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Résume en français 

Le travail de cette thèse comprend la conception et la fabrication d’une technologie de capteur 

d’hydrogène basée sur une structure MOS. La structure est composée d’un empilement de 

Pt/Ti/Al2O3/p-Si. Les épaisseurs des matériaux utilisés pour la fabrication sont 100/5/38 nm 

(Pt/Ti/Al2O3) sur un substrat de silicium. Le capteur est capable de détecter de très faibles 

concentrations < 20 ppm. De plus, pour une concentration de 500 ppm, le temps de réponse est 

56 s. L’impact de plusieurs conditions de test, comprenant la température et le débit total dans 

la chambre a été évalué. Les résultats montrent qu’à 60℃ le dispositive n’est pas capable de 

détecter la présence d’hydrogène. Cependant, à partir d’une température de 80℃, la réponse est 

très importante et le temps diminue pour encore des températures plus élevées. Le débit total 

dans la chambre a aussi démontré un impact sur le temps de réponse du capteur. Ce qui est aussi 

relié au volume de la chambre. 

Une intégration hétérogène ensuite a été conçue et présentée. Cette dernière est un outil flexible 

pour le prototypage avec des technologies de transistor FDSOI. L’intégration des deux 

dispositifs a été effectuée et montre de résultats prometteurs. Le couplage capacitif entre la grille 

avant et la grille arrière du transistor FDSOI permet d’amplifier le signal du capteur. Par 

exemple, une variation de potentiel de 0.3 V peut être amplifier par un facteur de 14 x, donc 

4.19 V.  

Mots-clés: hydrogène, capteur, métal-oxide-semiconducteur (MOS), intégration hétérogène, 

compatible CMOS, fully depleted silicon on insulator (FDSOI), simulation TCAD   
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Abstract  

hydrogen can be used as an energy carrier (storage) by the renewable energy industry as well as 

the automotive industry (fuel cell). Other industries already use hydrogen such, food processing 

and petroleum refineries. Hydrogen is odorless, transparent, and has a lower explosive limit of 

4 %. Reliable, fast sensor are essential tools for a hydrogen safe environment. 

The work of this thesis provides a semiconductor-based hydrogen sensing solution. A MOS 

capacitor using a CMOS compatible novel Pt/Ti/ALD-Al2O3/p-Si stack. The Pt/Ti/Al2O3 

sensing interface materials thicknesses are 100/5/38 nm respectively. The device can detect very 

low concentrations < 20 ppm. Furthermore, for a concentration of 500 ppm the response time is 

56 s. the impact of testing conditions such temperature, and total gas flow have been studied. 

Results show that at 60℃ the device does not respond to hydrogen. And at 80℃ or higher the 

sensing response time is significantly reduced with increasing temperature. Furthermore, the 

total gas flow has an impact on the device response time and shows that a portion of the time 

response delay can be attributed to the chamber’s volume. 

Moreover, a heterogenous integration method has been designed and presented. The latter 

represents a great tool for a flexible prototyping of sensors using FDSOI transistor technology. 

The integration has been simulated and results show promising results. The capacitive coupling 

feature in the FDSOI between the front and back gate is used to amplify the potential variation 

at the front gate. For instance, a 0.3 V hydrogen induced dipole potential can be amplified by a 

factor of 14 x.  

 

Keywords: hydrogen sensor, metal oxide semiconductor (MOS), heterogenous integration, 

CMOS compatible, fully depleted silicon on insulator (FDSOI), TCAD simulation.  
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Chapter 1 

1 Introduction 

1.1 Global context 

The internet of things (IoT) has seen an ever-growing trend with the increasing number 

of connected devices [1]. IoT can be simply described as the ability to connect a great number 

of sensors/devices together wirelessly and use artificial intelligence (AI) to sort out input data 

to make automated remote decisions (machine to machine communication). Safety applications 

represent a good example to understand how IoT and gas sensors can be used to prevent 

hazardous events from happening [2] [3]. Suppose a worksite contains chemicals that could be 

harmful or may threaten workers’ lives. To monitor, in real time, the concentration of the 

chemicals at the worksite environment, gas sensors can be employed. In case of hazard or 

chemicals leakage, IoT solutions may be used to shut down the system remotely or inform 

authorities [4]. The necessary infrastructure to build such a system, consists of many connected 

sensing devices, a data processing center, and finally an actuator to response to the event by 

taking an action. In the scope of this project, a miniaturized hydrogen (H2) sensor shall be 

integrated to a an FDSOI transistor technology, to allow for a low power highly sensitive H2 

sensing technology. H2 is an odorless, transparent, highly explosive gas. It is essential for several 

industrial applications such as; lead-acid battery charging, food processing, metal refining, 

petroleum refineries, as well as fuel cell systems [5]. Many car manufacturers believe that 

hydrogen can replace gasoline. According to the U.S. department of Energy, the state of 

