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ABSTRACT

HUMIDITY SENSORS USING MEMS AND STANDARD CMOS
TECHNOLOGIES

Okcan, Burak
M. Sc., Department of Electrical and Electronics Engineering

Supervisor: Assoc. Prof. Dr. Tayfun Akin

August 2003, 127 pages

This thesis presents the development of humidity sensors using surface
micromachining and standard CMOS processes. Two types of humidity sensors are
designed and implemented. The first one is a capacitive humidity sensor with a
polyimide film as the humidity sensitive dielectric layer. The second sensor is a
thermal conductivity based humidity sensor, which measures the amount of humidity

using the difference between the thermal conductivity of the air and the water vapor.

The capacitive humidity sensor is fabricated by three mask process, where the
humidity sensitive polyimide layer is sandwiched between two metal electrodes. The
bottom electrode is designed in a heater resistor shape, which provides humidity
measurement at high relative humidity levels where there is the risk of water
condensation. Characterization results show that the fabricated sensor tracks the

humidity change with a sensitivity of 145fF/%RH, with nonlinearity less than 0.2%.
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The hysteresis of the sensor is 2.57% RH. The sensor is hybrid connected to a
switched capacitor readout circuit, which dissipates 1.75mW power. The measured
sensitivity of the hybrid module is 19.4mV/%RH with nonlinearity less than 0.2%.
Operation of the integrated heater is also verified by monitoring the resistance versus

temperature and resistance versus power characteristics.

The thermal conductivity based humidity sensor is implemented using
thermally isolated p-n junction diodes obtained by standard CMOS and post-CMOS
bulk silicon micromachining processes. Thermal isolation is achieved by anisotropic
bulk silicon etching using electrochemical etch stop technique in a TMAH solution.
One of the suspended diodes is sealed and has a fixed thermal conductance, while the
other one is exposed to the ambient and has humidity dependent thermal
conductance; therefore, they provide different diode voltages when they are heated
with same biasing currents. The difference between the diode voltages are converted
into current through a monolithic transconductance amplifier, and this current is
integrated by a switched capacitor integrator to obtain an amplified output signal.
The measured temperature sensitivity of the diodes is -1.3mV/K within 150°C to
250°C range at 100pA bias level. Relative humidity sensitivity of the sensor is
14.3mV/%RH, 26mV/%RH, and 46.9mV/%RH for 20°C, 30°C, and 40°C ambient
temperature respectively with a nonlinearity less than 0.3%. The measured
hysteresis of the sensor is less than 1% at 20°C and 30°C ambient temperature

conditions. The sensor operates from a 5V supply and dissipates 1.38mW power.
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MEMS VE STANDART CMOS TEKNOLOJILERI iLE NEM
SENSORLERI

Okcan, Burak
Yiiksek Lisans, Elektrik ve Elektronik Mithendisligi Boliimii
Tez Yoneticisi: Dog. Dr. Tayfun Akin

Agustos 2003, 127 sayfa

Bu tezde MEMS ve standart CMOS siireci kullanilarak gelistirilmis nem
sensorleri anlatilmaktadir. Iki cesit nem sensorii tasarlanmis ve iiretilmistir. Birinci
sensoOr, neme duyarl dielektrik katmani polyimide kullanilarak yapilmis kapasitif bir
sensoOrdiir. Diger sensor, havanin ve su buharinin 1s1l iletkenlikleri arasindaki farki

Olcen, 1s1l iletkenlik bazli nem sensoridiir.

Kapasitif sensor, polyimide katmaninin iki metal elektrot arasina sikistirildigi
tic maskelik bir stirecle tiretilmistir. Alt elektrot, su yogunlasmasi riskinin bulundugu
yiiksek nem seviyelerinde Ol¢glim yapma olanagi saglayan isitict direng seklinde
tasarlanmgtir.  Uretilen sensor iizerinde yapilan testler, sensoriin nem degisimini
145fF/%RH’lik hassasiyet ve 0.2%’den diisiik orant1 katsayis1 hatasi ile algiladigim
gostermistir. SensOr anahtarlamali kapasitdr okuma devresiyle entegre edilmistir.

Hibrid yapinin hassasiyeti 19.4mV/%RH, orant1 katsayisi hatasi 0.2%’den diisiik
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olarak bulunmustur. Sensoriin histeresisi 2.57% RH’dir. Isiticinin ¢alismasi da

sicakliga ve giice bagli direng karakteristiginin 6l¢limiiyle dogrulanmistir.

Isil iletkenlik bazli nem sensorii, standard CMOS ve CMOS sonrast govde
asindirma islemleri kullanilarak elde edilen, 1s1l olarak yalitilmis diyotlar kullanilarak
elde edilmistir. Isil yalittm, TMAH c¢ozeltisi kullanilarak, yonlii silisyum goévde
asindirmast ve elektrokimyasal asindirma-durdurma yontemi ile saglanmustir.
Diyotlardan bir tanesi kapatilarak 1s1l iletkenligi sabit tutulmus, diger diyot ¢evreyle
temas eder durumda birakilarak 1s1l iletkenliginin nemle degismesi saglanmistir. Bu
nedenle sabit akimla beslendiklerinde farkli ¢ikis gerilimleri iiretmektedirler.
Diyotlarin ¢ikis gerilimleri arasindaki fark fark-gegcis-ileti yiikselticisi ile akima
doniistiiriilmiis, akim da anahtarlamali kapasitor entegratorii ile entegre edilerek
yiikseltilmis ¢ikis sinyali elde edilmistir. 100um akim seviyesinde ve 150°C’den
250°C’ye olan sicaklik araliginda, diyotlarin sicaklik hassasiyetleri -1.3mV/K olarak
Olciilmiistlir. Sensoriin bagil nem hassasiyeti 20°C, 30°C ve 40°C sicaklik sartlarinda
sirastyla  14.3mV/%RH, 26mV/%RH ve 46.9mV/%RH olarak Olglilmiistiir.
Sensoriin Olgiilen histeresisi 1% RH’den azdir. Sensor 5V ile beslenmektedir ve

1.38mW gii¢ harcamaktadir.
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CHAPTER 1

INTRODUCTION

Humidity, which is the amount of water vapor in the air, has an important role
in the quality of human life. In industry, optimum humidity conditions should be
provided on production lines for obtaining high quality products. For example, in
textile processing, generation of electrostatic charges during the fabrication may
cause the materials to cling. This is prevented by keeping the environment in damp
conditions. On the other hand, dry conditions are required in processing silicon
wafers in the clean room or assembling electrical products on the assembly line. In
agriculture, adequate environmental humidity conditions are needed to grow fruits
and vegetables. Similar conditions are needed in the preservation of products such as
food, cotton, and tobacco. Thus, the measurement and control of humidity have

significant importance in many areas for different purposes.

There have been continuous efforts for the measurement of humidity
throughout the development of science and engineering [1]. Several instruments for
measuring humidity based on different physical principles were invented in the 17"
century. Most important examples of these instruments are the hygroscopic
hygrometer, dew-point hygrometer, and psychrometer. These devices have large size
and slow response compared to modern instruments. However, their working

principles are still in use in the recent instruments.



Today, thin film humidity sensors are widely used due to their small size, low
cost, low power consumption, and high performance. Various kinds of thin film
humidity sensors are available based on different measurement principles such as
resistive, capacitive, hygrometric, gravimetric, and thermal techniques. Thin film
humidity sensors still suffer from long term stability and chemical durability
problems in harsh environments. Instability at high relative humidity conditions due
to water condensation on the sensor surface is another drawback of most of the

commercial thin film humidity sensors.

This thesis reports two humidity sensors; one is based on the thin film
capacitive technique while the other one is based on the thermal technique. The
capacitive humidity sensor is integrated with a heater, which allows humidity
measurement at high relative humidity levels by reducing the relative humidity that
the sensor sees to a lower level. The fabricated sensor is hybrid connected to a
readout circuit for further signal processing of the sensor output. The second sensor
uses the difference between the thermal conductivity of air and water vapor. It is
fabricated by standard CMOS and post-CMOS processes, which allows the
integration of the sensor with the readout circuit monolithically. This sensor already
operates at high temperatures, which does not contain any risk of water condensation

at high relative humidity conditions.

This chapter presents the humidity concept and an overview of the humidity
sensors.  Section 1.1 gives the definition of humidity and humidity related
formulations. This section also discusses the saturation vapor pressure and relative
humidity concepts, which are the fundamental terms used in humidity measurement.
Section 1.2 describes different principles of humidity measurement. Section 1.3
reviews the miniaturized humidity sensors and discusses their advantages and
disadvantages. Finally, section 1.4 gives the objectives and the organization of the

thesis.



1.1 Humidity Definition and Formulations

Humidity is the measure of the water vapor content of the atmosphere. It
forms a part of the total atmospheric pressure. The amount of atmospheric moisture
is proportional to the partial pressure of the water vapor, which allows a
measurement of the absolute humidity in the air. There are various ways of
expressing the moisture content of air, such as absolute humidity, specific humidity,
mixing ratio, and relative humidity. Absolute humidity is defined as the mass of

water vapor per unit volume of dry air [2]:

mass of water vapor

Absolute humidity = (1.1)

volume of dry air

Absolute humidity is expressed in g/m’, which is in fact the measure of the vapor

density of water.

Specific humidity and mixing ratio are two other ways of expressing the
amount of humidity in the air. Specific humidity is the ratio of the weight of water

vapor to the unit weight of air containing it [2]:

Specific humidity = mass of water vapor

(1.2)

total mass of air

On the other hand, the mixing ratio is the ratio of the mass of water vapor to a unit

mass of dry air containing it [2]:

mass of water vapor

Mixing ratio = 1.3
& mass of dry air (1.3)

It is generally impractical to directly measure the quantities that are explained
above. There is a relatively simple experimental method of expressing the humidity,

which is relative humidity.



In order to explain the relative humidity, the saturation vapor pressure

concept should be explained. Consider a sample of air confined over water at a

given temperature as illustrated in Figure 1.1.

The system eventually reaches to

equilibrium, where the rate of evaporation is equal to the rate of condensation. In

other words, the water vapor pressure becomes constant. The water vapor pressure

in this state corresponds to the maximum amount of water vapor that the air can hold,

and it is called the saturation water vapor pressure.

Water vapor

ﬁﬂ

P,<P

Water vapor

!

Water

Water

(2)

(b)

Figure 1.1: Saturation vapor pressure concept to explain the relative humidity: (a)

vapor pressure is less than saturation vapor pressure; (b) system is in equilibrium.

Relative humidity is the ratio of vapor pressure to the saturation water vapor

pressure at a given temperature:

Relative humidity =

water vapor pressure

saturation water vapor pressure

(1.4)

Relative humidity is generally expressed as a percentage, and it is a

temperature dependent parameter. Temperature dependency of the relative humidity

comes from the fact that the saturation vapor pressure is a function of temperature.

As the temperature increases, saturation vapor pressure increases. Consequently, the

relative humidity decreases with increasing temperature if the absolute humidity in



the air is kept constant. Figure 1.2 shows the saturation water vapor pressure versus

temperature graph [1].
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Figure 1.2: Saturation water vapor pressure versus temperature graph [1].

Dew-point temperature is another humidity related parameter, which is

defined as the temperature to which the air should be cooled to reach saturation,

where the moisture content is constant. In other words, it is the temperature where

the relative humidity reaches to 100% due to the decrease in the saturation vapor

pressure during cooling down. The dew point temperature gives a measure of the

absolute humidity in the air, and it corresponds to the saturation vapor density at that

temperature.



1.2 Classical Humidity Measurement Methods

There are various types of classical humidity measuring instruments, using
several different measurement methods such as psychrometers, dew-point
hygrometers, and hygrometers using hygroscopic materials [2]. All methods have
their own advantages and drawbacks, and a proper measurement method can be
selected depending on the application. Following subsections briefly explains these
methods. Then, Section 1.3 presents humidity sensors based on new

micromachining technologies.

1.2.1 The Psychrometer

Psychrometry is one of the oldest methods used in humidity measurements.
A psychrometer mainly consists of two thermometers one in ambient air and the
other in contact with water as shown in Figure 1.3. The measurement is based on the
calculation of the actual vapor pressure using the difference between wet and dry

bulb temperatures according to the following empirical formula [3]:

P, =P.-P,A(T,-T,) (1.5)

where 7, is the dry bulb temperature, 7, is the wet bulb temperature, P and P,, are
the saturation pressure and the pressure of the ambient, respectively, and A4 is the

psychrometer constant which is a function of geometry and air flow.

The wet bulb temperature is the temperature reached after cooling due to
evaporation from a moist surface. The amount of heat taken by the water for
evaporation is equal to the heat loss of air. In addition, the amount of cooling due to
the evaporation is a function of the ambient relative humidity. As a result,
psychrometers allow the relative humidity estimation based on dry and wet-bulb

temperature measurements. The most important advantage of psychrometers is that



they do not require calibration. Main drawbacks are the requirement of the regular

replacement of distilled water and the requirement of air flow with a high flow rate.

Air flow in
Dry bulb Wet bulb

thermometer thermometer

Side view Front view

Figure 1.3: The schematic of a psychrometer [4].

1.2.2 The Dew-Point Hygrometer

Water vapor density of the air can be determined by the measurement of the
dew-point temperature. The dew-point temperature can be measured by a dew-point
hygrometer, which consists of a thermometer, a cooler, and a detector. Dew
formation is detected using a light source and a photodetector [1, 2]. Figure 1.4

shows an example of the dew point hygrometer.

In the dew-point hygrometer, a light source is directed on a mirror and the
reflected light intensity is measured by a photodetector. The mirror is cooled down
using a cooler which is controlled by an electronic circuit. When the mirror
temperature reaches the dew point temperature, water condenses on the surface of the
mirror, and the light intensity detected by the photodetector changes. The

temperature at this instant gives the dew-point temperature.



This measurement method has a wide dynamic range, and it is very accurate.
Major disadvantages are the expensive setup, high power consumption, and difficult
maintenance of the system, such as the requirement of regular cleaning of the mirror

surface.

Processing
Air Inlet Electronics
+a¢|Light Source Photodetector
Filter ==
Air Outlet

Thermometer
Cooler Base

Figure 1.4: The structure of a dew-point hygrometer [1].

