changed with the reference cur-
rent (Irgr) or with the common-mode voltage (V). The bulk-chip temperature sen-
sor can be used to compensate for the temperature dependence of the logarithmic
converter. The performance of the logarithmic converter is shown in Fig. 5.6.

Five calibrated resistors (1% accuracy) with values of 1kQ, 10 kQ, 100 kQ), 1 MQ,
and 10 MQ were connected to the input of the logarithmic converter (i.e., the input,
to which the metal-oxide-covered electrodes are connected), and the output voltage
(AVgp) of the logarithmic converter was measured. The common-mode voltage was
1V, the reference current was 0.1 pA, and the ambient temperature was kept at 25 °C.
The offset voltage between the emitter-base voltages was less than 2 mV. The resis-
tance values were estimated from the measurements at 2% resolution.

5.1.4 Temperature Control Loop and Geometric Mean Circuitry

The schematic of the temperature control loop and the geometric mean circuitry of
the single-ended mixed-signal architecture is shown in Fig. 5.7.

The microhotplate temperature is measured using a polysilicon resistor as tem-
perature sensor (Rr). The resistor is biased with a temperature-independent current
source (Ixgr). The voltage drop across the resistor is low-pass filtered and converted
to the digital domain using a 10-bit successive-approximation ADC from the analog
library of austriamicrosystems (Unterpremstitten, Austria). The inputs of the digi-
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Fig. 5.7. Temperature control loop and geometric mean circuitry of the single-ended mixed-
signal architecture

tal PID temperature controller include the feedback signal from the microhotplate
temperature (V) and the 10-bit reference temperature (Vg). The output of the digi-
tal temperature controller is converted to the analog domain using a 10-bit flash DAC
(Vcontrow)- The linearization of the quadratic relationship between Vonrror and the
power dissipated by the polysilicon heater (Rpeat) facilitates the calculation of the op-
timal parameters for the digital PID temperature controller. The linearization, which
is implemented with a voltage-to-current converter (OPAM, Ms, and Rggr) and a ge-
ometric mean circuit (transistors M;...My), is described in the following.

The control voltage drives the voltage-to-current converter. The polysilicon ref-
erence resistor (Rpgp) used in the converter is located on the microhotplate in order
to be at the same temperature as Rpey. This configuration eliminates the tempera-
ture dependence of the proportionality coeflicient between Veonrror and the power
dissipated by Rpeat (Pheat) as shown in Eq. (5.4):

2
m Rheat

Pheat = (IGAIN - —) - VconTrOL (5.4)
4 Rggr

where Iy is the bias current of the geometric mean circuit, and m is the transistor
ratio of the output current source.

The output current of the voltage-to-current converter is the input current of
the geometric mean circuit (Iry). The geometric mean circuit is implemented using
a PMOS translinear loop (transistors M;j...My) working in the saturation
region [137]. The output current of the geometric mean circuit is amplified by a factor
m using a current source and is then applied to Ryear. The geometric mean circuit can
also be used to adjust the open-loop gain of the system by changing the value of the
gain current (Igam).
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The digital PID controller is implemented as a recursive filter with a biquadratic
transfer function. Controller wordlength, set-point input, controller output, and con-
troller parameters are 10-bit fixed-point values in the range [0,1). The controller pa-
rameters also have an additional sign-bit.

The controller output or actuation signal is clamped in the range [0,1) to avoid
overflow, which could render the closed-loop system unstable. The clamping or satu-
ration of the controller output can result in an unacceptable overshooting (known as
integral windup) of the controlled value (i.e., the microhotplate temperature) when
using integral action. This problem is solved by a reset of the integrator when the
controller output is clamped.

A 16-bit programmable frequency divider, which facilitates the selection and scal-
ing of the controller gains, provides the sampling clock of the digital PID controller.
The frequency divider has an input clock of 1 MHz.

The corresponding voltage drop across the temperature sensor, V1 (T), at a de-
fined ambient temperature, Ty, is initally assessed in calibration measurements. Since
the current through the temperature sensor is constant, the relation between mea-
sured voltage and resistance of the temperature sensor, Ry, can be written as:

_ Ve =Vi(To)  Rr—Re(To)
P= Vi(To) — Re(To) 59

With p, the microhotplate temperature, Ty, can be calculated by:
TM - T() = qpp + 061[)2 (56)

where oy and ¢ are the temperature coefficients of the temperature sensors. These co-
efficients have to be determined in a calibration procedure, which has been explained
in Sect. 4.1.4. The current through the power transistor of the heater driving circuitry
is adjusted by the digital controller so that V corresponds to a preset reference volt-
age, Vr. Once the calibration has been done, reversing Eq. (5.6) and replacing Vy for
Vrin Eq. (5.5) yields the value of Vi to produce a desired membrane temperature, Ty;.

5.1.5 I2C Serial Interface, Instruction Set, and Register Bank

The external communication is handled by an on-chip inter-integrated circuit (I*C)
serial interface (Philips, Eindhoven, The Netherlands), which decreases the necessary
number of input/output pins for transferring the data from the microsystem. The I*C
serial interface is also used for programming the digital controller parameters and
some command registers (e.g., programmable sampling rate, programmable analog
switches for offset compensation and calibration, etc.).

The I>C header includes the seven-bit address (ag_o) of the chip. Four of these bits
as—ay, can be hard-wired during bonding. Internal pull-downs set the default values

for these bits to 0.
I>C header

A | a5 [ A4 | a3 | a2 | a | A 0




5.1 Single-Ended Mixed-Signal Architecture 69

The first bit of the address is designed to be 0 so as to guarantee that I*C arbi-
tration resolves in favor of input messages to the microsystem with respect to output
messages. The I>C interface accepts incoming messages of two formats: a simple two-
byte command message (A)

Format A

I’C header | Opcode

or a four-byte register-programming message (B), with the 16-bit register value split
in its most significant byte (MSB) and least significant byte (LSB)

Format B

I*C header Opcode | MSBjs—s | LSB7o

The operation codes or the instruction set are defined as follows (Tab. 5.1):

Table 5.1. Operation codes of the single-ended mixed-signal architecture

Opcode Binary Format = Description Format
PWRUP 00000001 Enter full-power mode A
PWRDN 00000010 Enter low-power mode A
READ 00000011 Read ADC values A
STREAM 00000101 Stream (read many) ADC values A
GET n 00017130 Get the value of register n A
SET n x 001073_0x15-0 Set the value of register n to x B

In this microsystem architecture, the I*C recipient is hard-coded to the value
01011000. The I*C sender identifies both, the message format and the address of the
chip.

I*C sender

C/D | a | as | as | a3 | a2 | a | a

The C/D bit is 1 for a message of format C. The format C is used, when the chip re-
ceives a GET command. Then, the chip prompts the I*C interface to write a four-byte
message onto the bus, containing the most and least significant bytes of the required
register in the MSB and LSB fields, respectively.

Format C

I’C recipient | I’C sender | MSB | LSB

The format D is issued in response to the STREAM and READ opcodes, contain-
ing the ten-bit values M, C, S, for microhotplate temperature, chip temperature and
sample resistance
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Format D

’C recipient IPCsender | Mo—, | Co_s | So_» | Mixed bits

The two least significant bits of each value are combined into the Mixed bits field.

Mixed bits
0 0 M1 Mo C1 CO SI SO

The PWR DN command activates the power-down mode. In this mode, all the
analog blocks are switched-off reducing the power consumption from 20 mA (all
blocks of the chip are active, microhotplate at 300 °C) to 2 mA (only digital blocks
are active).

The register bank of the single-ended mixed-signal architecture is shown in
Tab. 5.2.

Table 5.2. Register bank of the single-ended mixed-signal architecture

Word Bits  Description

15-0 multi-purpose bits: analog switches for offset compensation, calibration, etc.
15-0  delay between streamed samples (in clock cycles) of the I’C interface
15-0 sampling period (in clock cycles) of the digital controller
9-0 reference or set-point temperature of the digital controller
-9 10-0 PID controller coefficients: (ao, a1, a2, ¢, by, b2)

B w N = O

All digital blocks were designed using VHSIC (very high speed integrated circuit)
hardware description language (VHDL). The VHDL code was reused for the design
of the digital blocks in the microsystems described in Sect. 6.2.

5.1.6 Sensor Packaging

Reliable packaging of chemical microsensors is a challenging task owing to the dif-
ferent requirements for the transducer part (freely accessible with medium or sample
contact) and associated electronics (completely protected and shielded), so that only
a few prototype packages have been presented so far [23,140].

Our intention was to find a robust, but simple packaging solution, which relies on
known materials for microelectronic packaging. Figure 5.8 shows the packaging con-
cept. A commercially available standard, gold-coated TO-8 socket with 16 pins has
been chosen. The chips are affixed with the die-attach EPOTEK H72, which is elec-
trically non-conductive and withstands short-time high-temperature exposure up to
300 °C. The die-attach is only applied underneath the circuitry part, so that the mi-
crohotplate cavity is not completely sealed. Pressure, which might build up during
heating, can thus be released through the small slit between chip and package. The
chip is wire-bonded with a wedge-wedge bonder using Al-wires. To protect the bond
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gas-permeable membrane
TO 8/16 sensor-chip

S/

_ artial epoxy cover metal ca
5 mm p poxy p

Fig.5.8. Micrograph of the packaged chip. The left-hand side shows the chip attached to a TO8/16
header with a partial epoxy cover. On the right-hand side, the metal cap with the gas-permeable
membrane is shown

wires and the circuitry, the chip is partially covered with a glob-top epoxy (Loctite
HYSOL FP4460). The epoxy is applied with a dispenser and cured for one hour at
125 °C followed by two hours at 160 °C. It is chemically inert and does not affect the
sensitive layer during curing. Partial covering of the chips with epoxy allows for a good
protection of the electronics, while still enabling free access of the analyte to the sensi-
tive layer and microhotplate. A metal cap with a gas-permeable membrane is mounted
on top of the TO-socket (Fig. 5.8) to protect the chip from dust and mechanical im-
pact. The cap can also host metal sieves and filter elements, the latter of which are an
important feature in tuning the selectivity of the sensors [5].

5.1.7 Electrial Characterization

A microcontroller board for sensor read-out was developed in collaboration with
AppliedSensor (Reutlingen, Germany). This board provides the power supply and
the necessary reference voltages and currents to the sensor chip. The sensor chip
is mounted on a socket and connected to the microcontroller. The microcontroller
provides a set of commands for programming and reading the on-chip registers,
controller parameters and sensor values. The microcontroller also manages the data
transfer between the I*C interface of the microchip and a serial RS-232 interface for
external read-out via a PC. The data stream is continuously read out in the measure-
ment mode. Each data set contains the temperature of the microhotplate, the chip
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temperature, and the signal of the logarithmic converter as digital values at a sam-
pling rate of 22 Hz.

The microcontroller board, which is connected to an RS-232 interface of a PC, and
a 5.5V power supply, is all that is needed to control and operate the sensor system.

A two-point bulk-chip temperature sensor calibration was done at 0 °Cand 80 °C,
by placing the packaged sensor chip in a thermoregulated airstream (ThermoStream
TP 04310A, Temptronic, USA) with a Pt-100 temperature sensor affixed to the sen-
sor package. The temperature sensor output voltage is a linear function of the chip
temperature within the temperature range of interest (see Eq. (5.1)).

The tracking-mode performance of the digital temperature controller is shown in
Fig. 5.9. The microhotplate temperature is plotted versus the digital code of the refer-
ence voltage. The 10-bit input range from 0 to 1023 corresponds to a microhotplate
temperature range between 170 °C and 310 °C, so that one digit represents 0.1 °C. The
tracking error due to noise is less than + 2 °C. The curve is almost linear with the
slight nonlinearity reflecting the second-order coefficient of the polysilicon tempera-
ture sensor (see Eq. (5.6)). The controllable temperature range is variable by adjusting
the slope, i.e., the step size of the A/D converter of the temperature function in Fig. 5.9.
The temperature that corresponds to the digital value 0, is also programmable.

A device with on-chip controller offers several advantages in comparison to con-
ventional microhotplate-based sensors. For uncontrolled microhotplates, the result-
ing membrane temperature at constant heating power changes due to fluctuations
of the gas flow rate, the gas temperature, the ambient temperature, and heat losses
as a result of chemical reactions. These temperature variations inevitably produce
changes in the sensor signal, since the metal-oxide resistance significantly changes
with temperature. In the integrated microsystem, however, temperature fluctuations
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Fig. 5.9. Membrane temperature, Ty, vs. reference voltage, Vr. The reference voltage is given in
digital code. The full range of digital values from 1 to 1023 corresponds to a temperature range
0f170°Cto 310°C
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are immediately counteracted by the on-chip control circuitry, which keeps a pre-
set temperature constant regardless of the fluctuations in the power consumption.
The approximately linear relationship between digital input code and microhotplate
temperature directly translates a sinusoidal input signal into a sinusoidal temperature
waveform for dynamic measurements. This does not hold for a conventional micro-
hotplate with an uncontrolled resistive heating element. A sinusoidal heating voltage
or current waveform does not necessarily produce a sinusoidal temperature modula-
tion as a consequence of the square dependence of the heating power.

The performance of the digital temperature controller in the stabilization mode
is shown in Fig. 5.10. The ambient temperature was ramped from —-10 °C to 90 °C in
steps of 10 °C. A reference-temperature digital code of 500 was programmed, which
produced a microhotplate temperature of 250 °C. The microhotplate temperature
fluctuations owing to ambient temperature variations are less than +2 °C.

An important issue of monolithic sensor systems with integrated microhotplates
is the overall chip heating. In order to produce a hotplate temperature of 400 °C, the
microhotplate and the circuitry typically consume 100 mW, which might cause con-
siderable chip heating. The corresponding chip temperature increase could offset the
performance of the on-chip circuitry. The discrepancy between ambient temperature
and bulk-silicon chip temperature as a function of the microhotplate temperature in
a TO-8 metallic package is shown in Fig. 5.11. The measurement was done at room
temperature, and the digital code of the reference temperature was increased in steps
of 100 digits. The maximum temperature discrepancy was less than 2 °C. This mea-
surement also shows that the metallic package constitutes a better heat sink than the
ceramic package.

Such slight chip temperature increases do definitely not affect the on-chip cir-
cuitry, which is qualified for temperatures between —40 °C and 80 °C. Chip heating
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Fig.5.10. Performance of the digital PID temperature controller of the single-ended mixed-signal
architecture in the stabilization mode
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Fig. 5.11. Discrepancy between ambient temperature and bulk-chip temperature as a function of
the microhotplate temperature for the single-ended mixed-signal architecture (TO-8 package)

can be further minimized by specific packaging methods, such as the use of die-attach
materials with high thermal conductivity.

5.1.8 Gas Test Measurement Setup

Gas test measurements were performed in a gas manifold. Vapors were generated
from gas bottles with calibrated target gas concentrations (e.g. CO) and, then,
diluted as desired using computer-driven mass-flow controllers and synthetic air
(oxygen/nitrogen mixture without humidity) as carrier gas. The different humidity
contents were generated by passing a fraction of the overall gas stream through wa-
ter bubblers, which were kept at constant temperature. All vapors were mixed and
temperature-stabilized before entering the thermoregulated test chamber. The gas
tubing in the manifold was made of stainless steel. The sensors were mounted inside
a flow-through stainless steel cell, and the measurements were performed at 30 °C
chamber or chip temperature. The thermostat used for the measuring chamber was
a microprocessor-controlled Julabo FP 30 MH (Julabo, Seelbach, Germany). The gas
flow-rate to the sensors was 200 sccm at a total pressure of 10°Pa. The response time
of the sensors is on the order of seconds (< 10s). It takes, however, approximately
1 minute to reach an equilibrium state in the set-up. This time span is needed to
achieve a constant gas concentration (steady state) in the chamber (volume 10 ml)
at the chosen flow rate. Typical experiments consisted of alternating exposures to
pure synthetic air and analyte-loaded air. The analyte gas concentrations in the mea-
surement chamber were routinely checked using a photoacoustic instrument (Innova
Airtech, Ballerup, Denmark).
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5.1.9 Gas Test Measurements

A series of chemical measurements was carried out in order to test the sensor per-
formance. The microhotplate was heated to a defined temperature, the sensor was
exposed to the analyte gas at a certain concentration, and the resulting sensor signal
was recorded. Carbon monoxide was used as a test analyte, and nanocrystalline SnO,
with 0.2 wt% Pd doping was used as sensitive layer, which is optimized for CO detec-
tion. The sensor signal, S, is expressed in digital units after the conversion of Vs (see
Eq. (5.3)) by the on-chip A/D converter. The raw data (digital numbers in the 10-bit
output range) were processed with a moving-average filter averaging over 100 data
points. Figure 5.12 shows a typical sensor response. The sensor signal output range
from 200 to 280 digital units corresponds to a resistance range of 250 to 50 kQ) with
higher digital values representing lower resistance. Consequently, the resistance drop
upon the presence of CO, as a reducing gas leads to higher sensor readings. Each an-
alyte exposure step is 15 min at a constant relative humidity of 40% (23 °C humidifier
temperature) and 30 °C chip or ambient temperature. The microhotplate operating
temperature was 275 °C. Low CO-concentrations of 1, 3 and 5 ppm (partial pressure
0.1-0.5 Pa CO) were dosed to the sensor. As can be seen in Fig. 5.12, a concentration
of 1ppm CO is clearly detectable.