1.2.3 Hygrometers Using Hygroscopic Materials

Another fundamental method of humidity measurement is making use of the
hygroscopic materials. There is a wide variety of different materials, showing
different hygroscopic properties [1]. Hygrometers of this type are divided into two

groups as mechanical and electrical types.

In a mechanical hygrometer, the change in the physical dimensions of the
hygroscopic material is used. This material can be a human hair, a paper strip, or a
polymer fiber. The mechanical hygrometer has a scale to which the hygroscopic
material is attached as shown in Figure 1.5. The length of this material changes

when exposed to humidity, so the scale of the hygrometer deflects, showing a value



depending on the amount of humidity. The mechanical hygrometer has the major
advantage that it does not require any power supply. The other advantages include
being simple and inexpensive. However, it has nonlinear output characteristics, and

shows hysteresis.

—— Scale Adjustment

Pointer

Figure 1.5: A mechanical hygrometer, which uses the human hair as the

hygroscopic material [1].

The electrical hygrometer uses a material, which has an electrical parameter
sensitive to humidity. Figure 1.6 shows an example of the electrical hygrometer. It
is a capacitive hygrometer, which includes a hygroscopic material whose dielectric
constant is sensitive to the humidity change. The hygroscopic materials include
polymers, ceramics, and electrolytic films. Due to the moisture absorption from the
surface, dielectric constants of these materials increase with increasing humidity.
Electrical hygrometers are simple and inexpensive, but they have the disadvantage of

having hysteresis and sensitivity to contamination.
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Figure 1.6: The structure of a capacitive hygrometer [1].

1.3 Miniaturized Humidity Sensors

Developments in the micromachining technology have encouraged the
development of miniaturized humidity sensors. Miniaturized humidity sensors have
the advantage of small size, low cost, low power consumption, and high performance
when compared to the classical measurement methods explained in the previous
section. Various types of miniaturized humidity sensors have been designed, which
use materials having different humidity dependent parameters. Major techniques of
measurement methods used in miniaturized humidity sensors can be listed as
resistive, capacitive, mechanical, gravimetric, and optical techniques. In addition to
these widely used techniques, there are some different techniques based on
electromagnetic and thermal humidity sensing methods. Miniaturized humidity
sensors have also been used in complex micro systems where they are integrated
with other types of transducers and electronic circuitries. Following subsections

shortly describe the humidity sensors based on micromachining techniques.
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1.3.1 Resistive Humidity Sensors

Resistive humidity sensors are transducers that convert the humidity change
into resistance change. Ceramics, polymers and electrolytes are the main groups of
materials that have been used and reported for resistive humidity measurement.
These materials have humidity induced resistance characteristics, which allow the

humidity measurement by the measurement of resistance.

Various kinds of ceramics have been investigated as humidity sensitive
materials, such as TiO,, LiZnVO4, MnWO,, C,0, and Al,O3 [5-10]. In general,
ceramics have good chemical stability, high mechanical strength, and resistance to
high temperature. However, they have nonlinear humidity-resistance characteristics

and are not compatible with standard IC fabrication technologies.

Polymer based humidity sensors are another type of resistive humidity
sensors that are present in the literature. Some researchers have examined the
impedance changes of PVA (polyvinyl alcohol), TA (phthalocyaninosilicon), and
Nafion with relative humidity [11]. It has been reported that the humidity response
and the stability of the polymer films are dependent on different chemical properties
such as hydrophilicity, molecular, and ionic forms [11, 12]. Polymers also have

nonlinear humidity-resistance characteristics.

An example of the electrolyte based humidity sensors is the LiCl dew point
hygrometer fabricated with a composite of porous polymer and the salt [13]. The
humidity measurement is achieved by using the conductivity change of the LiCl-
polymer composition. The film is formed on an alumina substrate over interdigitated
platinum electrodes. The device is integrated with a heater and a temperature sensor,
which are connected to a control circuit to keep the vapor pressure of the saturated
LiCl solution equal to the vapor pressure of the atmosphere. The humidity
measurement is achieved by the measurement of the dew point temperature. Figure

1.7 presents a prototype of the dew point hygrometer.
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Figure 1.7: A prototype of the dew point hygrometer [13].

The major advantage of this sensor is that it is suitable for batch fabrication.
However, it requires regular maintenance of the LiCl solution to guarantee the stable

operation of the device, which is an important disadvantage.

1.3.2 Hygrometric Humidity Sensors

One of the very well known mechanical transduction techniques is the usage
of piezoresistivity. Piezoresistivity is simply defined as the resistance change of a
material with respect to a change in mechanical stress. In order to use this property
in humidity sensor applications, a humidity dependent mechanical stress should be
obtained. Humidity sensitivity of mechanical properties of polyimide films has been
investigated [14]. It has been reported that humidity-induced extension of polyimide
films is quiet linear in a wide range of humidity. However, the material behavior
strongly depends on the conditions of the polyimide fabrication process. Using the
humidity-induced swelling property of polyimide thin films, piezoresistive humidity

sensors have been developed [15].
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Another example of micro mechanical humidity transduction method is an
application of hygroscopic humidity sensing described in Section 1.2.3 into micro
technology. A mechanical-optoelectronic sensor unit has been developed using the
contraction-expansion property of black hair versus humidity [16]. Hair is attached
to a window, which determines the light intensity emitted from a LED to a
photodiode. This way, photocurrent of the photodiode changes with humidity. It has
been stated that the sensor response is less dependent on temperature because the

temperature expansion coefficient of hair is very small.

1.3.3 Gravimetric Humidity Sensors

Gravimetric humidity sensors are developed on the fact that the mass of a
hygroscopic material changes by humidity absorption. In this measurement method,
a resonator structure is fabricated with a hygroscopic material deposited on it.
Assuming that the absorbed water vapor behaves like a rigid mass, the change in

frequency is approximated with the equation of Sauerbrey [4]:

L L
A = AmAm (1.6)

where A is the surface area, fj is the nominal frequency, u is the shear modulus, p is

the density and Am is the change of mass caused by absorption.

Humidity absorptive properties of fullerene films have been investigated by
means of their effect on the resonance frequency of quartz resonators [17]. Test
results have shown that the resonance frequency of the resonators increase with the
increasing relative humidity of the environment. Resonators provide very high
sensitivity and low response time, but the frequency change with respect to relative

humidity demonstrates exponential characteristics.
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Another example of gravimetric humidity sensors is the Quartz Crystal
Microbalance (QCM) used as a humidity sensor [18]. Figure 1.8 shows the
schematic diagram of the QCM humidity sensor. In this method, water condensation
is produced by a Peltier element integrated with the QCM. A change of mass on the
crystal surface results in a decrease in the resonance frequency. Humidity
measurement is achieved by the measurement of the delay time between the
beginning of the Peltier supply and the beginning of the water condensation on the
quartz. The most important feature of this sensor is its relatively low response time.
Major disadvantages are the nonlinear characteristics and high temperature

dependence.
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Figure 1.8: The schematic diagram of the QCM humidity sensor [18].

There are other types of gravimetric humidity sensors such as the Surface
Acoustic Wave devices, where the phase velocity of surface waves change with the
absorption of water vapor [19, 20]. These devices also have nonlinear output
characteristics and require complicated systems for signal processing of sensor

outputs.
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1.3.4 Optical Humidity Sensors

Optical methods have also been developed for humidity sensing applications.
The optical humidity measurements are based on the humidity dependence of the
amplitude, the polarization, and the frequency of an optical signal. Humidity
dependence of these parameters arises from the humidity induced dielectric constant

change of the medium where the signal propagation takes place.

An example of this type of humidity sensors is the optical fiber humidity
sensor fabricated using a hydrophilic gel (agarose) deposited on the thinner zone of a
biconically tapered single mode optical fiber [21]. The sensing mechanism relies on
the refractive index change of the agarose gel with respect to the relative humidity.
A variation of 6.5dB of the transmitted optical power has been obtained within the
30% to 80% relative humidity range. The sensor material shows a good

reproducibility and low hysteresis.

There are similar sensor structures present in the literature, which use the
refractive index change of the optical medium as a function of the absorbed water
vapor [22, 23]. These devices also show good reproducibility and low hysteresis

characteristics. However, they have quite nonlinear humidity response.

1.3.5 Thermal Humidity Sensors

Thermal humidity sensors have been developed by making use of the
difference in the thermal conductivity of air and that of water vapor. An absolute
humidity sensor has been demonstrated using a single micro air bridge heater [24].
The micro heater sensing region is heated up to a low temperature level at which the
thermal conductivity of the air and the water vapor is almost the same. Then, same
region is heated up to a temperature level where thermal conductivity difference
between the air and water vapor becomes significant. Heating is achieved by

applying double pulse currents. The resistance of the micro heater changes due to
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the temperature coefficient of resistance (TCR) property. As a result, the difference
of the voltages in two cycles becomes a function of the absolute humidity in the air.

Figure 1.9 shows an SEM picture of the micro bridge heater humidity sensor.

Figure 1.9: An SEM picture of the micro bridge heater humidity sensor [24].

A similar approach has been used in the robust humidity sensor, which has
been developed using meander shaped resistors fabricated on thermally isolated
membranes [25]. Figure 1.10 demonstrates the device structure. In this sensor,
resistors are heated up to a temperature around 250°C using self heating effect by
applying constant voltage. One of the resistors is passivated from the humid
environment by proper packaging. The other resistor is exposed to the environment,
whose resistance changes with respect to the change in relative humidity due to the
thermal conductivity difference. Test results have shown that the sensors have fairly
linear response and almost zero hysteresis. However, the power dissipation of the

sensor is very high compared to the other methods.
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Figure 1.10: The cross sectional view of the thermal conductivity based humidity

sensor structure [25].

1.3.6 Capacitive Humidity Sensors

Capacitive humidity sensors are based on dielectric constant changes of thin
films during moisture absorption. There are several different types of materials used
as humidity sensitive dielectric layers. Most widely used ones are polymers,

ceramics, and porous silicon.

A compact, robust humidity sensor has been presented using WO; as the
humidity sensitive ceramic [26]. The sensor has a sapphire base with a pair of
interdigitated Pt film electrodes and a Pt film heater on both sides of sapphire. The
WO; layer has been thermally evaporated on interdigitated electrodes. Test results
have shown that the sensor capacitance has very high sensitivity to the humidity, due
to the high humidity sensitivity of the dielectric constant of the ceramic film. A

major disadvantage of the sensor is that the humidity response is highly nonlinear.
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Another example of the ceramic humidity sensors is the thick-film humidity
sensor based on a metal oxide, MnWO, [27]. Figure 1.11 shows a cross sectional
view of the sensor structure. The sensor has a sandwich structure formed by
depositing the MnWO, between Pt electrodes. The sensor has been fabricated on an
alumina substrate and a refresh heater has been printed on the back side of the
substrate.  This sensor also has high sensitivity to humidity with nonlinear
characteristics. Another important disadvantage of ceramic sensors is their high
sensitivity to contaminants such as dust and smoke. However, this problem can be
solved by burning out the contaminants by heating the sensor to temperatures around

400°C.
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Figure 1.11: The cross sectional view of the capacitive humidity sensor with ceramic

humidity sensitive layer [27].

Porous silicon is another widely used humidity sensitive dielectric, which is
formed by anodic or galvanic etching of silicon in hydrofluoric acid [28]. A
capacitive porous silicon humidity sensor with integrated refresh resistor has been
presented [29]. The device consists of a capacitor with porous silicon dielectric, a
refresh resistor and thermo-resistors. Figure 1.12 shows an SEM picture of the
sensor. According to the test results, it has been found out that the humidity response

of the sensor depends on the porous silicon formation conditions. An advantage of
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porous silicon humidity sensors is their stability at elevated temperatures. The major

disadvantage is their nonlinear humidity response.

Figure 1.12: An SEM picture of the porous silicon capacitive humidity sensor [29].

Similar results have been obtained using oxidized porous silicon as the
humidity sensitive dielectric layer [30]. In this work, the sensor has been attached to
a thermo electric cooler (TEC). Measurement principle is to detect the increase of
the capacitance during water condensation induced by cooling. An advantage of
using TEC is that it can also be heated to refresh the sensor. This sensor also has

shown nonlinear humidity response.

Capacitive humidity sensors based on polymer films have also been presented
[31-37]. An example is the silicon dew-point detector using polyimide as the
humidity sensitive polymer [33]. Figure 1.13 shows the top view of the sensor
structure. The sensor has been formed by depositing polyimide on interdigitated
electrodes. Two heaters and a thermometer have been integrated to the sensor area
using metal resistors. An important feature of this device is that the sensor is formed
on a silicon membrane of 50um thickness, in order to improve the thermodynamic

properties of the device.
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Figure 1.13: The top view of the capacitive dew point detector [33].

Another polyimide based humidity sensor has been developed for monitoring
internal humidity level in anodically bonded hermetic micropackages [37]. The
polyimide film has been sandwiched between two metal electrodes to sense moisture.
The fabricated sensors have shown a linear response within the relative humidity
range from 20% to 70%. Above 70% relative humidity, nonlinearity of the dielectric
constant change of polyimide increases. Influence of the polyimide thickness on the
sensitivity of the sensor has also been investigated. Test results have demonstrated

that the sensitivity of the sensors increase with decreasing polyimide thickness.

In applications where high relative humidity values are measured, there is the
risk of water condensation on the sensor surface. A method to measure high relative
humidity levels has been proposed by integrating the sensor with a polysilicon heater
[34]. Figure 1.14 shows the sensor structure. The polysilicon heater has been
fabricated on top of a Si3Ny4 layer underneath the sensor. In addition, the response
time of the sensor has been improved by allowing the moisture to diffuse into
polyimide film circumferentially. This sensor also has linear humidity response. It
has been verified that the heater can be used to estimate the high relative humidity

values with an error of 2% relative humidity.
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Figure 1.14: The capacitive humidity sensor with cylindrical polyimide columns

integrated with polysilicon heater [34].

A major advantage of the polyimide films is their compatibility with standard

CMOS fabrication. This property has been used to obtain capacitive humidity

sensors using CMOS fabrication [36]. Humidity sensing property has been achieved

by deposition of the polyimide film on the chip after the standard CMOS fabrication.

Figure 1.15 shows a picture of the fabricated humidity sensor chip.