The noise in the sensor signal is +0.5 digits. This corresponds to a 1-digit quantiza-
tion noise of the A/D converter. At low concentration levels, the noise is equivalent to
a CO-concentration variation of £0.03 ppm. Multiplying this value by three, the limit
of detection was assessed to be 0.1 ppm. The gas concentration resolution amounts
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Fig. 5.12. Sensor responses upon exposure to different concentrations of CO at a hotplate tem-
perature of 275 °C and 40% relative humidity. A higher sensor signal corresponds to a lower
resistance value of the sensitive layer. The digital sensor output from 200 to 280 covers a resis-
tance range from 250 to 50 kQ)
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to +0.2 ppm. The sensor baseline, S, represents the sensor reading in humidified
synthetic air without any analyte present. The difference between this baseline value
before the analyte dosing onset and the sensor signal, S, before the analyte dosing end,
was used to determine the sensor response at a given concentration. The full digital
output range of S from 0 to 1023 covers sensor resistances from 10 MQ to 1 k€. Taking
into account the A/D-conversion of the sensor readout value, S, and applying Eq. (5.3),
AS can be expressed as:

AS=8— Sy = — (cs ‘In(Rs) - ¢s-1In (Rgir)) =cs-In (Izglr) (5.7)
s

The proportional constant, cs, includes the conversion relation of the A/D converter
and the factor kTc/q of Eq. (5.3). Since the measurement chamber is temperature-
stabilized, the chip temperature, Tc, is constant. R2" is the resistance of the sensitive
layer in synthetic air, and Rg is the resistance upon analyte exposure. Equation (5.7)
relates AS to the ratio R3"/Rs, which is commonly plotted as sensor signal for reducing
gases.

The sensor response at a defined relative humidity of 40% (23 °C humidifier tem-
perature) is displayed in Fig. 5.13 for various microhotplate temperatures. AS in-
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Fig.5.13. Sensor response, AS, upon exposure to different CO concentrations. The humidity was
kept constantly at 40% r.h. The graphs have been recorded at different microhotplate tempera-
tures (225-300 °C)



5.1 Single-Ended Mixed-Signal Architecture 77

creases with decreasing microhotplate temperature upon dosage of different CO con-
centrations. The highest sensitivity was achieved for the lowest operation tempera-
ture of 225 °C. The sensor signal is hence strongly temperature-dependent with the
highest sensitivity being achieved at the lowest operating temperature of 225 °C. The
temperature dependence for AS in the range between 250 °C and 300 °C is 0.15 dig-
its per °C at a CO concentration of 5 ppm. A temperature change of 1°C at 5 ppm
CO and at a microhotplate temperature of 275 °C thus produces the same signal as
a CO concentration change of 0.04 ppm. As mentioned previously, the resolution of
the temperature controller was estimated to be +2 °C, which corresponds to an uncer-
tainty of £0.1 ppm for the CO measurement. As this is in the same order of magnitude
as the resolution in the concentration measurements, it is evident from these consid-
erations, that a precise temperature control is absolutely indispensable to advance into
low-concentration and threshold-level measurements.

In order to assess the dependence of the output signal on changes in the humid-
ity content of the sample gas, an additional series of measurements was carried out.
The hotplate temperature was set to 275 °C, and CO measurements were recorded at
three different humidity levels (10, 20 and 40% r.h.) The humidifier temperature was
set to 23 °C, and the chip temperature was 30 °C. As can be seen in Fig. 5.14, the sen-
sor response increases with increasing humidity. The large sensor response difference
between 10% and 20% r.h. shows that this effect is more pronounced at low humid-
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Fig. 5.14. Sensor responses, AS, versus CO concentration at different humidity levels (10-40%)
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ity levels in comparison to higher humidity levels. These results were expected and
reflect the well-established role of water in the CO-sensing mechanism for tin-oxide
layers (Sect. 2.3.1).

5.2 Differential Analog Architecture
for Operating Temperatures up to 500 °C

5.2.1 System Description

The limit for the operating temperature of CMOS-microhotplates can be extended
by using the microhotplate that was presented in Sect. 4.3. We now detail high-
temperature microhotplates with Pt-resistors that have been realized as a single-chip
device with integrated circuitry. While the aluminum-based devices presented in
Sect. 4.1 were limited to 350 °C, these improved microhotplates can be heated to tem-
peratures up to 500 °C. As the typical resistance value of the Pt-resistor is between 50
and 100 €, a chip architecture adapted to the low temperature sensor resistance was
developed. The system performance was assessed, and chemical measurements have
been performed that demonstrate the full functionality of the chip.

The system architecture is shown in the block diagram of the microsystem in
Fig. 5.15. The microhotplate hosts the SnO, sensing resistor, the Pt temperature sensor
resistor and a polysilicon-heating resistor. The layout of these elements and the micro-
hotplate were already described in Sect. 4.3. The SnO; sensing resistor is connected to
the logarithmic converter, which features a programmable input range, in addition to
the functions described in Sect. 5.1. The range is selected by means of switches that de-
termine the input currents to the logarithmic converters, so that it is possible to adapt

Microhotplate

SnO; Layer

Pt Temperature
Sensor

Poly-Si Heater

&
Temperature Sensor

Fig.5.15. Block diagram of the differential analog system architecture for high operation temper-
atures
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the input range to the expected resistance range of the sensitive layer. Instead of using
an on-chip A/D-converter, the output voltage of the converter is directly read out by
a multimeter. The temperature sensor is driven by an on-chip constant-current source
with a current of 500 pA. As the Pt-resistor used as temperature sensor has a compa-
ratively low resistance (typically 75 Q)), the resulting temperature-dependent voltage
drop has to be amplified by a low-noise amplifier. The output voltage of the amplifier is
filtered by a low-pass filter and serves as feedback signal for the temperature controller.
An analog-proportional temperature controller was implemented using a differential-
difference amplifier (DDA). The DDA is connected to a power transistor, which drives
the heating resistor with a nominal value of 200 Q. The current through the transistor
is limited by a degeneration resistor of 50 Q). The current limiter enhances the long-
term reliability, because current overshoots are avoided, which may occur, e.g., in case
of very rapid changes at the control voltage input. Higher microhotplate temperatures
can be achieved by reducing the resistance of the degeneration resistor through con-
necting additional resistors in parallel or through introducing a shortcut. Finally, the
bulk temperature sensor is implemented by a pair of diode-connected PNP-transistors
(Sect. 5.1.2).

A micrograph of the sensor chip is shown in Fig. 5.16. The microhotplate is located
in the chip center with the circuitry in the lower section of the chip. After the post-
CMOS micromachining steps, the chips were affixed to a DIL package and bonded.

microhotplate

—
temperature controller 500 um
and readout circuitry

Fig.5.16. Micrograph of the sensor microsystem with integrated Pt temperature sensor for oper-
ating temperatures up to 500 °C
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As the chip layout is not particularly optimized for a TO-package, a DIL package was
used. In contrast to the previous sensor fabrication process, the sensitive layer was
deposited after packaging, and an on-chip annealing was performed.

5.2.2 Temperature Control Loop

The schematic of the temperature control loop is shown in Fig. 5.17.

The temperature on the microhotplate is controlled between room temperature
and 500°C, and is measured using a platinum resistor as temperature sensor
(Rp¢_1) with a nominal resistance of 75 Q). The resistor is biased from a temperature-
independent current source (Igias). The voltage drop across the platinum
resistor is amplified by a fully-differential low-noise amplifier (LNA) that will be de-
scribed later in this section. The amplified differential signal is low-pass (LPF) filtered
and provides the feedback signal to the differential analog proportional microhotplate
temperature controller, which is implemented by a rail-to-rail differential-difference
amplifier (DDA). The DDA drives the power transistor (M;). The power transistor
can be switched off for recalibration of the temperature sensor using the power-down
transistor (M;). The power transistor also has a degeneration resistor (Rpgg) at the
source, which limits the drain current. The differential architecture of this tempera-
ture control loop improves the power supply rejection ratio.