Figure 1.15: The capacitive humidity sensor fabricated in a standard CMOS process

[36].



Capacitive humidity sensors based on polyimide thin films have the
advantage of high sensitivity, linear response, and low power dissipation. In
addition, polyimide films are compatible with standard CMOS fabrication, which
allows the monolithic integration of the sensors with the readout circuitry. The
major disadvantage of the polyimide thin films is their long term stability and

chemical durability problems in harsh environments [38].

14 Research Objectives and Thesis Organization

In this thesis work, it was aimed to develop humidity sensors using surface
micromachining and standard CMOS processes. Two different humidity sensors
were designed; one of them is based on capacitive technique, while the other one is
based on thermal properties of water vapor. Specific objectives of the thesis work

can be summarized as follows:

1. Development of a polyimide based capacitive humidity sensor with an integrated
heater, which is capable of providing humidity measurement at high relative

humidity conditions.

2. Development of a CMOS readout circuit for capacitive humidity sensors.

Integration of the fabricated humidity sensors with the readout circuit.

3. Characterization of the capacitive humidity sensors at different ambient

temperature conditions. Performing hysteresis and response time measurements.

4. Development of a thermal conductivity based humidity sensor using standard
CMOS fabrication and post-CMOS processing. Integrating the sensor with the

readout circuit monolithically using standard CMOS fabrication.

5. Measurement of the humidity response and the hysteresis characteristics of the

thermal humidity sensor at different temperatures.
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The research started with a literature search on the humidity sensors that have
been developed using various different measurement techniques. After the decision
on the method to be focused on in this study, masks of the sensor layers were
designed. Fabrication of the capacitive sensors was processed in the clean room
facilities of METU. Readout circuit for the capacitive humidity sensor was designed
and fabricated in AMS 0.8um CMOS process. Thermal conductivity based humidity
sensor was designed and fabricated in AMS 0.6pm CMOS process. Characterization
tests of the sensors were performed in testing laboratories of METU. Rest of the

thesis is organized as follows:

Chapter 2 describes the design of the capacitive humidity sensor and the
integrated heater. This chapter discusses the important geometrical parameters that
affect the sensor performance. The theory of self heating is also explained and the
thermal simulations of the integrated heater are presented. Finally, mask layouts of

the sensors are given.

Chapter 3 presents the CMOS readout circuit developed for capacitive
humidity sensors. This chapter includes a summary of the capacitive readout
techniques that have been presented in the literature. Design of the analog and

digital blocks of the readout circuit are explained, and the chip layout is given.

Chapter 4 presents the characterization results of the capacitive humidity
sensors. Humidity response of the capacitive sensors is demonstrated with the
hysteresis test results and the response time measurements. Characterization results
of the integrated heater are also presented, and the effect of heating on the sensor
response is investigated. This chapter also presents the characterization results of the
hybrid humidity sensor module, which is obtained by connecting the capacitive

sensor with the readout circuit.

Chapter 5 describes the design of a thermal conductivity based humidity
sensor developed in a standard CMOS process. This chapter discusses the effect of

structural parameters on the sensor performance and presents the layout of the
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sensor. In addition, design of the readout circuit is explained, and the post
processing of the chip is discussed. This chapter also includes the characterization

results of the thermal conductivity based humidity sensor.

Finally, Chapter 6 presents the conclusions of the thesis and gives suggestions

for future studies.
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CHAPTER 2

A CAPACITIVE HUMIDITY SENSOR WITH
AN INTEGRATED HEATER

This chapter presents the design and implementation of a capacitive type
humidity sensor with an integrated heater. Section 2.1 discusses polyimide films and
their important characteristics for humidity sensing applications. These
characteristics include some figures of merit such as sensitivity, long term stability,
chemical durability and also processing methods in microfabrication. Sections 2.2
and 2.3 describe the capacitive sensor and integrated heater structures, respectively.
These sections also include some theoretical calculations and simulation results
regarding the performances of the sensor and the heater. Following sections present
the fabrication and test results of both the sensor and the heater. Finally, test results

are discussed, and further improvements are proposed.

2.1 Polyimide as a Humidity Sensitive Material

Polyimide films are developed for electronic industries to be used as
interlayer dielectrics, passivation layers, and stress buffers. They also have
applications in the field of integrated circuit fabrication as inter-metal dielectrics,

sacrificial layers, and surface planarizers [38].

There are several reasons that make polyimide films have applications in

microelectronics industry. The polyimide is chemically inert in its cured form, and
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thermally stable material up to temperatures around 450 °C. In addition, it is a
perfect planarizer used to planarize irregular surfaces. It also has a low relative
permittivity and high breakdown voltage, which makes it desirable for high speed
applications. However, it has some important disadvantages for the integrated circuit
fabrication. Most important disadvantage is its high humidity sensitivity, which
results in humidity dependency of the output response of circuits. Although this
property is unwanted in microelectronic circuits, it makes polyimide films very
attractive for humidity sensing applications. Being thermally stable and fully
compatible with silicon processing technology, polyimide is the most widely used

humidity sensitive dielectric in capacitive humidity sensors.

Humidity responses of polyimide films have been investigated in many works
[31-35]. Experiments show that the dielectric constant of polyimide films change
from about 3 to 4 as the relative humidity changes from 0%RH to 100%RH.
Moreover, the dielectric constant change with respect to the humidity change is
almost linear especially within the 20%RH to 70%RH range. Polyimide deposition
can be performed at the end of a CMOS fabrication process, and therefore humidity
sensors, which are monolithically integrated with the readout circuit, can be obtained
[36]. Major drawbacks of polyimide films can be stated as long term stability and
chemical durability problems [38]. In harsh environments, humidity responses of
polyimide films may drift in time. In addition, the presence of water for a long time

may cause the failure of the device.

Polyimide films can be divided into two groups according to the method that
they are processed in microfabrication. Photosensitive polyimide films are processed
like photoresists. They are masked, exposed to UV light, and patterned by their own
developers. Non-photosensitive polyimide films are patterned by dry or wet etching
like a regular layer in microelectronics, so an additional photolithography step is
required in the fabrication. On the other hand, using photosensitive polyimide films
considerably reduces the number of processing steps and makes the process easier.
Furthermore, since they are directly masked and developed, the resulting pattern has

better defined features.
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2.2 Sensor Design

In this study, a capacitive humidity sensor with a sandwich structure was
designed. The sensor is simply a capacitor with two metal electrodes and a
polyimide layer as the humidity sensitive dielectric. Figure 2.1 shows a symbolic

view of the sensor structure.

Top electrode

Humidity sensitive ~— AC(%RH)
dielectric

Bottom electrode

Figure 2.1: A symbolic view of the sensor structure. It is a variable capacitor with

two metal electrodes and a dielectric layer.
The capacitance of the capacitor changes with respect to %RH due to the

humidity sensitive dielectric constant of the polyimide layer. The capacitance of the

capacitor is expressed as:
A
C=ex— 2.1
: @.1)

where ¢ is the permittivity of the dielectric, 4 is the area of the capacitor, and d is the

dielectric layer thickness. The permittivity of the dielectric can be written as:
e=¢+axRH (2.2)

where ¢; is the initial permittivity of the dielectric, RH is the relative humidity, and a

is the humidity sensitivity of the permittivity, which is a constant assuming that the
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humidity sensitivity is linear. If Equation 2.2 is inserted into Equation 2.1, the

capacitance is written as:
C:gix£+RHxa><£ (2.3)
d d

In the sandwich structure, the area of the capacitor is equal to the area of the
metal electrodes. In microfabrication, there is no limitation on the surface area of a
deposited metal, so very high capacitance values can be achieved using the sandwich
structure. This is the major advantage of the sandwich shaped capacitors over the
interdigitated electrode capacitors where the capacitor area is dependent on the
electrode thickness, which is limited by the process. High capacitance values make it
easier to convert the capacitance change into voltage change using electronic circuits,

since the effect of parasitic capacitances becomes less important.

The most important parameter of a capacitive humidity sensor is its
sensitivity. In capacitive humidity sensors, the sensitivity of a device is generally
expressed in capacitance per %RH form. From Equation 2.3, sensitivity of the

sensor is found as:
A
S=ax— 2.4
7 (2.4)

The sensitivity is directly related with the humidity sensitivity of the polyimide film
and the geometry of the sensor. It should be noted that the sensitivity increases with
increasing initial sensor capacitance. The sensitivity of a sensor can also be
increased by increasing the amount of moisture absorbed by the polyimide layer [37].
In order to increase the amount of absorbed moisture, the top electrode of the sensor
is designed in a meshed structure. This way, a wider access path is provided for the
moisture into the polyimide film, so the sensitivity of the sensor is improved. Figure

2.2(a) shows the structure of the top electrode.
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Another important parameter of humidity sensors is the response time. The
response time is directly proportional to the contact area of the polyimide layer with
the humid environment [34]. It is important to realize that the polyimide under the
openings of the top electrode does not affect the capacitance much. This means that
if the polyimide layer which lies underneath the metal parts of the top electrode has a
wide contact surface with the moisture, the response time is improved. This is
achieved by patterning the polyimide layer with the same meshed structure of the top
electrode. This fact is explained in Figure 2.2(a) and 2.2(b) showing the top and the
side views of both the top electrode and the polyimide layer.

It is observed from Figure 2.2 that the polyimide layer has an extension from
the sides. This extension not only increases the absorption surface area but also
provides a safety margin for precision errors in the process. If the two layers are

tried to be exactly matched, there may be short circuit problems between the two

metal electrodes due to lithography errors during the fabrication.

§\\\\\\\\\\\

LTSI TSI T IS TT IS IS ST TSI

i
HEE Top electrode EE Top electrode P24 Bottom electrode
BN Polyimide B Polyimide

(a) (b)

Figure 2.2: (a) Top views of both the top electrode and the polyimide layer, (b) cross

section of the structure.
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Another important issue to be discussed is the polyimide thickness. From the
sensitivity expression derived above, it is observed that the sensitivity is inversely
proportional to the thickness of the polyimide film. In order to increase the
sensitivity of the sensor, the polyimide film thickness should be reduced. It is
obvious that the thickness of the polyimide film can not be reduced below a certain
value due to the limitations coming from the process. As a result, it can be stated

that the sensitivity of the sensor is limited by the process.

In this work, two different capacitive sensor structures were designed. The
difference of two types is the thicknesses of the metal parts of the top electrodes and
the opening widths for moisture diffusion. One mask is required for the fabrication
of one layer, so three masks were designed for each sensor. Figures 2.3, 2.4, and 2.5
show the mask layouts drawn in the CADENCE software. Table 2.1 summarizes the
layout dimensions and expected capacitance values. It should be noted that the
bottom electrode has exactly the same shape with the top electrode in the mask

layout, which reduces the parasitic capacitance.

Table 2.1: Design parameters of the two humidity sensors mask layouts. Pad frame
and dicing lines are not included in the total area calculation. Expected capacitance

values are calculated for 0.5 pum polyimide thickness.

Layout 1 Layout 2
Total Area (mm°) 1 1
Effective Area (mm®) 0.525 0.55
Metal Line Width (um) 25 50
Opening Width (um) 25 50
Expected Capacitance (pF) 30.665 32.126
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2.4: The layout of the capacitive humidity sensor with 50um metal line
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width. Total layout dimensions are Imm x Imm.
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2.3 Integrated Heater Design

In some humidity sensing applications, implementation of a heater with a
humidity sensor is necessary as discussed in Chapter 1. In general, the heater is
implemented around or underneath the sensor with a resistor structure or a discrete
heating element is attached to the sensor. These methods require extra fabrication

steps or complex packaging, which increase the cost of the device.

The capacitive humidity sensor developed in this study is integrated with a
heater using a different approach than the reported ones in literature. Bottom
electrodes of the humidity sensors are designed in a meander resistor shape as
demonstrated in Figure 2.6. This shape provides a high thermal resistance, which

allows the material to heat up to higher temperatures by lower power dissipation.

Figure 2.6: Three dimensional view of the bottom electrode designed in heater

resistor shape.

Heater resistors are biased with a constant voltage or current source, and the
heating is achieved by dc power dissipation on the resistor. Self heating of a resistor
driven with a voltage source can be represented with a lumped element thermal
circuit, which is shown in Figure 2.7 [39]. The circuit contains a dependent current
source that supplies the heating power, a thermal capacitor that stands for the heat

capacity, and a resistor representing the thermal resistance. If the circuit is solved for
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the steady state conditions, the relation between dissipated power and temperature

change is found as:

P=G,xAT (2.5)

where P is the dissipated power, AT is the temperature difference, and G, is the

thermal conductance of the material [39]. The thermal conductance is given as:

A
Gzh = GXT (26)

where / and A are the length and cross sectional area of the resistor respectively, and
o is the thermal conductivity, which is a specific value for the material that forms the
resistor. It is obvious that the thermal conductance of the resistor decreases with the
decreasing cross sectional area or the increasing length. It can be concluded from
Equation 2.5 that if the resistor has a lower thermal conductance, it can be heated

with less power.

Figure 2.7: The schematic of the lumped element thermal circuit representing the

self heating of the heater electrode.
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Two different mask layouts were designed for the heater electrodes of the two

sensor structures demonstrated in the previous section. It should be noted that the

masks for the polyimide layer and the top electrode are exactly same as the

Only the mask for the heater electrode was

previously demonstrated layouts.

modified according to the heater resistor shape. Figures 2.8 and 2.9 show the mask

layouts for the heater electrodes and the layout including the pad frame and dicing

lines respectively. Table 2.2 summarizes the expected resistance and the thermal

conductance values of the two heater structures assuming that the heaters are 0.5um

thick aluminum.

Table 2.2: Expected resistance and the thermal conductance values of the heater

electrodes. The resistivity and the thermal conductivity of aluminum were taken as

2.665x10™® Q.m and 237 W/m.K respectively.
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Figure 2.8: The layout of the heater with (a) 25um, (b) 50pm metal width.
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In the capacitive humidity sensor application, the capacitor is built on a
silicon base. It is well known that the silicon has a high thermal conductivity, which
increases the thermal conductance of the overall structure. Consequently, fabricating
the sensor on a silicon wafer prevents the resistor from heating up to the desired
temperature levels. In order to reduce this effect, the sensor is fabricated on silicon
dioxide, which has a low thermal conductivity. This way, the sensor is thermally
isolated from the substrate. Fabricating the sensor on the silicon dioxide has the
disadvantage that a parasitic capacitance is formed between the sensor and the
substrate. Figure 2.10 shows the cross section of the final structure. It should be
mentioned that another way to decrease the thermal conductance is to fabricate the

sensor on a glass substrate, which does not introduce any parasitic capacitance.
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Figure 2.10: The cross sectional view of the capacitive humidity sensor with the

heater electrode.