The dominant pole of this temperature control system is also determined by the
thermal time constant of the microhotplate, which is approximately 20 ms. The open-
loop gain of the differential analog architecture (Aor,_paa) is given by Eq. (5.8):

Rpear
Aor_paa = Aot _ppa - —— (5.8)
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Fig. 5.17. Temperature control loop of the differential analog architecture
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Low-noise amplifier

The voltage drop across the platinum temperature sensor is small since the platinum
resistor has a nominal resistance of only 75 Q. The fully-differential LNA amplifies the
minute voltage drop in order to provide an useful feedback signal to the differential-
analog proportional controller. A simplified schematic of the fully-differential low-
noise amplifier is shown in Fig. 5.18.
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Fig. 5.18. Simplified schematic of the fully differential low-noise amplifier

M, ;||_<_|E M,

The differential input voltage (vi, = Vi, — Vi) is copied over the series impedance
of the transconductance of the input transistor pair (M; and M,) and the degener-
ation resistor (Rgeg 1na). With the transistors M3 and My acting as gain stages, the
input transistor pair is forced to conduct the static current I;. These input transistors
ideally act as dc level shifters, creating a linear copy of the input signals from the gate
to the source. The gain transistors conduct a dc current (I; — I;) plus the ac current
(7ac), which is determined by the differential voltage input (viy) and the degeneration
resistor. The ac current (i,) is copied by transistors Ms and Mg, and then drives the
load resistors (Rioad_1na)- The gain of the low-noise amplifier is given by Eq. (5.9):



82 5 Monolithic Gas Sensor Systems

2 Rigad_1NA

Alna 2 (5.9)

Rde&LNA
Transistors Mg and My are the main sources of noise of this amplifier. Their area
is hence optimized in order to meet the noise specifications. Table 5.3 summarizes the
transistor dimensions, bias currents and resistance values.

Table 5.3. Transistor dimensions, bias currents, and resistance values of the fully differential low-
noise amplifier

Transistors Dimensions (W [pm]/L{um])
M, M, 200/10

M3, My, Ms, Mg 150/20

My, Ms, My 200/30

Currents Value [pA]

I 40

I 80

Resistors Value [kQ]

Rde&LNA 6

Rioad_1NA 64

The experimental results of the fully differential low-noise amplifier are summa-
rized in Tab. 5.4.

Table 5.4. Experimental characterization of the fully differential low-noise amplifier

Parameter Value
Power supply 5V
Current consumption 320 pA
Gain 26dB

Input-referred noise (0-30 kHz) <7uv
Unity-gain bandwidth (C. = 2pF)  5MHz

Input-referred offset <5mV
Linear input range 05V< V<45V
Technology 0.8 um CMOS

5.2.3 Sensor Measurements

For the characterization of the sensor system, the voltage drop across the Pt-resistor
and the chip-temperature sensor have been read out with multimeters. The input con-
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trol voltage is set using a high-precision universal source. A set of measurements was
carried out with unheated membranes at ambient temperature to determine the ini-
tial voltage drop over the Pt-sensor and the bulk temperature sensor. The temperature
for the respective output voltage, Vr, of the temperature sensor of the heated micro-
hotplate can be determined by using the calibration polynomial. The input control
voltage, Vg, was increased in steps of 50 mV. The control voltage range from 0.7 to
0.95V in Fig. 5.19 corresponds to a microhotplate temperature range from ambient
temperature to 500 °C, which clearly exceeds the CMOS temperature limit of 350 °C.
The controller showed a resolution of +2 °C.
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Fig. 5.19. Tracking mode operation performance of the temperature controller

The relation between input voltage and microhotplate temperature is linear, which
is a result of the good linearity of the Pt-sensor. Such transfer characteristics are ad-
vantageous in case of input modulation and for potential recalibration.

The temperature changes of the bulk chip upon microhotplate heating were as-
sessed. The chip was mounted in a standard ceramic DIL package. The discrepancy
between ambient temperature and the bulk-silicon chip temperature was measured as
a function of the microhotplate temperature and is shown in Fig. 5.20. The measure-
ment was done at room temperature, and the control voltage was increased in steps of
25 mV thus heating the membrane from room temperature to 500 °C. The maximum
discrepancy between bulk chip temperature and ambient temperature was less than
4 °C, which demonstrates the excellent thermal isolation between the microhotplate
on the dielectric membrane and the bulk substrate.

Chemical measurements were performed in order to show the full functionality of
the chip. Because this chip had been bonded first and then coated, on-chip annealing
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of the deposited material was successfully performed for one hour at 400 °C. The
sensitive layer was heated to 290 °C in the chemical measurement setup and exposed
to different concentrations of CO at a relative humidity of 40%. The output voltage of
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Fig.5.20. Discrepancy between ambient temperature and bulk-chip temperature as a function of
the microhotplate temperature for the differential analog system chip (DIL package)
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Fig. 5.21. Sensor response of a sensor system featuring a Pt-temperature sensor upon exposure
to CO. The microhotplate temperature was 290 °C, and the measurements were conducted at
40% r.h.
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the logarithmic converter was directly measured using a multimeter (Fig. 5.21). The
data were processed using a moving-average filter including 10 measurement points
in order to reduce the noise. A higher signal reading in Vs corresponds, again, to
a decrease in the sensor resistance.

A concentration of 1 ppm of CO is clearly detectable. The standard deviation in
a signal plateau corresponds to +0.3 ppm. For a differential sensor signal, a resolution
of £0.5 ppm for a concentration of 5 ppm was measured, which shows that satisfactory
metal oxide sensitivity can also be achieved with on-chip annealing.

In conclusion, the full functionality of the integrated sensor chip was demon-
strated. The possibility of using higher operating and annealing temperatures ren-
ders the system suitable for investigations on a large variety of sensing materials. The
system is also suitable for CHy-sensing with a SnO,-thick film, where operating tem-
peratures of more than 350 °C are commonly applied.
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Microsensor Arrays

A well-known problem of tin dioxide is its lack of selectivity (Chap. 2). This situ-
ation is usually dealt with by using an array of sensors in combination with multi-
component or pattern recognition algorithms such as principal component regression
(PCR), multi-way analysis or artificial neural networks (ANN) [142, 143]. Doping of
the tin dioxide also changes its selectivity characteristics to different gases [68]. An-
other parameter that can be varied is the operation temperature. The use of an array
of microhotplates with individually controlled temperatures, the hotplates of which
are covered with different sensitive materials, increases the overall information that
can be extracted from metal-oxide-based gas sensing systems.

While in the previous chapters, only sensor systems featuring a single sensor were
discussed, we here present different microsensor systems featuring arrays of three mi-
crohotplates. In all these systems each individual microhotplate has its own on-chip
temperature controller that provides individual thermoregulation. Thus, the three
microhotplates can be coated with three different sensing materials, and each ma-
terial can be operated at its optimum temperature. Moreover, the application of any
kind of temperature program to the hotplates becomes possible. The first system de-
scribed in Sect. 6.1 features a single-ended analog architecture, which is the simplest
implementation of such a sensor array. The second array chip (Sect. 6.2) is a re-
alization of a differential mixed-signal architecture. This system is an extension of
the system presented in Sect. 5.1. However, the microhotplate temperature sensor is
read out in a differential configuration, and the mean square-circuit in the individual
temperature-control loop has been removed. The most advanced system will be pre-
sented in Sect. 6.3 and follows a different philosophy. An architecture with MOSFET-
heated microhotplates that have been integrated in a fully digital temperature control
loop has been realized.

6.1 Single-Ended Analog Architecture

The singled-ended analog architecture comprises a temperature sensor on the bulk
chip, three single-ended analog proportional microhotplate temperature controllers
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(one controller per microhotplate), and an array of three circular microhotplates,
each equipped with a polysilicon resistor as temperature sensor, which enables con-
trolling the operation temperature from room temperature up to 350 °C [144, 145].
A simplified block diagram of the singled-ended analog architecture is shown in
Fig. 6.1. The resistance of the tin-oxide layer is directly accessible and read out by
a multimeter. Since this microsystem includes the circular microhotplate, the fabri-
cation of the sensor array is analogous to the fabrication sequence as described in
Sect. 4.1.2.

A micrograph of the single-ended hotplate-based microsystem is shown in Fig. 6.2
and features a die size of 5.0 x 2.9 mm?. This system is a minimal implementation
of a temperature-controlled microhotplate system. Temperature modulation is facil-
itated by an direct access to the input voltage: A modulation of the input voltage is
translated into a modulation of the microhotplate temperature. Another interesting
application of the system includes its use as a microcalorimeter or as a material re-
search platform [145]. The schematic of the temperature-control loop is shown in
Fig. 6.3.

The single-ended proportional controller was implemented using an operational
amplifier (OPAM) with source degeneration [133-136]. The operational amplifier
drives a power transistor (M;), which provides the current to the polysilicon heater
(Rheat> 125 Q nominal). The power transistor has a polysilicon degeneration resistor
(Rpgg) at the source with a nominal resistance value of 50 Q). The degeneration re-
sistor limits the drain current of the power transistor, which enhances the long-term
reliability, since any potential electromigration at the microhotplate aluminum con-
nections at the applied high temperatures will be reduced.