It should be noted that the temperature that the resistor reaches at a given dc
power dissipation can not be directly calculated from Equation 2.5. There are other
sources of heat transfer such as convection and radiation, which affects the final
temperature of the resistor [39]. In addition, the surfaces that the resistor touches

generate thermal conduction paths, which may reduce the final temperature of the
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device. In the final temperature calculations, these effects can be taken into account

by the help of computer simulations.

2.3.1 Thermal Simulations

The self heating of the heater electrodes are simulated using the MemETherm
tool of the ConventorWare software. This tool solves the conservation of the
electrical charge and the thermal energy to compute the steady state potential and
temperature fields. For the self heating problem, boundary conditions are specified

as voltages applied to the two pads of the heater electrode.

Table 2.3 summarizes the information required for the thermal simulation. In
the simulation, 100mW dc power is applied to the heater electrode. Simulation
results show that the temperature of the sensor increases up to 483K, which shows
that the heater idea works. Overall thermal conductance of the structure is calculated
as 2.07x10* W/K. Figure 2.11 shows the CoventorWare windows that demonstrate

the simulation results.

Table 2.3: Thickness, thermal conductivity, and electrical resistivity values of the

capacitive humidity sensor layers used in the thermal simulation.

_ Thermal Electrical
Layer Material Thickness Conductivity Resistivity
(jn) (W/m.K) (Q.m)
Base Silicon 350 148 2300
Dielectric 1 SiO, 1 1.3 10°
Metal 1 Aluminum 0.5 237 2.665x10™
Dielectric 2 Polyimide 0.5 0.14 10"
Metal 2 Cr/Au 0.2 205 7.625x107
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Figure 2.11: CoventorWare windows that demonstrate the simulation results: (a)
maximum and minimum node temperature values, and (b) temperature distribution of
the sensor. Since the silicon base is very thick compared to the other layers, it is not
shown. Maximum temperature of the sensor reaches to 483 K at 100mW dc power

dissipation
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2.4 Device Fabrication

Fabrication of the capacitive humidity sensors has three main steps. These
are two metallization and one polyimide deposition steps, which require lithography

and patterning operations.

The first metallization is performed by the sputter deposition technique. In
the sputter deposition, a target material which is to be deposited is bombarded by
argon ions. This is achieved by keeping the target material at a negative potential
and creating positively charged argon ions by the help of an electric field. The target
material is sputtered away by momentum transfer, and ejected surface atoms are

deposited on the substrate placed on the anode.

In the fabrication of the bottom electrode, Al is sputtered on SiO; coated three
inch wafers at 2kW power for 20 minutes using a magnetron sputtering system,
which results in 0.5um aluminum thickness. Patterning of the bottom electrode is
performed using wet etching technique, using a mixture of acetic acid, nitric acid,

phosphoric acid, and de-ionized water.

The second layer of the capacitive humidity sensor is the humidity sensitive
dielectric layer. A negative photo definable polyimide (PI12723) was used as the
dielectric layer. Photo definable polyimide films can be directly patterned by
photolithography as explained in Section 2.1. Table 2.4 gives the polyimide process

flow in detail.

The most critical step of the polyimide process flow is the spin coating step,
which determines the polyimide film thickness, so the sensitivity of the sensor. In
this step, the spin speed can be varied for different wafers so that humidity sensors
with different initial capacitance values can be obtained. Figure 2.12 gives the spin

speed versus film thickness curve for the polyimide P12723.
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Table 2.4: Process flow for polyimide coating and patterning.

Step # Process Details
1 Dehydration Bake 30°C 30 min. in convection oven
2 Spin Coating 4500 rpm. 35 sec.
3 Soft Bake 4 min. 75°C on hot plate
4 UV Exposure 200 mJ/cm”
5 Development 45 sec. in DE6180 developer
6 Overlap 7 sec. in Developer/Rinser
7 Rinse 45 sec. in RI9180 rinser
8 Cure 30 min. 400°C in convection oven

It should be mentioned that the curing step also reduces the film thickness.
The curing temperature given in Table 2.4 is a standard value given in the process
documentation of the polyimide PI2723. However, a different curing approach is
present for capacitive humidity sensor applications in order to reduce the film
thickness further [37]. Polyimide was cured on a hot plate, ramping up the
temperature from 100°C to 300°C with 100°C increments and 30 minute cure at each
temperature. This way, it is possible to reduce the film thickness to the one fourth of

the values given in Figure 2.12.

The last step of the fabrication is the formation of the top electrode by lift-off
technique. In the lift-off technique, photoresist is coated and patterned in such a way
that the regions that the metal will remain are removed. The metal is then deposited
and patterned by lifting off the photoresist. This method is preferred in the formation
of the top electrode because it does not require any etching process. In an etching
process, there is the risk of damaging the pad connections of the bottom electrode,

which are unprotected.

42



Thickness vs. Spin Speed
6
—~ 5.5 .\\
5 5
a 4.5
-§ 3.5 -
£ .3
2.5
% 2 \\¢
1.5
1 T T T T
1.0 2.0 3.0 4.0 5.0
Spin Speed (rpm) (x1000)

Figure 2.12: Thickness versus spin speed graph for the polyimide film used as the

dielectric layer.

The top metal layer is patterned using lift-off process. A Cr/Au layer
(2001&/ 18001&) is deposited on top of photoresist PR2823 by evaporation.
Evaporation was preferred in the deposition because evaporated films have poor step
coverage so that the photoresist under the metal layer can easily be removed using
the lift-off process. In addition, PR2823 is a relatively thick photoresist, which also

makes the removing process easier.

Another important point about the final metallization step is the adhesion of
the metal layer to the polyimide. Polyimide films generally have very smooth
surfaces such that metal films can not adhere easily. This may cause the peeling of
the metal completely from the surface during the lift-off. In order to prevent this
problem, wafers are kept in oxygen plasma for one minute before the metal
deposition. This way, the surface of the polyimide film becomes rough such that the
metal can stick on it easily. Details of the fabrication process flow of the capacitive

humidity sensor are given in the Appendix.
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2.5 Conclusion

This chapter presents the design and fabrication of a capacitive humidity
sensor with an integrated heater. The integrated heater is implemented by fabricating
the bottom electrode of the capacitive humidity sensor in a heater resistor shape.
Two types of capacitive humidity sensors are developed. Their difference is the
opening widths for moisture diffusion and dimensions of the heater electrodes.
Expected capacitances of the humidity sensors are around 30pF for 0.5um polyimide
film thickness. The fabrication of the sensors is completed in three mask process.
Next chapter presents the design of a switched capacitor readout circuit for
capacitive humidity sensors, and Chapter 4 presents the fabrication and test results of

the capacitive humidity sensors and the readout circuit.
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CHAPTER 3

THE CAPACITIVE READOUT CIRCUIT

This chapter presents the design and implementation of a switched capacitor
CMOS readout circuit for capacitive humidity sensors. Section 2.1 summarizes the
capacitive readout techniques present in the literature, including the RC oscillator,
switched capacitor integrator, and capacitance to current converter circuit structures.
Section 2.2 describes the readout circuit structure designed in this study and its
operating principle. This section also includes the design of the building blocks of
the circuit. Finally, Section 2.3 briefly explains the floor planning of mixed signal

circuits and demonstrates the layout of the chip.

3.1 Capacitive Readout Techniques

Capacitive sensors require readout circuits that convert the capacitance
change into voltage change for further signal processing of the sensor outputs. There
are various techniques of capacitance reading reported in literature. Among these
techniques, the most important ones are the RC oscillator and the switched capacitor
integrator circuits. Based on these fundamental techniques, different circuit
structures and output signal processing methods have been developed and presented

[40-44]. Following subsections explain some of these readout techniques.
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3.1.1 RC Oscillator

RC oscillators are the oldest circuits used for reading capacitance change. In
this method, the sensor capacitor is charged and discharged through a resistive path
in order to create an oscillating output [43]. The frequency of the output is

measured, which is proportional to the sensor capacitance.

Vout

Figure 3.1: RC oscillator circuit structure.

Figure 3.1 demonstrates an example of the RC oscillator circuit structure. In
this circuit, oscillating signal is generated using CMOS inverters. When the output is
at high state, the capacitor is charged through the resistor until the input of the first
inverter reaches to the high state. At this moment, the output switches to low state
and the capacitor starts discharging through the resistor. The period of the output

signal is given by:

(3.1)

T -RC h{(zVs VIV +V, )}

V-V )V,

sw
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where V; is the supply voltage and Vi, is the switching voltage of the CMOS
inverters. From the equation, it is clear that the period of the output signal is directly

proportional to the sensor capacitance.

RC oscillators are simple circuits and provide linear outputs. The major
disadvantage of this type of circuits is their high sensitivity to parasitic capacitances.
In addition, they are sensitive to temperature changes, which is an important

drawback for sensor applications.

3.1.2 Capacitance to Current Converter

Another type of capacitive readout method present in the literature is the
capacitance to current conversion technique [44]. In this method, the charging or the

discharging current of a sensor capacitance is measured.

Figure 3.2 shows the circuit schematic of such a system. In this circuit, the
sensor capacitor is charged and discharged through a buffer with zero quiescent
current. The operation of the circuit is as follows. When the input is switched to the
Vi level, the negative input terminal of the comparator also rises to Vi
instantaneously. Output of the comparator saturates at Vg and turns on the M2
transistor. Then the sensor capacitor charges until the negative input voltage of the
comparator approaches to zero. This makes the comparator go out of saturation, and
M2 is driven into cut-off. After this point, both transistors at the output buffer
remain at cut-off until the next discharging phase. If the input is switched with a
frequency of Fy, the supply current is given by;

I, =FV,C (3.2)
The output current gives the absolute value of the sensor capacitor with a scale

factor, assuming that the comparator has high gain and fast response.
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Figure 3.2: The circuit schematic of the capacitance to current converter.

The most important advantage of this circuit is that the supply current value
does not depend on the amplifier offset and parasitic capacitances. However, the
circuit does not provide a comparison of the sensor capacitance with a reference.
This causes a limitation on the gain and the output dynamic range of the circuit,

which is an important disadvantage for sensor applications.

3.1.3 Switched Capacitor Charge Integrator

Switched capacitor charge integrators are the most frequently used
capacitance measurement circuits. The measurement idea is to connect the sensor
capacitor to the input branch of a switched capacitor amplifier and obtain a voltage

output proportional to the sensor capacitance.
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Figure 3.3 demonstrates an example of the switched capacitor charge
integrator [36]. The switched capacitor branch from Cgto Cg forms a non-inverting
amplifier circuit, where C,to Cy; forms an inverting amplifier circuit. The dc transfer

function of the circuit is:

C C
V:mt = I/refA (C_j - I/re_fB {C_] (33)

J1 /1

where C; stands for the sensor capacitor and C; stands for the reference capacitor.
Vieta and Vs can be used to compensate for the offset voltage which may arise due
to the mismatch between the sensor and the reference capacitors. The Cy, capacitor
performs a low-pass function in order to avoid the rapid variation of the output

voltage. OP2 is an output buffer, which is used to drive an off-chip load.

Sl Cfl S1
VrefA oe—o—— H
Cs )
o e /2
S2 I

S2

Sl s1 oP1
T Cr ! B
S2
VrefB o——"— v

Figure 3.3: The circuit schematic of the switched capacitor charge integrator.

Switched capacitor charge integrators are the most convenient circuits for
capacitive sensor readout applications, since they directly provide voltage outputs.

The output voltage is proportional to the difference of the sensor capacitance and the
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reference capacitance, which is an important feature of these types of circuits. In
addition, it is possible to compensate for the effect of any parasitic capacitance or

amplifier offset on the output by using proper switching configurations.

3.2 Capacitive Readout Circuit Designed in This Study

In this work, a switched capacitor readout circuit is designed for capacitive
humidity sensors using a 0.8um CMOS process. The circuit is composed of a
switched capacitor integrator and a digital section. The sensor and the reference
capacitors are connected to the input stage of the integrator, which generates an
output proportional to the difference of the two capacitances. The digital section is

used to generate the switching signals of the integrator.

Vx
Digital Timing Vref | Capacitance Difference Vout
Circuit Amplifier
Vrs

Figure 3.4: The block diagram of the readout circuit developed in this study.

Figure 3.4 shows the general block diagram of the readout circuit. As observed
from the figure, three signals are generated by the digital section. V, and V are two
complementary clock pulses, which are used to drive the input stage of the integrator.
The sensor and the reference capacitors are charged and discharged by
complementary clock pulses instead of charging and discharging through switches.
This charging method avoids the risk of some parasitic effects, which may occur due

to switches such as charge injection and clock feed-through.
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Vs signal is generated in order to drive the reset switch of the integrator. This
switch periodically resets the output of the integrator to the virtual ground level. The
circuit is designed in 0.8 pm CMOS process, which works in the 0-5 Volts supply
voltage range. The virtual ground of the circuit is set to 2.5V dc level, in order to

achieve maximum output voltage swing.

Vrs
(|
I
Cf
Cs
Vx e —
—e Vout
Vr e +
Cr
T1 , T2

£s

Figure 3.5: Switched capacitor charge integrator and the digital timing signals

generated by the digital section.