Microhotplate

SnO, Layer SnO, Resistance

Temperature on
the Microhotplate

Polysilicon
Temperature Sensor

Polysilicon Heater

Reference
Temperature

Temperature of

Temperature Sensor -
the Bulk Chip

Fig. 6.1. Block diagram of the single-ended analog architecture
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Fig. 6.2. Micrograph of the single-ended analog hotplate-based microsystem
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The temperature sensor is located in the microhotplate center (Rr, 10 kQ) nom-
inal). This polysilicon resistor is biased with a temperature-independent current
source (Ipas). The voltage-drop across the polysilicon temperature sensor provides
the feedback signal for the temperature controller.

The dominant pole of this temperature control system is determined by the ther-
mal time constant of the microhotplate, which is approximately 20 ms. The open-loop
gain of the single-ended analog architecture (Aoy, seaa) is given by Eq. (6.1):

Ry,
AoL seaa = AoL OPAM * —= (6.1)
Rpgg
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The performance of the single-ended analog proportional temperature controller
in the tracking mode is shown in Fig. 6.4. The measurement was done at room tem-
perature, and the control voltage of microhotplate 1 was increased in steps of 100 mV.
For example, a control voltage of 1.60 V produced a microhotplate temperature of ap-
proximately 355 °C. Microhotplate 2 was kept at a constant temperature of 200 °C and
microhotplate 3 was kept at 350 °C.

The tracking nonlinearity at high temperatures comes from the second-order co-
efficient of the polysilicon temperature sensor.

The performance of the single-ended analog proportional temperature controller
in the stabilization mode is shown in Fig. 6.5. The ambient temperature was ramped
from —40 to 120 °C in steps of 5°C. A control voltage of 1.53 V was applied, which
produced a microhotplate temperature of 331°C. The steady-state error of the pro-
portional temperature controller over the operating temperature range is less than
1% of the preset microhotplate temperature.

The discrepancy between ambient temperature and the bulk-silicon chip tempera-
ture as a function of the microhotplate temperature in a DIL ceramic package is shown
in Fig. 6.6. The measurement was done at room temperature, and the control voltage
was increased in steps of 100 mV heating the membrane from room temperature to
355 °C. The maximum temperature discrepancy due to the heating of the microhot-
plate was less than 3.5°C.

400

350 _

300 -7 b

250 P i

200 e i

150 - e 7

100 - -7 i

microhotplate temperature [°C]
\

0 | | | | | |
0.9 1 1.1 1.2 1.3 1.4 1.5 1.6

control voltage [V]

Fig. 6.4. Performance of the single-ended analog proportional temperature controller in the
tracking mode
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6.2 Differential Mixed-Signal Architecture

6.2.1 System Description

A simplified block diagram of the differential mixed-signal architecture is shown in
Fig. 6.7 [132,146]. The differential mixed-signal architecture comprises a temperature
sensor on the bulk chip as described in Sect. 5.1.2, three digital proportional-integral-
derivative (PID) microhotplate-temperature controllers as described in Sect. 5.1.4,
three logarithmic converters for the readout of the sample resistances as described in
Sect. 5.1.3, three microhotplates with small dimensions equipped with a polysilicon
temperature sensor as described in Sect. 4.1, five pseudo-differential 10-bit successive-
approximation analog-to-digital converters (ADCs) for reading out three microhot-
plate temperatures, the bulk chip temperature, and the multiplexed sensitive material
(sample) resistances, five programmable offset compensators, three flash digital-to-
analog converters (DACs), a bias generator for the reference voltages of the ADCs
and the DACs, three pairs of dedicated serial lines for testing with an FPGA, and the
I°C serial interface to handle the communication with external units. The differential
mixed-signal microsystem has been processed in 0.8 um CMOS technology, which
resulted in a die size of 9.45 x 5.0 mm?. A micrograph of the microsystem is shown in
Fig. 6.8.

Figure 6.9 shows a micrograph of the microhotplate with smaller dimensions than
that of the microhotplate used in the microsystems presented before. The membrane
is also 500 by 500 um? in size, but the circular heated area (microhotplate) has a dia-
meter of only 100 um. The inner heater consists of a polysilicon ring with two heat-
ing arms connected in parallel. The connections between the polysilicon and the
aluminum-metallization lines are not placed on the heated area in order to reduce the
risk of electromigration. Moreover, due to the large distance between heated area and
polysilicon/Al-contacts the heat flow through the metal lines is massively decreased,
since there is an effective thermal decoupling. As a consequence, the power efficiency
of the microhotplate is increased, and its thermal resistance is 10.0 °C/mW.

6.2.2 Temperature Control Loop

The differential mixed-signal architecture has three temperature control loops (one
per microhotplate). Fig. 6.10 shows the schematic of one of them. The microhotplate
temperature is measured using a polysilicon resistor as temperature sensor (Rr). The
resistor is biased with a temperature-independent current source (Irgr). The voltage
drop across the resistor is low-pass filtered and converted to the digital domain using
a 10-bit pseudo-differential, successive-approximation ADC. The pseudo-differential
ADC is a slight modification of the successive-approximation ADC of the analog li-
brary of austriamicrosystems, the comparator of which has been replaced by a differ-
ential comparator, and to which a second DAC was added. The inputs of the digital
PID temperature controller include the feedback signal of the microhotplate tempe-
rature (T);) and the 10-bit reference temperature (Tgrgr). The output of the digital tem-
perature controller is converted to the analog domain using a 10-bit DAC (Vconrror )-
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microhotplates
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logarithmic converter

bulk-chip temperature
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3 digital PID controllers,
12C interface, and serial in & out
lines for testing

10-bit pseudo-differential ADC

Fig. 6.8. Micrograph of the differential mixed-signal hotplate-based microsystem
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Fig. 6.9. Micrograph of the small
microhotplate with a polysilicon
temperature sensor

VecontroL is applied to a voltage-follower, since the DAC has a very high output
impedance. The output of the voltage-follower drives the power transistor (M, ), which
can be switched off for recalibration of the temperature sensor using the power-down
transistor (M, ). The power transistor provides the current to the polysilicon heater
(Rheat) and has a degeneration resistor (Rpgg) at the source, which limits the drain
current. The differential architecture of this temperature control loop improves the
power supply rejection ratio.
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Fig. 6.10. Temperature control loop of the differential mixed-signal architecture
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Fig. 6.11. Performance of the digital PID temperature controller of the differential mixed-signal
architecture in the tracking mode
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The tracking mode performance of the on-chip digital temperature controller of
the differential mixed-signal architecture is shown in Fig. 6.11. The measurement was
done at room temperature, and the digital code of the reference temperature of micro-
hotplate 1 was increased in steps of 100 digits. Microhotplates 2 and 3 were switched
off during the measurement. The resolution of the digital temperature controller was
better than 2 °C.

6.2.3 12C Serial Interface, Instruction Set, and Register Bank

The chip communication is handled by the inter-integrated circuit (I*C) serial inter-
face. The microhotplate temperatures, the bulk chip temperature and the sensitive-
material resistances are transferred to a PC using the I°C serial interface. The param-
eters of the three digital controllers, the reference temperatures, the dedicated logic
for the serial-in/serial-out lines (used for chip testing and for development of new
control algorithms), and the power-down mode are programmed using the I?C serial
interface.

The I°C addressing scheme and the format of incoming messages (Format A and
Format B) are the same as explained in Sect. 5.1.5.

The operation codes or the instruction set are defined as follows (Tab. 6.1):

Table 6.1. Operation codes of the differential mixed-signal architecture

Opcode Binary Format Description Format
PWR UP 00000001 Enter full-power mode A
PWRDN 00000010 Enter low-power mode A
READ 00000011 Read ADC values A
STREAM 00000101 Stream (read many) ADC values A
GET n 01ns_¢ Get the value of register n A
SET n x 10n5-_0x15-0 Set the value of register n to x B

In this microsystem architecture, the I’C recipient is also hard-coded to the value
01011000. The I>C senders identifies both, the message format and the address of the
chip.

I*C sender

C/D | as | as | ag | a3 | a2 | a1 | ao

The C/D bitis 1 for a message of format C. The format C, which is used when the
chip receives a GET command, is the same as explained in Sect. 5.1.5.

The format D is issued in response to the STREAM and READ operation codes,
containing the ten-bit values C, T, M, S, for chip temperature, test signal (used for
testing the ADC), three microhotplate temperatures, and three sensitive-material re-
sistances. The total length is 13 bytes. The ADC for the measurement of the sensitive-
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material resistance is multiplexed between the three microhotplates and the test signal
in order to save silicon real estate.