Figure 3.5 shows the circuit schematic of the integrator and the signals
generated by the digital section. Cg and C, stand for the sensor and the reference

capacitors respectively. The feedback capacitor Cr performs a low-pass function and
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determines the gain of the integrator. A detailed analysis of the circuit can be done
as follows. In the T1 cycle, when V, is high and ¥, is low, the sensor capacitor Cs is
charged by the V,.rsignal. The reference and the feedback capacitors are discharged,

so the total amount of charge stored in the circuit is:
Ql = (I/ref _I/in—)cs (34)

where Vj,. stands for the negative input terminal of the operational amplifier. When
V, rises to the V.. level, the reference capacitor C, is charged, and the sensor
capacitor Cs is discharged through the feedback capacitor C;. Total amount of charge

stored in the circuit is:
QZ = (I/rej - I/in—)C‘r + (I/in- - I/out )Cf (35)

From the charge balance equation, Q; should be equal to Q,. Assuming that the

operational amplifier has a gain of 4, following equations can be derived:

Vour = -4V, (3.6)

V |
[Vref +fj (C-C)=-V,, [Z"' IJ Cf (3.7)

If Equation 3.7 is solved for V,,, output function is found as:

V = -AOI/"@/(CS - C’)
" (4,+1C,+C,-C,

(3.8)

Assuming that the gain 4 is large enough such that(4, +1)C, >> C -C,, the output

expression reduces to:
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out ref
¢

(3.9)

For the T2 cycle, same derivation can be performed, which results in a sign change
of Equation 3.9. In conclusion, the output of the circuit oscillates around the 2.5V
virtual ground level amplifying the difference between the reference and the sensor

capacitances with a gainof V. /C,.

This derivation is performed assuming that the operational amplifier has no
dc offset voltage. However in practice, offset voltages of the operational amplifiers
significantly affect the output voltage level. A simple way of removing this effect is
to store the offset voltage on the feedback capacitor and subtract it from the output
by using proper switching configuration. Figure 3.6 shows the circuit schematic with

switching configuration for offset cancellation.

Vrs

Vrs’

O ——
-
/9—

T

Vrs

e Vout

Vref e I I +

Voff

Figure 3.6: The circuit schematic of the switched capacitor integrator with offset

cancellation.
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The offset voltage can be modeled with a voltage source connected to one of
the input terminals of the amplifier [45]. In the reset cycle, the offset voltage of the
operational amplifier is stored on the feedback capacitor Cr. When the reset signal
drops to the low level, stored charge on the capacitor is subtracted from the output

node.

3.2.1 Digital Section

The digital section generates the timing signals and the signals driving the
input stage of the switched capacitor integrator. As explained above, all of the
digital signals are square waves with amplitude of 5V peak to peak and 2.5V dc
offset. In order to generate these signals, a 2-bit ripple counter is used. Output
signals of the ripple counter are connected to a combinational logic circuitry. Figure

3.7 shows the block diagram of the digital section.

2-bit Ripple Combinational Logic ~ Vref
Counter Circuitry

Vrs

Figure 3.7: The block diagram of the digital timing circuit.

Input signals of the integrator should be the complement of each other with
approximately zero delay. A phase shift between these signals can cause unwanted
voltage rises at the integrator output, which disturbs the operation of the readout
circuit. In order to generate exactly complementary clock pulses, dummy gates were
used in the combinational logic circuitry. These dummy gates equalize the

propagation delay time of the two circuit branches generating the signals.
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3.2.2 Operational Amplifier

The amplifier used in the integrator part is a single stage operational
transconductance amplifier (OTA). OTAs do not contain output stages, so they can
not drive large resistive or capacitive loads. However, they can be used in the
interior stages of the switched capacitor integrators [45]. The most important
advantage of OTAs is that they have a simple structure and provide high gain in a
single stage. Furthermore, they have stable frequency-phase characteristics without

phase compensation.

Figure 3.8 shows the circuit schematic of the operational transconductance
amplifier designed in this study. The OTA has a folded cascode structure composed
of a differential amplifier with two cascode current sources as the load. This loading
configuration provides a high gain in single stage. The operation of the circuit is as
follows. Assume that voltages of v;/2 and -v,/2 are applied on the gates of M1 and
M2 transistors, respectively. Drain currents of these transistors are amplified

by Al =+gm,,v,/2, where gm,, is the tranconductance of M1 and M2 transistors.

Drain currents of M6 and M7 transistors increase by the same amount, since the
drain currents of M4 and M5 are constant. This current change is mirrored by the
M12, M13, M14, M15 current mirror, generating an increase at the output voltage,

which can be expressed as:

Av, =-gm 1, (3.10)

where r, is the output resistance of the OTA. The output resistance is given by:

8MysTas157as138Me g6 ass
r, = (3.11)

&My st yi 5T 13 + 8MT g6V uss

55



If the Equations 3.10 and 3.11 are combined and arranged properly, the differential
mode gain of the OTA is found as:

EMy 5741575138 M 6 a6l as s
A4, = -8M, S = (3.12)

8MyshyysT a3 + M6t yss

s
M7 ii M6
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< M14 M15L

ﬁ}_'Mlz MI13

Figure 3.8: The circuit schematic of the folded cascode operational transconductance

amplifier.
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Transistors M3, M8, M9, M10, and M11 are bias transistors, which determine
the dc operating points of the transistors of the differential amplifier stage. The M10
transistor is used as a current source, which determines the output bias current of the
amplifier. In order to be able to adjust the differential gain of the amplifier, the gate
terminal of this transistor was connected to an input pin. Table 3.1 shows the

channel lengths and widths of the transistors.

Table 3.1: Channel widths and lengths of the transistors used in the OTA.

Transistor Channel Width (um) Channel Length (um)
M1-M2 50 0,8
M3-M10-M11 20 1,6
M4-M5 30 3
M6-M7 10 1
M8-M9 20 2
M12-M13 30 1,2
M14-M15 30 1,2

Another important feature of operational transconductance amplifiers is the
stable frequency-phase characteristics. As observed from Figure 3.8, the amplifier
has only one high impedance node, which is the output node. This node introduces a
single low frequency pole into the frequency phase characteristics. Thus, the
amplifier does not require frequency compensation for a stable phase response [45].
The frequency-phase characteristic of the OTA was simulated using the Analog
Simulation tool of the CADANCE software. Figure 3.9 demonstrates the graphics
showing the simulation results. The dc gain of the OTA is 82.61 dB, with a gain-
bandwidth product of 3.42 MHz. The phase margin is 59.97°, which leads to stable
frequency response. Table 3.2 shows the simulated figures of merit of the OTA.
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Figure 3.9:  Simulated gain and phase characteristics of the operational

transconductance amplifier.

The layout of the OTA was designed in AMS 0.8um CMOS process. The
most important point in the layout design of the OTA is the matching of the
transistors with the same W/L ratio. Any mismatch between the dimensions of the

input stage transistors not only introduce dc offset at the output, but also decrease the

CMRR of the OTA significantly [45].

The layout design of the OTA was performed using the stacked layout
technique [46]. Figure 3.10 shows the layout of the OTA. Layouts of the transistors
are divided into parts such that all transistors of the same channel type are inserted
into a fixed diffusion line. This method allows the merging of the common source
and drain terminals of the transistors. As a result, the source to bulk and the drain to

bulk capacitances are significantly reduced. Furthermore, layouts of the input
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transistors are drawn interdigitated in order to guarantee the matching between the

transistor dimensions.

Figure 3.10: The layout of the operational transconductance amplifier designed in
0.8um CMOS process. Transistors arrangement is done according to the stacked

layout technique. Total layout dimensions are 75um x 90um.
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Table 3.2: Simulated figures of merit for the operational transconductance amplifier.

Parameter Value
DC gain 82.61 dB
Gain-bandwidth product 3.42 MHz
Phase margin 59.97°
CMMR 132.91dB
3-dB bandwidth 41.12 kHz

3.2.3 Floor Plan and Layout

The switched capacitor integrator is a mixed signal circuit composed of
analog and digital blocks. In mixed signal circuits, there is a wide variety of noise
sources affecting the output signal [46]. Therefore, floor planning of mixed signal

circuit layouts are extremely important in the performance of the fabricated circuit.

The most important type of digital noise coupling is the capacitive coupling
[46]. Capacitive coupling occurs between the analog and digital signal busses
especially when they are routed close to each other. In order to prevent this type of
coupling, analog and digital blocks were placed far away from each other.

Capacitors and switches were placed between the analog and the digital sections.

Further protection against the digital noise coupling is achieved by guard
rings surrounding the main blocks of the circuit. It is possible to implement guard
rings in two ways. One is the n-well contact, which is biased to the positive supply
voltage level. This type of guard ring provides a surface barrier for the noisy
currents. The other way is to place substrate contacts around the block to be
protected. Substrate contacts are connected to the ground of the circuit in order to
provide a low impedance path for noisy currents. The digital section was protected

by a double guard ring composed of both the n-well contact and the substrate contact.

60



Figure 3.11 shows the layout of the switched capacitor readout circuit including the

pad connections.

oy IENEIEH I

Vbias

VED

Figure 3.11: The layout of the switched capacitor readout circuit designed in a

0.8um CMOS process. Total layout dimensions are 640um x 675um.
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3.3 Conclusion

This chapter presents the design of a switched capacitor readout circuit for
capacitive humidity sensors. The circuit is composed of a switched capacitor
integrator and a digital timing circuit used for the generation of the signals driving
the integrator. The layout of the circuit was designed in the AMS 0.8um CMOS
process. Next chapter presents the fabrication and test results of the capacitive

humidity sensors and the hybrid humidity sensor module.
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CHAPTER 4

FABRICATION AND TEST RESULTS

This chapter presents the fabrication and test results of the capacitive
humidity sensor and the switched capacitor readout circuit. Section 4.1 demonstrates
the fabricated capacitive humidity sensors and results of some initial measurements.
Section 4.2 gives the characterization results of the capacitive humidity sensors.
This section presents the humidity response, hysteresis characteristics, temperature
dependency of the humidity response, and the response time measurements. Section
4.3 explains the tests performed on the integrated heater. This section presents the
effect of heating on the sensor response. Section 4.4 presents the hybrid humidity
sensor module, which is obtained by wire bonding the humidity sensor directly to the
readout circuit. This section also gives the test results on the hybrid humidity sensor

module.

4.1 Fabrication Results

Capacitive humidity sensors are fabricated by three mask process as
explained in Section 2.4. Figure 4.1 shows the SEM pictures of the fabricated

capacitive humidity sensors with the heater electrodes.
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Figure 4.1: SEM pictures of the fabricated capacitive humidity sensors with heater
electrodes with (a) 25um metal line width, (b) S0pm metal line width.
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In order to demonstrate the three layers of the capacitive humidity sensor, a
three dimensional zoomed photograph is taken by SEM. Figure 4.2 demonstrates the
photograph showing the top electrode, the polyimide layer and the heater electrode of

the capacitive humidity sensor.

18rm F1 LIt
METU ZBKU X958 3ISmm

Figure 4.2: A zoomed view of the capacitive humidity sensor with the heater

electrode.

The first test performed on the sensor is the initial capacitance measurement.
This measurement is done under a probe station by directly contacting the pads of the
humidity sensor and monitoring the capacitance by an impedance analyzer. It can be
observed from Figure 4.3 that the initial capacitance of the humidity sensor with
narrow metal lines is 31.1239pF, where the capacitance of the one with wide metal
lines 1s 32.6267pF. These results are similar to the calculated capacitance values

demonstrated in Chapter 2.
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Figure 4.3: Initial capacitance measurements of the two capacitive humidity sensors
with (a) 25um opening width, (b) 50um opening width. Measurement frequency is 1
kHz.

4.2 Characterization Results

Characterization of the humidity sensor was performed in an environmental
chamber. The humidity range of the chamber is from 20% to 90% relative humidity

within the temperature range from 20°C to 70°C. For the characterization, humidity
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sensors were wire bonded on a three pin alumina substrate to be able to make wire
connections to the measurement instruments. All of the capacitance measurements
were performed by the Agilent 4294A impedance analyzer. Figure 4.4 shows a
picture of the capacitive humidity sensor wire bonded on an alumina substrate.
Sections 4.2.1, 4.2.2, and 4.2.3 explain the test results of a capacitive humidity sensor
with 25um opening width. Section 4.2.4 summarizes these results as well as the test

results of the sensor with 50um opening width.

Figure 4.4: The capacitive humidity sensor wire bonded on a three pad alumina

substrate.

4.2.1 The Humidity Response

The relative humidity inside the chamber was varied from 20%RH to 70%RH
and the capacitance of the sensor was monitored. The measurement was performed
in every 10% increase of the relative humidity. Figure 4.5 demonstrates the
characterization results performed at 20°C ambient temperature.
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Capacitance vs. Relative Humidity
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Figure 4.5: Capacitance versus relative humidity characteristics of the capacitive
humidity sensor performed at 20°C ambient temperature. Sensitivity of the sensor is

145tF/%RH, with a nonlinearity of 0.13%.

As observed from Figure 4.5, the humidity response of the capacitive
humidity sensor is 145fF/%RH and it is almost linear. This is an expected result
since it is well known that the dielectric constant change of polyimide film is linear
within the relative humidity range from 20% to 70%. However in some applications,
the response of the humidity sensor at high humidity levels is also important as
discussed in Chapter 1. In order to characterize the extended range of operation,
same measurement is performed from 20%RH to 90%RH. Figure 4.6 shows the
measurement results. It can be stated from Figure 4.6 that the nonlinearity increases
at relative humidity levels above 70%. This increase arises from the instability of
polyimide films at high humidity levels. Due to this instability, dielectric constants

of polyimide films increase more rapidly resulting in an increase in the nonlinearity.
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Capacitance vs. Relative Humidity
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Figure 4.6: The humidity response of the capacitive humidity sensor in the extended
range of operation at 20°C ambient temperature. Nonlinearity increases above 70%

relative humidity.

The effect of the ambient temperature on the sensor output was also
investigated. Characterization of the humidity sensors were performed at different
ambient temperature levels within the same relative humidity range. Capacitance
versus relative humidity curves were obtained for temperatures of 20°C, 30°C, 40°C,
and 50°C. Figure 4.7 shows the capacitance versus relative humidity curves for

different ambient temperatures.

As the ambient temperature increases, the capacitance of the sensor increases
for the same relative humidity level. This increase comes from the fact that the
amount of moisture in the air is higher at higher temperatures for the same relative
humidity level. Consequently, the polyimide film absorbs more moisture at higher
ambient temperature levels and at constant relative humidity conditions, resulting in

a shift in the capacitance versus relative humidity curve. Another important result
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that can be derived from Figure 4.7 is that the sensitivity of the sensor is almost the

same for all temperature levels.

Capacitance vs. Relative Humidity
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Figure 4.7: The humidity response of the capacitive humidity sensor at different

ambient temperature levels.

4.2.2 Hysteresis Characteristics

Another important figure of merit for humidity sensors is the hysteresis
characteristics. In order to figure out the hysteresis characteristics, the relative
humidity was increased from 20% to 90%, and then decreased back to 20% and the
response of the sensor was monitored in both cycles. The measurement was
performed at 20°C ambient temperature after waiting for approximately 30 minutes

at every measurement point. Figure 4.8 shows the hysteresis test results.
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The hysteresis of the sensor is measured as 2.57% RH. This value is found
by taking the difference of the capacitance values corresponding to the same relative
humidity levels and then converting them into %RH form using the sensitivity
expression. In the ramp down cycle, the capacitance of the sensor is higher than the
one at the same relative humidity level of the ramp up cycle. In other words, when
the relative humidity is increased and then decreased back to its initial value, the
capacitance of the sensor does not drop back to its initial value. This means that the
absorbed moisture does not diffuse out of the polyimide film in a short time when the
relative humidity is decreased. This property may cause problems in applications
where rapid changes in relative humidity are to be monitored. In order to solve this

problem, the polyimide film should be refreshed and cleaned from residual moisture

by the help of a heater.
Hysteresis Characteristics
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Figure 4.8: Hysteresis test results of the capacitive humidity sensor. Calculated

hysteresis is 2.57% RH at 20°C ambient temperature.
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4.2.3 Response Time Measurements

The response time of the humidity sensor can be measured by changing the
relative humidity of the environment rapidly and measuring the time it takes for the
sensor output to change. However, the expected response time of the capacitive
humidity sensors is on the order of several hundred milliseconds and such a fast

humidity change can not be generated by the environmental chamber.

One way of measuring the response time is to submit the sensors to breathe
and monitor the capacitance in time [47]. Breathing on the sensors generates an
instantaneous humidity change and the rise time of the capacitance can be measured.
Figure 4.9 shows the results of the response time measurement using this method.

Response time was found as 1.654 seconds.

It should be mentioned that the response time measured by this method is the
absorption time of the polyimide. In other words, it gives a measure of the rise time
of the sensor output when the humidity of the environment increases. Similar
measurement method can be performed to calculate the desorption time of the
polyimide. This time, the sensor was submitted to breath and the time it takes for the
sensor output to drop to its initial value was measured. Due to the hysteresis, the
final value was selected 0.4pF above the initial value according to the hysteresis
curve given in Figure 4.8. The desorption time of the sensor is found as 12.1

seconds. Figure 4.10 demonstrates the desorption time measurement results.

4.2.4 Characterization Summary

Humidity sensitivities of the two humidity sensors types are almost equal.
This is an expected result since the base capacitances of the two sensors are equal,
and the humidity sensitivity is directly proportional to the base capacitance as
explained in Chapter 2. Absorption time of the humidity sensor with wide electrodes

is smaller since the opening width of this sensor is larger. Large opening width
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provides a wider path for the moisture to diffuse into the film, so the diffusion occurs

more quickly. Similar results can be observed for the desorption time due to the

same reason.

A: Cs  SCAHLE 1 pF/divw REF 30,384 pF

Exe
CHP

Hid

WA IAC MAID
START @ Volt CH 18 kHz 03C 588 molt STOP @ Molt

(a)

Response Time Measurement

37,00

36,00

35,00

34,00

33,00

Capacitance (pF)

32,00

31,00 \,______/

30,00 T T T T T T

Time (sec.)

(b)

Figure 4.9: (a) The capacitance change monitored by the impedance analyzer during

the response time measurement; (b) impedance analyzer data converted to excel

graph.
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Figure 4.10: (a) The capacitance change monitored by the impedance analyzer

during the desorption time measurement; (b) impedance analyzer data converted to

excel graph. Desorption time is 12.1 seconds.
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Table 4.1: Summary of the characterization results of the two capacitive humidity

Sensors types.

Sensor 1 Sensor 2
Opening Width (um) 25 50
Base Capacitance (pF@1kHz) 31.12 31.62
Humidity Sensitivity (fF/%RH) 145 149
Hysteresis 2.57% RH 2.59% RH
Absorption Time (second) 1.654 1.494
Desorption Time (second) 12.1 11.3

4.3 Integrated Heater Tests

The integrated heater was characterized by monitoring the resistance versus
temperature characteristics. The sensor was heated inside the environmental
chamber up to 100°C, and resistance of the heater was measured by a multi-meter.

Figure 4.11 shows the temperature response of the resistance of the heater electrode.

Resistance vs. Temperature
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Figure 4.11: Temperature versus resistance curve of the heater electrode.
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As observed from Figure 4.11, the resistance of the resistor increases with the
increasing temperature. This is due to the positive temperature coefficient of
resistance property of the aluminum. This property was used to figure out the
heating characteristics of the resistor with the applied heating power. A dc voltage
from 1 to 3 volts was applied on the heater resistor and current passing from the
resistor was measured. According to this data, the resistance versus power curve was
derived. Figure 4.12 shows the resistance versus power characteristics of the heater
electrode. It can be derived from the two measurements that approximately 180mW

of power is necessary to increase the temperature to 100°C.
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Figure 4.12: Resistance versus power characteristics of the heater electrode.

In order to test the operation of the heater, a voltage pulse was applied on the
terminals of the resistor and the change in the sensor capacitance was observed.
Figure 4.13 shows the capacitance versus time plot of the capacitive humidity sensor.
A 2V pulse with duration of three seconds was applied five seconds after starting the
measurement. Applying 2 volts generates approximately S0mW of power dissipation
on the resistor. The capacitance of the sensor decreased from 31.7pF to 31pF, which

shows that the moisture absorbed by the polyimide film was reduced.
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Figure 4.13: Capacitance versus time graph monitored during the heating power

applied on the heater resistor.

Since the sensor response is dependent on the ambient temperature, the output
of the sensor during the heating does not give any idea about the actual relative
humidity level. To be able to use the heater at high relative humidity levels,
characterization of the sensor is required at a constant heating level. A 50mW
heating power was applied on the heater resistor, and the humidity response was
measured within the 20% to 90% relative humidity range at 20°C ambient

temperature. Figure 4.14 shows the characterization results.

Characterization results show that the humidity response of the sensor
becomes more linear at high relative humidity levels when the sensor is heated by
applying constant power. In addition, capacitance values are smaller than the ones
obtained without heating, which are given in Figure 4.6. This is due to the fact that
the relative humidity that the polyimide sees is smaller than the actual relative
humidity of the environment. As a result, the integrated heater can be used to

measure high relative humidity levels where there is the risk of water condensation.
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Figure 4.14: Capacitance versus relative humidity plot when the sensor is heated by
applying S0mW power on the heater resistor at 20°C ambient temperature. It is seen
that the linearity of the capacitance change increases between 70%RH and 90% RH

range.

44  The Hybrid Humidity Sensor Module

Capacitive humidity sensors were integrated with the readout circuit using
hybrid integration. The capacitive readout circuit, a capacitive humidity sensor, and
a reference capacitor were connected to each other on an alumina substrate by wire
bonding. The alumina substrate was attached to a 12 pin TO package, and the input
and output pads of the hybrid system were connected to the pins of the package. The
reference capacitor is another capacitive humidity sensor, which is passivated against
humidity. Passivation was achieved by covering the sensor with white epoxy.
Figure 4.15 shows a picture of the hybrid humidity sensor system attached to the TO
package.
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Figure 4.15: The hybrid humidity sensor module integrated on the TO package.

For proper operation of the hybrid humidity sensor module, several input
signals are required. Besides the 5V main power supply, the 2.5V analog ground and
the bias signal of the operational transconductance amplifier should externally be
applied. In addition, the clock input of the digital section should be provided by a
function generator. It is a square wave with a peak to peak voltage of 5V and 2.5V
dc offset. Figure 4.16 shows the oscilloscope screen showing the input signals of the

integrator generated by the digital section and the output waveform.
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Figure 4.16: Input signals and the output waveform of the integrator.

The humidity sensor module was characterized inside the humidity chamber
using the same method explained in the previous section. The humidity level inside
the chamber was changed between 20% and 90% relative humidity, and the output
voltage was monitored on the oscilloscope. Measurements were repeated for four

different ambient temperature levels.

Figure 4.17 shows the characterization results of the hybrid humidity sensor
module. Characterization results show that the output voltage tracks the change in
the humidity with a sensitivity of 19.4mV/%RH with a nonlinearity of 0.17%. The
sensor response has almost the same characteristic for different ambient temperature
conditions. There is a shift in the output voltage with increasing temperature because
of the increase in the capacitance level, as explained in Section 4.2.1. In order to
demonstrate the temperature dependency of the sensor output, the output data was
plotted with respect to the temperature at constant relative humidity values. Figure
4.18 shows the humidity sensor output versus temperature curves at different

ambient relative humidity values.
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Output Voltage vs. Relative Humidity
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Figure 4.17: The output voltage response of the hybrid humidity sensor module.
Sensitivity is 19.4mV/%RH with a nonlinearity of 0.17%.
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Figure 4.18: Humidity sensor output versus temperature curves at different ambient

relative humidity values.
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The hysteresis test was also repeated for the hybrid humidity sensor module.
Relative humidity inside the chamber is increased from 20% to 90% then decreased
back to 20%. Measurements were performed at 20°C ambient temperature after
waiting for 30 minutes at every measurement point. The output voltage is observed
on the oscilloscope. Figure 4.19 shows the output voltage versus relative humidity
curve for increasing and decreasing relative humidity conditions. The calculated
hysteresis of the hybrid module is 2.54% relative humidity, which is a similar result
to the hysteresis calculated for the capacitive sensor alone. These results show that
the CMOS readout circuit properly converts the capacitance change into a voltage

change.

Hysteresis Characteristics
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Figure 4.19: Hysteresis characteristics of the hybrid humidity sensor module.

Calculated hysteresis is 2.54% RH.

Characterization results of the capacitive humidity sensor module were
compared with the performance specifications of a commercial capacitive humidity
sensor of Honeywell. Table 4.2 shows the comparison table for the performance

specifications of the two humidity sensors.
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Table 4.2: Comparison table for the performance parameters of the two humidity

Sensors.
Hybrid Module Commercial Sensor [58]
Sensitivity 19.4mV/%RH 30.68mV/%RH
Hysteresis 2.54% RH 1.2% RH
Response Time 1.6 seconds 15 seconds
Nonlinearity 0.17% 0.5%

4.5 Conclusion

In this chapter, test results of the capacitive humidity sensor, the integrated
heater and the hybrid humidity sensor module were presented. The sensor was
characterized inside the humidity chamber within the relative humidity range from
20% to 90% relative humidity at different ambient temperatures. The humidity
response of the sensor is linear within the 20% to 70% relative humidity range.
However, the nonlinearity increases above 70%, which is an expected result due to
the nonlinear humidity response of the dielectric constant of the polyimide film. The

sensitivity of the sensor was found as 145fF/%RH.

The hysteresis of the sensor was found as 2.57% RH at 20°C ambient
temperature by monitoring the sensor response both in increasing and decreasing
relative humidity conditions. Response time measurements showed that the
absorption time of the polyimide film is around 1.6 seconds while desorption time is
around 12 seconds. It was also verified that the response time is dependent on the

opening width for moisture diffusion.

The integrated heater was characterized by monitoring the resistance versus
temperature and resistance versus heating power characteristics. It was verified that
the heater is capable of reducing the amount of moisture absorbed by the polyimide

film. The humidity response of the sensor at the presence of constant heating power
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was also measured. In addition, it was found out that approximately 180mW of

power is necessary to increase the temperature to 100°C.

Characterization tests were repeated on the hybrid humidity sensor module.
The hybrid module showed a humidity sensitivity of 19.4mV/%RH with a
nonlinearity of 0.17%. The hysteresis of the hybrid module is almost the same as the
hysteresis of the capacitive sensor. In addition, the sensor is capable of measuring

less than 3% change in the relative humidity.
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CHAPTER S

A THERMAL CONDUCTIVITY BASED HUMIDITY SENSOR
IN A STANDART CMOS PROCESS

This chapter presents the design and implementation of a thermal
conductivity based humidity sensor integrated with the readout circuit using standard
CMOS fabrication. Section 5.1 explains the theory of humidity sensing using
thermal conductivity of the air and the water vapor. Section 5.2 describes the sensor
design and discusses the importance of some structural parameters in the
performance of the sensor. This section also gives information about the thermal
properties and the temperature sensitivity of the diodes, which are used as sensing
elements in the sensor. Section 5.3 explains the readout circuit of the sensor and
demonstrates the chip layout. Sections 5.4 and 5.5 discuss the post processing of the

chip and the test results respectively.

5.1 Humidity Sensing Principle

The humidity sensor designed in this study uses a similar approach to the
thermal conductivity based humidity sensors described in Section 1.3.5. In this
humidity sensing method, the difference between the thermal conductivities of air
and water vapor is used. Thermal conductivities of air and water vapor are both
increasing functions of temperature, but the thermal conductivity of water vapor
exceeds the thermal conductivity of air at high temperatures. Figure 5.1 shows the

thermal conductivity versus temperature plots for air and water vapor [59].
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Figure 5.1: Thermal conductivity versus temperature plots for water vapor and air

[59].

The humidity sensing idea is to expose a temperature sensitive element to
humidity and compare the output of this element with a reference element, which is
isolated from the humid environment. The output difference arises from the
difference between the thermal conductivity of air and that of the water vapor. In the
sensor system, the most important fact is to thermally isolate the sensor and the
reference in order to achieve high sensitivity. This is achieved by isolating the
sensor and the reference from the silicon substrate, which is a good thermal
conductor. For thermal isolation, the substrate underneath the sensor and the

reference element is etched and structures are suspended.

The most important fact that affects the sensitivity of the humidity sensor is
the temperature sensitivity of the sensor element. In this work, p-n junction diodes
are used as the humidity sensitive structures. The most important advantage of

diodes is that they have high and almost constant temperature sensitivity in all
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temperature regions. In addition, they are compatible with the standard CMOS
fabrication. Using standard CMOS fabrication, the sensor is monolithically
integrated with the readout circuit. This idea has been used in other detector

applications such as uncooled infrared microbolometer arrays [48-50].