Format D

IZC recipient IZC sender C972 TeStgfz Mo,972 So,gfz leo Mo,lf() So,lf() T€St170

Mo | S92 | Ci-o Mi,1-0 S1,1-0 Testio

Mgz | Sa9-2 | Ci-o M2,1-0 S2,1-0 Testi-o

The PWR DN command activates the power-down mode. In this mode, all the
analog blocks are switched-off thus reducing the power consumption from 38 mA (all
blocks of the chip are active, one microhotplate at 300 °C) to 6 mA (only the digital
blocks are active).

The register bank of the differential mixed-signal architecture is shown in
Tab. 6.2.

Table 6.2. Register bank of the differential mixed-signal architecture

Word Bits  Description

0-3  15-0 multi-purpose bits: analog switches for offset compensation and calibration,
loop selection (on-chip controller or FPGA controller), etc.

4 15-0 delay between streamed samples (in clk cycles) of the I*C

and dedicated serial lines

5-0 sampling period of the digital controllers

9-0 reference or set-point temperatures of the three microhotplates

0-0 PID coefficients of the three microhotplates: (ao, a1, a2, ¢, b1, b2)o—2

The 1 Mbit/s serial-in and serial-out lines connect the microhotplates to an FPGA.
The FPGA can be loaded with the PID control algorithm for testing or with new con-
trol algorithms. After loading the data to the FPGA, multiplexers close the tempera-
ture control loops through the FPGA.

The serial-out is realized as three serial lines that deliver a transmission word at
intervals specified with register 4. A transmission word has a length of 20 bit and
consists of two concatenated 10-bit words. Each transmission word is preceded by
a start bit. The length of a bit is configurable with 5 bits of register 0.

Depending on whether the on-chip PIDs are utilized or the FPGA external feed-
back loops are chosen, the semantics of the transmission word change.

Serial-out: on-chip feedback-loop (PID)

Trer — Ticrohotplate 9...0 | Controller Actuation (on-chip PID) oo

Serial-out: FPGA feedback-loop

Microhotplate Temperature o_g ---
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The “serial-in” is only used in the FPGA external feedback-loop mode. The trans-
mission word length is 10 bit. The speed is the same as that of the sending port. Also,
each transmission operation is preceded by a start bit.

Serial-in: FPGA feedback-loop

Controller Actuation (from the FPGA) 9.

6.3 Digital Array Architecture

6.3.1 System Description

As discussed in Sect. 4.4, microhotplates with integrated MOS-transistor-heaters offer
the advantage of a relatively low power consumption. A further reduction of the power
consumption can be achieved by implementing a fully digital temperature control.
Such a digital architecture improves the robustness of the control and read-out scheme
and entails a smaller chip size, especially if the design can be fabricated in a CMOS
process with small minimum gate length.

The block diagram in Fig. 6.12 depicts the system architecture, emphasizing its
strong modularity [147-149]. The voltage drop across the temperature sensor is con-
verted by an analog-to-digital (A/D) converter into a digital signal. The A/D converter
has been realized as a 10-bit successive-approximation A/D converter. An internal
bandgap with a nominal voltage of 1.26 V or an external voltage can be used as refer-
ence voltage for the A/D converter.

The converted temperature signal serves as input to the digital PID temperature
controller so that the temperature control loop is closed (see Sect. 6.3.3 for a detailed
description of the temperature control loop).

The three independent controllers provide individual temperature regulation for
each hotplate. The MOS heating transistors are driven in the pulse-density modula-
tion mode by a first-order XA-modulator. The A/D converter and a multiplier are the
circuitry parts that consume the largest fractions of the chip-area. For this reason, they
have been realized only once and are accessed in a time-sharing mode. The control
unit takes care of scheduling the different operations and of controlling the access of
all hotplates to the shared multiplier and analog-to-digital converter.

For each hotplate, an individual bias current is generated and applied to the metal-
oxide-covered electrodes. The voltage drop across the resistive material is then con-
verted to a digital value with the same A/D converter that is also used for the temper-
ature control loop. The bias currents can be individually adjusted with a 10-bit value
in a range from 0.1 pA to 90 pA. Therefore, the resistance of the SnO, material that
can vary over orders of magnitude (from a few 100 Q to 10 M(Q, depending on the ad-
dition of noble-metal catalysts), can be measured with a sufficient accuracy of about
+0.05% (minimum 10 Q) of the actual resistance value. All parameters, such as target
temperature, bias currents, PID coefficients and some control flags are stored within
the control unit and are accessed via an I°C interface as it was described in previous
sections.
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Fig. 6.12. Block diagram of the digital sensor system architecture

The chip is a standalone microsensor system that does not need any external mea-
surement equipment for sensor control and readout. The sensor system chip has been
connected to a computer via an I2C-to-USB converter box, i.e., in this box is a micro-
controller that translates the I*C format coming from the chip into USB format for
the computer or laptop. The power supply of the chip is also provided by the USB
connection. The sensor system can be read out directly by a microcontroller and is,
therefore, well suited for handheld devices or distributed sensor networks.

6.3.2 Microhotplate and Chip Layout

A cross-sectional schematic and layout of a microhotplate with MOS-transistor heater
was already shown and discussed in Sect. 4.4. A slightly different layout was chosen
for the monolithic system integration. The idea of a symmetric microhotplate layout
was preserved (Fig. 6.13). The contact to the transistor gate is located in a corner of
the octagonal PMOS ring transistor, which consists of 8 identical transistor segments
and features a gate length of 5 um and an overall gate width of 720 um. The source
and drain contacts were split so that four metallic leads of equal width provide the
electrical connections to the transistor.

Two identical polysilicon temperature sensors with a nominal resistance value of
10 kQ are located in the membrane center. One resistor is connected to the tempera-
ture controller, the other sensor is totally decoupled from the circuitry. This second
temperature sensor can be directly accessed via bond pads in a four-point configura-
tion. It enables an accurate calibration and a verification of the temperature controller
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Fig. 6.13. Chip micrograph showing the membrane and the integrated PMOS transistor heater

performance. The dynamic characteristics of the controller can be monitored without
interfering with the circuitry. The chip has been fabricated according to the process se-
quence described in Sect. 4.1.2. Figure 6.14 shows the fabricated chip featuring a floor
plan with three distinct sections that include the digital circuitry at the bottom with
the temperature controller and the interface, the analog circuitry in the center and the
three micro-hotplates at the top.

500 pm

analog circuitry

/ & converters

microhotplates
with MOS-transistor

heaters
digital circuitry
(controller &
interface)
packaging
4.4 %54 mm2 “— bond pads

Fig. 6.14. Micrograph of the chip with microhotplate array and circuitry

The packaging strategy presented in Sect. 5.1.6 can be directly applied to this ar-
ray chip (see Fig. 6.15). The number of necessary bond pads is only five, since this
chip takes full advantage of the CMOS-MEMS approach. The number of bondpads
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would increase in proportion to the number of sensors if an integrated interface had
not been used. The three different coatings of the chip are depicted in Fig. 6.16. The
first coating is a 0.2 wt% Pd-doped nanocrystalline SnO, (a), which was used for most
of the chemical measurements throughout this book. As mentioned in Sect. 2.3 de-
scribing the metal-oxide sensor basics, this material exhibits a high sensitivity towards
CO. The second material is pure SnO,, which is optimal for NO, sensing and features
a slightly different film morphology (b). The third material with 3.0 wt% Pd appears
more greyish (c). This material is more sensitive to hydrocarbons such as CHy4. The
darker color is a consequence of the higher palladium content.

5mm partial epoxy cover metal cap

Fig. 6.15. Photo of a packaged sensor chip. The partial epoxy cover enables free analyte access to
the chemical sensor area. The metal cap with the gas-permeable membrane provides mechan-
ical and dust protection

Fig. 6.16. Micrograph of the three different sensing materials: (a) SnO, with 0.2 wt% Pd, (b) un-
doped SnO,, (c) SnO, with 3 wt% Pd
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6.3.3 Temperature Control Loop and Sensor Resistance Readout

In Figure 6.17, the schematic of the temperature control loop is shown. The tempe-
rature on the microhotplate is measured using a poly-silicon resistor as a temperature
sensor (Reemp), With a nominal resistance of approximately 10 kQ). The resistor is bi-
ased with an adjustable, temperature-independent current source (Iremp) to cope with
process variations. The voltage drop across the resistor is converted to a 10-bit dig-
ital value. This value is fed back to the digital PID temperature controller, which is
implemented as a recursive filter with a biquadratic transfer function. The reference
temperature is given as a 10-bit value, the three PID coefficients are 11-bit signed val-
ues that can be set individually for each PID. The actuation value calculated by the
PID is then converted to a digital bit-stream using a digital first-order £A modulator
with a sampling rate of half the clock frequency.