5.2 Sensor Design

As stated above, the humidity sensor is composed of two diodes. Both of the
diodes are isolated from the substrate by post processing after fabrication.
Furthermore, the chip is packaged in such a way that the reference diode does not
have any interaction with the humid environment. Figure 5.2 shows the cross
sectional view of the proposed humidity sensor structure. It can be observed from
Figure 5.1 that the thermal conductivity difference becomes significant at
temperatures around 550°K. Due to this property, sensor and the reference elements

should be heated up to temperatures around 550°K to be able to sense the humidity.

substrate

Figure 5.2: A symbolic cross sectional view of the proposed sensor structure.

In order to heat up the diodes around 550°K, they are biased with constant
currents. Biasing with constant currents results in a self heating affect, increasing the

temperature of the diodes expressed by:

87



AT =— (5.1)

where P stands for the electrical power applied on the diode and the G, is the
thermal conductance of the structure. The thermal conductance of the structure is
dependent on two main parameters [39]. One of them is the thermal conductance of
the interconnections of the diode to the constant current source and the readout
circuit. The other one is the thermal conductance of the air between the diode and
the substrate. Figure 5.3 shows the lumped element thermal circuit representing the

self heating of a diode biased with constant current.

I R TR e CT RTpoly RTair

Figure 5.3: The lumped element thermal circuit representing the self heating of a

diode biased with constant current.

In Figure 5.3, Rrpoy and Ry stand for the thermal resistances of the
polysilicon interconnections and air between the diode and the substrate. R is the
electrical resistance of the structure, where Cr is the thermal capacitance. According
to the humidity sensing principle, the temperature of the diode should change when
exposed to humidity. This change comes from the change in the thermal
conductivity of the air surrounding the diode due to the presence of water vapor.

Consequently, it can be stated that to be able to sense the humidity, the thermal
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conductance of air should be larger than the thermal conductance of the
interconnections of the diode. In other words, the thermal conductance of the
interconnection should be as small as possible in order to increase the humidity
sensitivity. Furthermore, it can be concluded from Equation 5.1 that, if the thermal
conductance is low, it is possible to heat up the diodes to high temperatures with less

power.

5.2.1 Temperature Sensitivity of Diodes

Temperature sensitivity of the semiconductor diodes can be derived
considering the ideal diode equation as follows [51]. In the ideal diode equation, the

diode current is given by:
I=1(""-1) (5.2)

where /; is the saturation current of the diode, V' is the diode voltage, and V7 is the
thermal voltage. The ideal diode equation is affected by the temperature in two
ways. First of all, the saturation current is dependent on the intrinsic carrier
concentration, which is a function of temperature. Secondly, the thermal voltage is
linearly dependent on the temperature. The effect of temperature on /; is a result of

the temperature dependence of the square of the intrinsic carrier concentration:
n}(T)=KT" =" (5.3)
where Vg, is the bang-gap voltage. The fractional change in /; per unit change in

temperature is approximately equal to the fractional change in n;° per unit change in

temperature.

Ldl,_ 1 dn’
I.dT  n? dT

(5.4)
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(5.5)

Near the room temperature, the first term is approximately 1%/K, and the second
term is 14%/K. Finally, the temperature dependence of the diode voltage at a fixed

current is expressed as:

dv diV,In(I/1

vy _dl, /1)) (5.6)
dT |-, dT

al v, (14, 57
dl|,., T '"\I dT S

At a constant forward current, the temperature coefficient of a silicon p-n
junction diode is approximately -2mV/°C. Furthermore, temperature sensitivity of

the diode is almost constant in a wide temperature range.

5.2.2 Humidity Sensitive Diode Design

In the diode design, the most important design goal is to decrease the thermal
conductance of the diode interconnections in order to increase the sensitivity of the
sensor. As given in Section 2.3, the thermal conductance of a rectangular shaped

resistor is given by:

Gth =0 — (58)

where o is the thermal conductivity, 4 is the cross sectional area, and / is the length

of the resistor.
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The humidity sensitive diode design was performed in a 0.6um CMOS
process. In this process, two metal and two poly-silicon layers are available for
interconnection. Metal layers, having high thermal conductivity values, are not
suitable for usage as interconnect layers. Polysilicon has a relatively low thermal
conductivity, which can provide a low thermal conductance if it is used as the
interconnect layer. However, it has a high resistivity, which is an important
disadvantage for the temperature sensing applications. This disadvantage arises from
the fact that the resistance is a function of temperature. The effect of temperature on

the resistance is expressed as:
R=R (1+aAT) (5.9)

where a is called the temperature coefficient of resistance (TCR), R, is the initial
resistance and AT is the temperature variation. The TCR of polysilicon is a positive
value, which results in a positive temperature sensitivity of the resistor. As
expressed in the previous subsection, the temperature sensitivity of the diode is
negative. Consequently, positive temperature sensitivity of a resistor reduces the
overall sensitivity of the structure. This phenomenon can be shown mathematically
as follows. Since the diode is biased with a constant current, the output voltage is

expressed as:

V=V,+iR,, (5.10)

Temperature sensitivity of the output voltage is found by inserting equation 5.9 into

equation 5.10 and taking the derivative of both sides with respect to temperature:

av _dv,
dT dT

+aiR (5.11)

It should be mentioned that the dV,/dT term has a negative value, while the aiR term

has a positive value; therefore, it reduces the sensitivity provided by the diode. The
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aiR term is directly proportional to the bias current, the resistance and the TCR of the
interconnect layer. In order to increase the sensitivity of the sensor, either the bias
current or the resistance should be decreased. The resistance can be decreased by
either decreasing the length or increasing the cross sectional area of the resistor. It
should be noted that this operation increases the thermal conductance of the
structure, which is an unwanted result. On the other hand, decreasing the current
reduces the power dissipated on the resistor, so the final temperature of the device.
However, the sensor should be heated up to a proper temperature level to be able to
sense the humidity. In conclusion, there is a compromise between the bias current,
the resistance, and the thermal conductance of the diode structure in terms of their
effect on the performance of the sensor. In order to find an optimum bias level and a
resistor dimension, MATLAB simulations were performed. The total pixel area was
also fixed to a value which guarantees the etching of the silicon substrate during the
post-CMOS process. The temperature sensitivity of the diode and the final
temperature were plotted with respect to the polysilicon length to width ratio and the

bias current.

Figure 5.4 shows the simulation results. As stated above, the diodes should
be heated up to approximately 250°C to be able to sense the humidity. Simulation
results show that the final temperature increases and sensitivity of the sensor
decreases with the increasing bias current and the length over width ratio.
Consequently, the optimum design can be achieved by taking the values around the
250°C final temperature level. The length over width ratio was selected as 140,
which is the most suitable value for the post processing of the diode. The sensitivity,
sensitivity over power dissipation, and the operating temperature curves were plotted

with respect to the bias current. Figure 5.5 shows the simulation results.

As observed from Figure 5.5, the bias current of the diode should be larger
than 100pA to be able to heat up the diodes to the desired temperature levels. Since
the sensitivity is decreasing with the increasing bias current, minimum possible bias

current is selected, which is 100pA.
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Figure 5.4: Graphics showing the diode parameters with respect to the bias current

and the polysilicon length over width ratio: (a) operating temperature, (b) sensitivity.
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Table 5.1 gives the values of important design parameters of the humidity
sensitive diode. The thermal conductance of the air between the diode and the
substrate was calculated by the help of Equation 5.8. In the equation, thermal
conductivity was taken as the thermal conductivity of air, where the area was taken
as the diode area and the length was taken as the average length between the diode

and the substrate [52].

Table 5.1: Important design parameters of the humidity sensitive diode.

Thermal Conductance of Air 3.64x107 W/K
Thermal Conductance of Interconnections 1.575x10™® W/K
Overall Thermal Conductance 3.798x107 W/K
Interconnect Resistance 9.4kQ
Diode Temperature (@100uA bias level) 248°C
Temperature Sensitivity -1.3mV/K

5.2.3 The Diode Layout

Figure 5.6 shows the layout of the humidity sensitive diode. The diode layout
was designed in the AMS 0.6um CUP process. The most important problem with the
diode layout design is the length of the polysilicon interconnections. Since the total
pixel area is also a critical value in terms of the thermal conductance of the structure,
long polysilicon interconnections should be inserted into a limited area. This is

achieved by drawing the polysilicon lines around the diode.

Another important point on the layout design is the opening area around the
diode. During the CMOS fabrication, this area should be opened up to the silicon
substrate to be able to suspend the diodes by post processing. In the diode layout, all
of the contact, via, and diffusion layers were drawn on top of each other so that the

field oxides of the standard CMOS process were removed during the fabrication [57].
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Figure 5.6: The layout of the humidity sensitive diode designed in AMS 0.6pum CUP
process. Diode dimensions are 25um x 25um, where total layout dimensions are

160pum x 160pm.

5.3 The Readout Circuit

The humidity sensitive diode proposed in this study is biased with a constant
current, and the output voltage change is observed. This is a well known method that
has been used in the development of uncooled infrared microbolometer arrays [48-
50]. High performance readout circuits for this type of detectors have also been
presented such as the differential buffered injection capacitance transimpedance
amplifier (DBI-CTIA) circuit [53]. A similar approach was used in the readout
circuit designed in this study. The readout circuit consists of a transconductance
amplifier and a switched capacitor integrator. Figure 5.7 demonstrates the block

diagram of the readout circuit.
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Figure 5.7: The block diagram of the readout circuit designed for the thermal

conductivity based humidity sensor chip.

The transconductance amplifier converts the voltage difference between the
sensor and the reference diode into current change. This current change is integrated
through a switched capacitor integrator. The integration operation converts the
output current of the transconductance amplifier into voltage, providing a proper gain

to the system.

The transconductance amplifier designed in this study is a CMOS differential
amplifier with n-channel input transistors. Figure 5.8 shows the circuit schematic of
the differential amplifier. The differential pair is loaded by a p channel current
mirror. The amplifier is biased with a constant current generated by an n-channel

transistor connected to the common source terminal of the input pair transistors.

Gain of the differential pair is derived as follows. The input transistor M1

generates a small signal current of i,, = gm, ,(v, -v,), where v; is the input voltage of

M1 transistor, gm is the transconductance, and vy is the voltage at the source
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terminals of the input stage transistors. The small signal current of M1 is mirrored
by the current mirror. This current is subtracted from the small signal current

generated by the M2 transistor resulting which is equal toi, =gm, ,(v,-v,),

resulting in an output current expressed as:

iout = gml,2 (vl - v2) (5 12)

As a result, the difference of the input voltages is converted into current with a
transconductance, which is equal to the transconductance of the input stage

transistors.

A,ﬂ M1 M2 %,'}7

Vbias |-

Figure 5.8: The circuit schematic of the transconductance amplifier.
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The output current of the transconductance amplifier is integrated through the
switched capacitor integrator. The switched capacitor integrator has an inverting
amplifier structure, whose circuit schematic is demonstrated in Figure 5.9.
Switching configuration is designed for cancellation of the input offset voltage of the

operational amplifier.

S

in

Figure 5.9: The circuit schematic of the switched capacitor integrator with switching

configuration designed for offset cancellation.

The operation of the integrator is as follows. When the S; switch is on, C,
capacitor is charged by the input current. During this period, the feedback capacitor
C, stores the input offset voltage of the operational amplifier and the output is reset
to the virtual ground level. At the instant that the S; switch turns off, the voltage on

the C, capacitor is expressed by the following equation:

i1
V — Jin”int
1770 (5.13)
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where T;,, is the charging time of the capacitor and i;, is the current that charges the
C, capacitor. When the S, switch turns on, the charge stored by the C; capacitor is

injected to the C, capacitor. The output voltage of the integrator at this state is given

by:

(5.14)

At this state, the offset voltage stored on the C, capacitor is also subtracted from the
output voltage. It should be noted that the i;, parameter of Equation 5.13 is the
output current of the transconductance amplifier given by Equation 5.12. In order to
find the gain of the overall system, Equations 5.12 and 5.13 are inserted into
Equation 5.14. Gain is expressed by the ratio of the output voltage to the differential

input voltage, which is equal to:

u ==t (5.15)

It should be noted that the integration operation is performed on the C,;
capacitor, so value of the C; capacitor is also important although it is not present at
the output expression. In fact, the gain of the system is determined by the C,

capacitor according to Equation 5.13, and then it is scaled by the C, capacitor.

Figure 5.10 shows the layout of the humidity sensitive diode chip. The layout
of the chip was designed in the AMS 0.6um CUP process. In the layout design, the
post processing and the packaging of the chip was also considered. The reference
diode was placed in the middle of the die, and it was surrounded by a 250pum wide
metal3 ring. This ring was placed to indicate the area that will be isolated from the

environment. Figure 5.11 shows a schematic view of the complete sensor system.
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Figure 5.10: The layout of the humidity sensitive diode chip designed in the AMS
0.6um CMOS process. Total layout dimensions are 1650pm x 1900pm.
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5.4 Post Processing

After the fabrication of the chip in the standard CMOS process, post
processing is required to provide thermal isolation of the diodes from the substrate .
Thermal isolation was achieved by anisotropic bulk silicon etching. Before the bulk
silicon etching, the humidity sensor sample was placed on an alumina substrate and
necessary wire connections were made. N-well and substrate pads and the
corresponding bonding wires were covered with white epoxy for protection against
the etchant. Figure 5.12 shows the humidity sensitive diode sample placed on an

alumina substrate.

Figure 5.12: The humidity sensitive diode chip placed on an alumina substrate.
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There are three main materials that can be used for anisotropic bulk silicon
etching. These are potassium hydroxide (KOH), ethylene diamine pyrocathecol
(EDP), and tetramethly ammonium hydroxide (TMAH) [54]. In this work, TMAH
was used as the bulk silicon etchant due to some advantages with respect to other
etchants. The major advantage of TMAH is that it does not attack aluminum if
certain amount of silicon is dissolved in the solution [55]. In addition, TMAH is
safer and easier to handle, so it was decided to be used for the post processing of the

humidity sensitive diode chips.

The most important part of the anisotropic bulk silicon etching process is the
protection of the diodes against the etchant. In this process, electrochemical etch
stop technique was used. In the electrochemical etch stop technique, the p-n
junction, which is formed between the substrate and the n-well is reverse biased so
that the electrons are pulled away from the n-type silicon. This operation results in
Si0O, formation on the silicon surface when the p-type silicon is completely etched
away [56]. As a result, etching of the n-well layer is prevented. The voltage applied
on the n-well is called the passivation voltage. Voltages higher than the passivation
voltage can stop etching. The voltage applied to the substrate must be less than its
passivation voltage, while the voltage applied to the n-well must be higher than the
passivation voltage. This way, the substrate around the diode is etched and the diode

is protected.

Electrochemical etch stop was performed using four electrode etch control
configuration. Figure 5.13 demonstrates the schematic view of the four electrode
configuration. In the four electrode configuration, p and n-type silicon are biased at
the same time with respect to the etching solution. The potential of the solution is
measured with a reference electrode and fed back to a potentiostat, which

continuously controls the bias voltages.

Before starting the process, 16gr/lt of silicon powder was dissolved in 5%
TMAH solution to prevent the etching of aluminum. At the beginning of the etching,
0.4gr/100 ml of ammonium peroxidisulfate ((NH4),S,0s5) was also added to the
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etching solution. This material prevents the formation of hillocks on the surface, but
it slows down the etching process [55]. At the beginning of the etching process there
is no need to bias the n-well layer, since the n-well is not directly exposed to the
solution. Furthermore, when the passivation voltage is applied, the etch rate
decreases. Therefore, in order not to decrease the etch rate at the beginning of the
process, n-well was not biased. The time it takes for the solution to reach the n-well
was determined experimentally, and the etch stop potential was applied accordingly.

Table 5.2 gives the important parameters of the etching process.

| Potenti ostat

n-well
o -sub strate
Feference electrode
Pt

\

ThAH

Figure 5.13: Four-electrode electrochemical etch stop configuration.
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Table 5.2: Important parameters of the TMAH etching and electrochemical etch stop

processes.
Etchant (NH4):S,0s | Pre-etch | Substrate N-well Etch
amount duration bias bias duration
5% Si doped
0.4gr/100ml | 5 minutes -145V ov 3 hours
TMAH

5.5 Fabrication and Test Results

Humidity sensitive diode chips were fabricated in the AMS 0.6um CMOS

process.

After the standard CMOS fabrication, thermally isolated diodes were

obtained using bulk silicon etching and electrochemical etch stop techniques .

Figure 5.14 shows an SEM picture of the fabricated chip. Figure 5.15 shows the

SEM pictures of the thermally isolated diodes.

METU

Figure 5.14: An SEM picture of the fabricated chip.

2BakEU

* The post-CMOS etching is performed by Mr. Yusuf Tanrikulu.
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METU

METL

Figure 5.15: SEM pictures of the thermally isolated diode by post-CMOS

anisotropic bulk silicon etching.
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The reference diode in the chip needs to be isolated from the humid
environment for proper operation. This isolation can be achieved by attaching a
silicon cap on top of the reference diode. However, this requires the development of
die level packaging technique, which is a difficult subject. Since the die level
packaging of the chip could not be performed within the time frame of this study,
diodes of different chips were used for the characterization measurements. Diodes
were connected to the readout circuit on a printed circuit board and the reference
diode was sealed by putting a metal cap on it. The metal cap was stuck on the PCB
using white epoxy to ensure that it does not allow humidity inside. Figure 5.16
shows the PCB used for the measurements. The PCB also includes biasing
circuitries for the readout chip. This PCB is used to determine the humidity response
of the sensor and to perform hysteresis measurements as explained in the following

sections.

Figure 5.16: The PCB used for the characterization of the thermal conductivity based

humidity sensor.
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5.5.1 Temperature Sensitivity Test

The first test performed on the sensors is the temperature sensitivity of the
diodes. Temperature sensitivity was measured within the temperature range from
150°C to 250°C. The humidity sensitive diode chip was stuck on an alumina
substrate and heated on a hot plate. For this measurement, unsuspended diodes were
used to ensure that the diodes were heated up to the temperature levels set on the hot
plate. Diode voltages were measured at 100pA bias level. Figure 5.17 shows the
output voltage versus temperature plots for the diodes. Temperature sensitivity of
the diodes were found as -1.3mV/K, which is close to the theoretical calculations
presented in Section 5.2.2. The mismatch between the output voltage of the sensor

and the reference diodes is determined to be very small.

Diode Voltage vs. Temperature

1,18 +
1,16
1,14
1,12 ~
1,1+
1,08 -
1,06
1,04 ~
1,02 ‘ ‘ \ \ \ \
140 160 180 200 220 240 260
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—o— Reference

Diode Voltage (V)

Temperature (°C)

Figure 5.17: Output voltage versus temperature curves for the sensor and the

reference diodes at 100pA bias level.
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5.5.2 The Humidity Response

Characterization of the sensor was performed inside the environmental
chamber. The sensor was exposed to relative humidity ranging from 20% RH to
90% RH at 20°C ambient temperature conditions, and the output voltage of the
circuit was monitored. Figure 5.18 shows the humidity response of the sensor. The
humidity sensitivity of the sensor was found as 14.3mV/%RH with a nonlinearity of

0.13%.

Output Voltage vs. Relative Humidity
377 y = 0,0143x + 2,2931
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Relative Humidity (%RH)

Figure 5.18: Output voltage versus relative humidity curve for the thermal

conductivity based humidity sensor. Humidity sensitivity is 14.3mV/%RH at 20°C.

In order to investigate the effect of the ambient temperature on the sensor
output, the same characterization was performed at different temperatures, whose
results are shown in Figure 5.19. It was realized that the sensor response is highly
dependent on the ambient temperature. This is an expected result since the thermal
conductance of the air is directly proportional to the amount of water vapor in the air.

In other words, the sensor output is proportional to the amount of absolute moisture
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in the air. The amount of absolute moisture increases with increasing temperature at
the same relative humidity conditions, so the characterization curve of the humidity
sensor changes at different ambient temperature conditions. The sensitivity of the
sensor was found as 14.3mV/%RH, 26mV/%RH, and 46.9mV/%RH for 20°C, 30°C,
and 40°C respectively. At 40°C, the output of the sensor saturates to the positive
supply voltage above 60% relative humidity.

Output Voltage vs. Relative Humidity
40°C
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Figure 5.19: Output voltage versus relative humidity curves for different ambient

temperature conditions.

5.5.3 Hysteresis Characteristics

Hysteresis of the sensor was measured inside the environmental chamber by
increasing the relative humidity from 20% to 90% and then decreasing back to 20%.
Measurement was performed after waiting for 30 minutes at every measurement
point. Figure 5.20 shows the hysteresis test results of the humidity sensor, which is

less than 1% relative humidity.
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Hysteresis Characteristics
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Figure 5.20: Hysteresis test results of the humidity sensor at (a) 20°C and (b) 30°C

ambient temperatures.
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The hysteresis of the sensor is less than 1% RH at 20°C and 30°C ambient
temperature. This is an expected result since the moisture is not absorbed by the
sensor. Table 5.3 shows a summary of the characterization results of the thermal

conductivity based humidity sensor.

Table 5.3: Characterization summary of the thermal conductivity based humidity

Sensor.

20°C 14.3 (mV/%RH)
Humidity Sensitivity 30°C 26 (mV/%RH)

40°C 46.9 (mV/%RH)

' 20°C < 1%RH

Hysteresis

30°C <1%RH
Power Dissipation 1.38mW

5.6 Conclusion

This chapter presented the development and implementation results of a new
thermal conductivity based humidity sensor. The sensor was fabricated using
standard CMOS and post-CMOS anisotropic bulk silicon etching processes. Using
standard CMOS fabrication, the sensor was integrated with the readout circuit
monolithically. Test results showed that the humidity sensitivity of the sensor is
143mV/%RH, 26mV/%RH, and 46.9mV/%RH for 20°C, 30°C, and 40°C,
respectively. The hysteresis of the sensor is less than 1% RH at 20°C and 30°C
ambient temperature. Total power dissipation of the circuit including the readout
circuit is only 1.38mW, which is the major advantage of this sensor compared to the

thermal conductivity based humidity sensors present in the literature.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

This thesis presents the design and implementation of humidity sensors using
MEMS and standard CMOS technologies. Two different humidity sensors were
implemented using capacitive and thermal conductivity based humidity measurement
techniques. The capacitive humidity sensor was hybrid connected to a CMOS
switched capacitor readout circuit, which is also developed in this study; while the
thermal conductivity based humidity sensor was monolithically integrated with the
readout circuit using standard CMOS fabrication and post-CMOS processing.

Achievements of this research can be summarized as follows:

l. A capacitive humidity sensor with an integrated heater was designed and
fabricated by three mask surface micromachining process using the clean
room facilities of METU. The sensor was characterized by monitoring the
humidity response, hysteresis characteristics, and measuring the response
time in an environmental chamber. The operation of the integrated heater
was verified by measuring the resistance versus temperature and resistance

versus heating power characteristics.

2. A switched capacitor readout circuit was designed and fabricated in the AMS
0.8um CMOS process. The readout circuit was connected to the sensor by
wire bonding on an alumina substrate, which is attached to a commercial

package. The hybrid module was characterized inside the environmental
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chamber. Sensitivity of the sensor was found as 19.4mV/%RH, with a

nonlinearity of 0.17%. Hysteresis of the sensor was found as 2.54% RH.

3. A thermal conductivity based humidity sensor, which is monolithically
integrated with the readout circuit was designed and implemented in the AMS
0.6um CMOS process. The fabrication was completed by post-CMOS
anisotropic bulk silicon etching process and electrochemical etch-stop

techniques.

4. The thermal conductivity based humidity sensor was characterized by
measuring the humidity response and the hysteresis characteristics. A proper
test setup was prepared on a printed circuit board for the characterization
measurements.  The sensor provides a sensitivity of 14.3mV/%RH,
26mV/%RH, and 46.9mV/%RH for 20°C, 30°C, and 40°C ambient
temperatures respectively. The sensing diodes are heated up to 250°C, so the
sensor does not allow water condensation. Total power dissipation of the

sensor is only 1.38mW.

Although the major goals of this research were achieved, following tasks can

be suggested as future work:

1. Different polyimide types, which allow the formation of thinner dielectric
layers, can be used as the humidity sensitive layer in order to obtain higher
sensitive capacitive humidity sensors. Another alternative is to use glass

substrate instead of a silicon substrate.
2. The capacitive humidity sensor can be implemented on a diaphragm to

provide thermal isolation from the substrate in order to operate the integrated

heater with less power.
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3. The integrated heater of the capacitive humidity sensor can be fabricated
from a metal, which has less thermal conductivity than aluminum in order to

increase the power efficiency of the heater.

4. Die level packaging of the thermal conductivity based humidity sensor needs
to be completed in order to complete the fabrication of the sensor as a

prototype for mass production.
This study is the first national study to implement humidity sensors using

MEMS and silicon micromachining technologies, and it is hoped that the results of

this study can be used to implement humidity sensors to be used in industry.
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APPENDIX

FABRICATION PROCESS FLOW OF THE
CAPACITIVE HUMIDITY SENSOR

Si0; is deposited on
top of a three inch

silicon wafer.

[ Silicon [T Polyimide K477 Metal 1
[ 1 Oxide o] Metal 2 [ZZ55] Photoresist

Aluminum is sputter
deposited for the

formation of the

bottom electrode.

[ Silicon [ Polyimide %] Metal 1
- Oxide o] Metal 2 @ Photoresist
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Photoresist is coated

and patterned for

aluminum etching.

[ silicon [T Polyimide ¥ Metal 1
- Oxide o] Metal 2 @ Photoresist

Aluminum is etched

and photoresist is

removed.

[ silicon [T Polyimide ¥ Metal 1
[ Oxide Lo Metal 2 Photoresist
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Polyimide is spin

coated on the bottom

electrode.

[ silicon [T Polyimide ¥4 Metal 1
[ Oxide o] Metal 2 Photoresist
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Polyimide is patterned

by photolithography.

[ silicon [T Polyimide ¥ Metal 1
[ Oxide o] Metal 2 Photoresist

| ‘ Illlllllllm"lllll@

e

Photoresist is coated
and patterned for lift
off.

[ Silicon [ Polyimide 2] Metal 1
[ ] Oxide sy Metal 2 55 Photoresist
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NN NN\ v O

Cr/Au is deposited by
thermal  evaporation
for the formation of

the top electrode.

[ silicon [T Polyimide ¥4 Metal 1
[ 1 Oxide | Metal 2 =223 Photoresist
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Top  electrode s
patterned by removing

the photoresist.

[ silicon [T Polyimide ¥ Metal 1

125



CAPACITIVE HUMIDITY SENSOR FABRICATION PROCESS FLOW

Step# Process

Process Details

Comments and

Explanations
Deposition of the
Al Sputter deposition at bottom electrode metal.
: deposition | 2kW power for 20 minutes. Aluminum thickness is

0.5pum.

2 Lithography

Deydration bake (115°C 30 min.)

Spin coating photoresist

Soft bake (115°C 60 sec. hot plate)

UV Exposure (20 sec.)

Development (MF319)

Rinse (DI water)

Patterning of the

bottom electrode.

H3PO4:HNO3:CH3COOH:H20 =

Bottom electrode is

3 Al etch 75:3:15:2 (40°C 7 min.)
patterned
DI-H20 rinse 15 min.
Dehydration Bake (130°C 30 min.)
Spin coating (4500 rpm. 35 sec.)
Polyimide .
Soft bake (4 min. 75°C hot plate)
deposition 5 Formation of the
4 UV exposure (200mJ/cm?) ) )
and dielectric layer
) Development (45 sec in DE6180)
patterning

Overlap (7 sec. Developer/Rinser)

Rinse (45 sec. in R19180)

5 Lithography

Deydration bake (115°C 30 min.)

Spin coating photoresist

Soft bake (115°C 60 sec. hot plate)

UV Exposure (20 sec.)

Development (MF319)

Rinse (DI water)

Top electrode pattern is

formed before lift-off.

126




Deposition of the top

Cr/Au
- Cr/Au evaporation electrode metal. Cr/Au
Deposition
thickness is 0.2pum.
' o Top electrode is formed
Photoresist removal (5 min. in
Lift-off by removing the

acetone).

photoresist.
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