O Vad
Itemp
A y(k)
u(k) D
PD (4 3A —[ == E NR
42 temp
a 10 bits
e

_Vss_

Fig. 6.17. Schematic of the temperature control loop

The MOSFET heater is directly driven with this bit stream or optionally, the bit
stream can be routed through a low pass filter. Early experiments revealed that driving
the heater transistor with the raw bit stream might cause some electromigration due
to the large peak currents that occur. The low-pass filter was therefore included to
avoid such current peaks in order to enhance the device stability and life time.

As the thermal capacitance and resistance of the hotplate provide a thermal low-
pass transfer function (with the dominant pole corresponding to a characteristic time
of 10-20 ms, depending on the fabrication process), the XA modulator driving the
hotplate constitutes a linear noise-shaping DAC with an output in the thermal do-
main.

6.3.4 Circuitry Assessment

The sensor can either be mounted in a DIL28 package (dual-inline package with
28 pins) for testing and calibration purposes or in a TO-package (Fig. 6.15), which is
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then directly mounted on the I*C-to-USB converter-box (Sect. 6.3.1). The fully pack-
aged chip is connected via the USB-to-1>C connector box to a laptop or palm top com-
puter. A LABVIEW™ program was implemented as user-friendly interface for setting
the sensor system parameters, for generating the individual temperature profiles for
the hotplates, and to display the measurement results. Any arbitrary waveform can
be generated to modulate the temperature on the hotplates (dynamic or static opera-
tion). The software translates the digital sensor system output into the corresponding
microhotplate temperatures and sensor resistance values. The sampling rate is seven
complete data sets per second.

The performance of the temperature controller was measured in the tracking
mode. Figure 6.18 shows a graph, where the temperature of one of the three micro-
hotplates is kept at a constant temperature of 300 °C, the temperature of the second
microhotplate is modulated using a sine wave of 10 mHz, while rectangular tempera-
ture steps of 150 °C, 200 °C, 250 °C, 300 °C, and 350 °C have been applied to the third
microhotplate. Temperature measurements on one of the hotplate that has been op-
erated at constant temperature in the stabilization mode showed a variation of less
than 1°C, even though the temperature of the neighboring hotplates was, at the same
time, modulated dynamically (sine wave, ramp, steps). This is a consequence of the
individual hotplate temperature control, without which thermal crosstalk between the
hotplates would have been clearly detectable. The power dissipation of the chip is ap-
proximately 190 mW, when all three hotplates are simultaneously heated to 350 °C. In
the power-down mode, the power consumption is reduced to 8.5 mW.
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Fig. 6.18. Temperature tracking in the PID control mode: one hotplate is kept at constant tem-
perature, the temperature of the second microhotplate is modulated in a sinusoidal way. Rect-
angular temperature steps are applied to the third microhotplate
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6.3.5 Gas Test Measurements

First chemical test measurements have been conducted with the array chip. Fig-
ure 6.19 shows the results that have been obtained simultaneously from three micro-
hotplates coated with different tin-dioxide-based materials at operation temperatures
0f 280 °C and 330 °C in humidified air (40% relative humidity at 22 °C). The first mi-
crohotplate (WHP1) is covered with a Pd-doped SnO, layer (0.2 wt% Pd), which is
optimized for CO-detection, whereas the sensitive layer on microhotplate 3 contains
3 wt% Pd, which renders this material more responsive to CH4. The material on mi-
crohotplate 2 is pure tin oxide, which is known to be sensitive to NO,. Therefore, the
electrodes on microhotplate 2 do not measure any significant response upon exposure
to CO or methane. The digital register values can be converted to resistance values by
taking into account the resistor bias currents [147,148]. The calculated baseline resis-
tance of microhotplate 1 is approximately 47 kQ), that of hotplate 2 is 370kQ) and the
material on hotplate 3 features a rather large resistance of nearly 1 MQ.

As it is evident from Fig. 6.19, the responses of the three sensitive materials to the
test gases CO and CHy are very different. The lightly Pd-doped (0.2%) tin dioxide
shows large responses to CO, and very small responses to CH,, whereas the heav-
ily Pd-doped (3%) tin oxide exhibits comparably smaller responses to CO, but also

000 CO 5ppm 10ppm 15ppm |
o PP e (BPEN (G VBN o dans P .
‘el i. it ,.
9200 -
HHP1 0.2% Pd, 280°C
E 800 pHP2 undoped, 280°C 1
E pHP3 3%Pd, 330°C
b
£ 700 L iy e PP — o pars
gn - ’ e [ | | p =
- ' |
‘_g Pt | M M,ﬂ;-—"’ T Y e r»w"
- LA vy e g ’_r‘" A =] o mw']
3 sl ‘ Lorr
500 | 500 ppm - . |
1060 ppm P
CH, 1500 ppm '
400 L i 1 L I | |
0 0.5 1.5 2.0 2.5 3 3.5
time [h]

Fig. 6.19. Sensor responses (raw digital values) of three microhotplates with different sensitive
layers upon exposure to CO and CH4 (40% r.h.)
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responds to hydrocarbons, as in this case, methane. Excellent discrimination of the
two gases was achieved with detection limits of less than 1 ppm for CO, and less than
100 ppm for CHy. The pure tin dioxide shows hardly any response to CO or methane
but has been found to provide signals upon exposure to nitrogen dioxide at concen-
trations as low as 10 ppb [150].
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Conclusion and Outlook

The central topic of the book was the integration of microhotplate-based metal-oxide
gas sensors with the associated circuitry to arrive at single-chip systems. Innovative
microhotplate designs, dedicated post-CMOS micromachining steps, and novel sys-
tem architectures have been developed to reach this goal. The book includes a mul-
titude of building blocks for an application-specific sensor system design based on
a modular approach.

Modelling and Simulations

A thermal model of the CMOS-based microhotplates was introduced that enables
a prediction of the thermal characteristics for a given layout (Chap. 3). The impor-
tance of this model can be deduced from the fact that it enables a comprehensive
simulation of the overall sensor system, which includes all necessary steps from the
microhotplate layout to the final AHDL model of the sensor. Nonlinear effects as
a consequence of the temperature dependence of the thermal conductivities of the
different materials were also included in the FEM simulations. A main issue was the
avoidance of fitting parameters. Despite such rigid boundary conditions an accor-
dance between simulated and measured results within 5% for the thermal resistance
of the microhotplates and within approx. 10% for the thermal time constants has been
obtained. This is sufficient for system simulations - the fluctuations in the electronics
characteristics are on the same order of magnitude. The observed discrepancy be-
tween measured and simulated thermal resistances was mainly attributed to the un-
certainty in the thermal conductivities of the CMOS materials at higher temperatures.
All values had been extracted for temperatures up to 125 °C, which is much lower than
the common operating temperature of metal oxide sensors that is in the range of 200-
400 °C. A more accurate thermal simulation would, therefore, require measurements
of the thermal properties of CMOS thin-film materials at higher temperatures. Addi-
tional effects such as radiation-induced effects would have to be considered as well.
Another question is the appropriate inclusion of the nanocrystalline tin-oxide droplet
in the model. At the moment, reliable heat conductivity values of this porous material
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are not available. Nevertheless, a rough estimation of the droplet volume already led
to good results for estimating the time constant of a coated microhotplate.

Microhotplate Design

The first device was a circular-shape microhotplate, which essentially consisted of
CMOS-process materials (Sect. 4.1). The fabrication of this microhotplate required
a minimum of post-CMOS processing steps. The electrochemical etching process
used for the membrane release and the formation of the circular-shape Si island was
optimized and can now be routinely applied on wafer-level.

In order to establish good electrical contact to the sensitive layer, it was necessary
to coat the electrodes with a metal stack of Ti/W (diffusion barrier and adhesion layer)
and Pt. The usage of a shadow mask during the metal deposition ensures full com-
patibility with other MEMS processing steps so that it is possible to fabricate various
CMOS-MEMS devices on the same wafer.

The full CMOS compatibility of the annealing process of the sensitive-material
that has been conducted at a temperature of 400 °C was demonstrated, so that post-
processing steps can be performed on wafer level. An important issue concerns the
necessity of the silicon island underneath the heated area. Based on the experimental
results, it was shown that a thin polysilicon plate in the membrane center could re-
place the thick n-well silicon island. Such a plate suffices to achieve good temperature
homogeneity across the microhotplate. The use of a purely dielectric membrane (in-
cluding polysilicon plate) will allow for a substitution of the technologically expen-
sive ECE-process by a regular KOH-wet etching step with an etch stop on the field
oxide of the dielectric membrane. Moreover, dry-etching methods such as DRIE can
be used, which will allow for a higher packing density of the micromachined struc-
tures.

The thermal resistance of the circular hotplate was measured to be 5.8 °C/mW for
the coated and uncoated transducer. An increased thermal resistance is desirable for
sensor arrays with one approach being the reduction of the heated membrane area.
At the moment the smallest possible diameter of drop-deposited tin-oxide is 100 pum.
A microhotplate with a heated area of 100 um in diameter was fabricated and featured
an increased thermal resistance of approximately 10 °C/mW.

The main goal of another microhotplate design was the replacement of all CMOS-
metal elements within the heated area by materials featuring a better temperature sta-
bility. This was accomplished by introducing a novel polysilicon heater layout and
a Pt temperature sensor (Sect. 4.3). The Pt-elements had to be passivated for pro-
tection and electrical insulation, so that a local deposition of a silicon-nitride passi-
vation through a mask was performed. This silicon-nitride layer also can be varied
in its thickness and with regard to its stress characteristics (compressive or tensile).
This hotplate allowed for reaching operation temperatures up to 500 °C and it showed
a thermal resistance of 7.6 °C/mW.

The third microhotplate design included a MOS-transistor heater embedded in
asilicon island (Sect. 4.4). One advantage of this configuration is the reduction of the
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overall system power consumption, since no additional on-chip power transistor is
needed to control the heating current. Operating temperatures up to 350 °C have been
explored with this device. An almost linear relationship between microhotplate tem-
perature and the source-gate voltage was observed for this transistor-heated hotplate,
which renders the device suitable for any arbitrary temperature modulation protocol.
An analytical transistor model coupled with the thermal microhotplate characteris-
tics was developed to support the measurement results. The model has been based on
established transistor models and the agreement between measured and simulated re-
sults was within 5-10% for temperatures up to 300 °C without the need to introduce
additional fitting parameters.

Gas test measurements were performed with this device, and a novel sensor opera-
tion mode was developed and successfully demonstrated (Sect. 4.5): calorimetric-type
signals could be recorded as changes in the source-gate voltage of the transistor while
maintaining a constant microhotplate temperature.

There are still open issues with the CMOS-based microhotplates, such as the long-
term stability of the microhotplate, which is of paramount importance for commer-
cialization. For operating temperatures of less than 300 °C the temperature sensor
drifts are acceptable. The quantitative assessment of drift effects of temperature sen-
sors is, however, difficult and requires long-term measurements with a large num-
ber of devices. Moreover, the drifting behavior depends on the thermal history of
the materials and, in most cases, hysteresis effects occur. Furthermore, the delamina-
tion of the nanocrystalline material from the micromachined substrate can also cause
problems. Membrane buckling upon cyclic heating might lead to cracks in the sensi-
tive layer. To assess long-term deterioration effects the devices have to be subjected
to accelerated life-time measurements. Though there was no systematic investiga-
tion of longterm or aging effects of the devices, no major problems or system break-
downs were observed during extended sensor system operations of several weeks or
mounths.

Integrated Monolithic Systems

A new class of microsensor systems comprising the microhotplates and the corre-
sponding read-out and control circuitry were devised. Various system architectures
of different complexity have been realized.

In a first device (Sect. 5.1), the temperature of a circular microhotplate has been
regulated by a means of a digital controller. A logarithmic converter was introduced
to cope with the wide resistance range of the tin oxide (wide range of initial material
resistance and large range of gas-induced resistance changes), and to provide a first-
order linearization of the sensor signal. An additional temperature sensor was used to
measure the temperature of the bulk chip. The integrated I*C interface manages the
data transfer from the chip to a computer via a microcontroller.

The on-chip hotplate temperature controller had a resolution of better than +2 °C.
A high CO sensitivity was measured with a 0.2wt % doped Pd nanocrystalline tin
oxide, the resolution was 0.2 ppm CO, and the detection limit was 0.1 ppm CO. Such
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low concentrations are relevant for CO monitoring in environmental, industrial and
household applications.

A transistor-outline (TO)-based prototype package was presented that showed
favorable thermal characteristics. The bulk chip temperature increase owing to the
hotplate and circuitry power dissipation was less than 1% of the selected microhotplate
operation temperature (e.g., 2 °C for 300 °C hotplate temperature), which does not
compromise the circuitry functionality. The package can hence be realized as a low-
cost solution for commercialization, such as a plastic package with hotplate openings.

The features of the monolithic integrated sensor systems have not yet been fully
exploited. The almost linear relationship between input reference voltage and mi-
crohotplate temperature renders the systems suitable for applying any temperature
modulation protocol. Due their compatibility with other CMOS-based chemical sen-
sors the microhotplates can be also combined with, e.g., polymer-based mass sensi-
tive, calorimetric or capacitive sensors. The co-integration with such sensors can help
to alleviate problems resulting from cross-sensitivities of tin-oxide based sensors to,
e.g., volatile compounds such as hydrocarbons. A well-known problem is the cross-
sensitivity of tin oxide to humidity or ethanol. The co-integration of a capacitive sen-
sor, which does not show any sensitivity to CO, could help to independently assess
humidity changes.

To overcome the temperature limits of CMOS integrated systems that are im-
posed by, e.g., the degradation of the CMOS metallization, a microhotplate with
Pt-temperature sensor was also monolithically integrated with circuitry so that the
hotplate operating temperature range could be extended to 500 °C (Sect. 5.2). The
read-out of the comparatively low Pt temperature sensor resistance required the inte-
gration of a fully differential amplifier architecture.

Sensor-Array Systems

Three different sensor-array systems have been presented in this book. The first array
features three circular microhotplates and an analog single-ended system architecture
(Sect. 6.1). The readout and temperature control circuitry is repeated three times.
The required chip real estate needed for the analog circuitry has been minimized.
However, since no communication interface has been implemented, the number of
bondpads that are needed to operate the system is still high. Hotplate temperature
modulation can be performed through modulating the input reference voltages for
the temperature controllers. The temperature variations on the hotplates then will
reproduce the input signal waveform.

The second hotplate array (Sect. 6.2) is an extended version of the single-ended
mixed-signal architecture described above. The temperature sensor read-out was
changed to a differential configuration. The heated area of the microhotplates was
reduced to a diameter of 100 um. Three such microhotplates and the corresponding
individual sensor read-out and temperature control circuits have been integrated with
the sensor array, which also featured an I*C-interface to connect off-chip toa PC. This
interface can be used for data transfer and for setting the digital controller parameters.
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The last and most advanced system presented in this book includes an array of
three MOS-transistor-heated microhotplates (Sect. 6.3). The system relies almost ex-
clusively on digital electronics, which entailed a significant reduction of the overall
power consumption. The integrated I C interface reduces the number of required wire
bond connections to only ten, which allows to realize a low-prize and reliable pack-
aging solution. The temperature controllers that were operated in the pulse-density
mode showed a temperature resolution of +1°C. An excellent thermal decoupling of
each of the microhotplates from the rest of the array was demonstrated, and individual
temperature modulation on the microhotplates was performed. The three microhot-
plates were coated with three different metal-oxide materials and characterized upon
exposure to various concentrations of CO and CHy.

Applications and Outlook

More and more microhotplate-based chemical sensors become commercially avail-
able, which can be taken as a measure of success in the miniaturization efforts for this
type of chemical sensor. The microsensor systems presented here will most probably
represent the next generation of these sensors. The number of possible applications
in industrial, environmental and household settings is large. Examples include the
integration of sensor chips in mobile systems and distributed networks to monitor
concentrations of environmentally relevant gases, or the surveillance of air quality to,
e.g., avoid CO-poisoning in low energy houses. In particular the systems, which are
capable of simultaneously monitoring three or more target gases, potentially serve
a wide variety of applications such as gas hazard and leakage detection in household
and industrial settings, indoor air quality monitoring in household and automobile
applications, and they can be used as personal safety devices. The challenges on the
way to commercial products include, e.g., to eliminate the need for frequent sensor
recalibration and to increase the sensor stability and life time.

The presented integrated microdevices are not only compact sensor systems, but
also constitute excellent research tools for sensor science. The influence of electrode
materials and configurations can be studied, and optimal operating temperatures and
the respective temperature modulation protocols can be established. The chemoresis-
tive signals can be combined with simultaneously recorded calorimetric and, in future
designs, thermoelectric signals. All recorded output signals can be processed by using
data analysis and pattern recognition methods. An on-chip integration of a first-order
data processing unit in the near future seems to be advantageous.

The microsystems may also serve potential applications in material science and in
the growing field of nanotechnology. Microhotplates can be used for material process-
ing, and, at the same time, for the monitoring of material properties such as the elec-
trical resistance [10]. Moreover, the microsystems can be applied to determine ther-
mal properties of new materials such as the melting point, especially when only small
quantities of material are available [145], so that monolithic microhotplate-based de-
vices are not only powerful sensor systems for a broad range of applications, but also
new research tools for sensor science and nanotechnology.
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