California is allocating a $20 million/year investment to have 100 hydrogen fuel stations by the 

year 2024 [6]. Already 40 stations are open for the public, 20 under construction at varying 

stages as of mid-2019 [6]. Fuel cell technology allows the use of H2 as an alternative fuel, as the 

product of its chemical reaction to generate electricity is (H2O) not harmful to the environment 

[5]. However, hydrogen is explosive, and the lower explosive limit LEL of H2 is 4% in air, 

making it difficult to handle H2 and expensive to put in place an adequate infrastructure that 

could accommodate its storage/use across the world [7]. Furthermore, H2 is being evaluated as 

an alternative energy storage solution for renewable energy generation systems [8]. A study 

published in 2018 explains how mismatch between energy generation and consumption in 
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Germany can result in waste and inefficiencies for renewable energy systems. The solution 

researchers proposed, was to convert the power to gas (hydrogen). Using the power generated 

whether from onshore wind turbines or solar farms, water is electrolyzed to produce hydrogen. 

The major advantages of the proposed solution are that H2 production/use does not emit green 

house gases and shall facilitate the distribution and storage of renewable energy [9]. Incredible 

miniaturization of electronics not only enabled engineers and scientists to develop more 

powerful computers, but also made it possible to integrate further innovative functionalities into 

consumer electronics. Examples of wearable devices equipped with sensors include: wristbands, 

garments, patches and others for health monitoring systems as well as sports performance. This 

research project aims to develop a CMOS compatible hydrogen gas sensor and integrate it to 

fully depleted silicon on insulator (FDSOI) transistors (manufactured by STMicroelectronics). 

The development of the latter technology shall make it possible to integrate gas sensors to 

handheld devices and benefit from processing capabilities already on board and possibly make 

use of this information remotely.  

Many different types of hydrogen sensors are already commercially available. And many 

different methods and sensing mechanisms have been implemented. Examples include:  

- electrochemical sensors that rely on the oxidation-reduction (redox) reaction [10],  

- thermoelectric, pellistor-type, and thermal conductivity sensors that rely on heat transfer 

[10], 

- transition metal oxide-based sensors ( ZnO, SnO2) that rely on the change in resistance 

[10] [11]. 

Several challenges exist however, and current technologies can be greatly improved. Some of 

the examples listed above suffer from cross contamination with CO, others that rely on heat 

transfer can be cross comminated with helium. Certain technologies require the presence of O2 

to be able to detect H2, which means that they cannot be used for space applications. 

Furthermore, technologies like electrochemical sensors have a short lifetime and require regular 

calibration [10]. Another great challenge is the industrial compatibility with CMOS fabrication 

processing technologies which could drive down the overall price/unit of the device [12]. 

Furthermore, gas sensing for hazardous and toxic chemicals requires very small response time, 

to be used as a preventative safety measure. Meaning that the faster the sensor gives a signal, 

the earlier the site personnel will be aware, allowing an early intervention to prevent or mitigate 
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damage. And finally, the system needs to be reliable, especially if it will be used in safety 

applications and will be a tool for saving lives. FET-based hydrogen sensors have a better 

selectivity, a smaller size, a lower cost, and a very fast response time (t90) down to 2.1 s [10]. t90 

is the time the device takes to get to 90 % of its final reading. 

 Other types of hydrogen sensors are FET-based H2 sensors. Many of the current FET-

based solutions use a catalytic metal (Pt or Pd) on SiO2 as their sensing stack. The latter is 

difficult to scale due to poor metal-oxide adhesion. Titanium is commonly used as an adhesion 

layer in the semiconductor industry [13]. Usagawa et el. [14] at Hitachi were the only research 

group to use a Pt-Ti-O/SiO2 MOSFET gate stack to make a hydrogen sensor. Their results have 

shown a reliable technology that can detect down to 100 ppm hydrogen concentrations. The 

reported response time (t90) is 85 s for a 10000 ppm concentration [15]. The detection limit as 

well as the response magnitude depend on the chemical composition of the metal-oxide 

interface. Compared to a conventional MOSFET, an FDSOI transistor technology is expected 

to show an amplified sensing response due to the inherent capacitive coupling between the front 

and the back gate. The FDSOI ultra thin silicon body tSi < 10 nm on the buried oxide layer, 

allows for this capacitive coupling with a factor of ~14 x. Hence the potential at the front gate 

can be 14 x higher.  

1.2 Research question 

Naturally follows from the discussion of different available hydrogen detection technologies, 

the use of FDSOI transistors for gas sensing represents an opportunity to improve device 

performance. FDSOI-based H2 sensors are expected to further lower the detection limit for H2 

sensing. FDSOI transistor technology is a mature transistor technology that is already used 

commercially. Which means that FDSOI-based sensor will benefit from a low-cost (per unit) 

semiconductor fabrication facility. Low cost, small size hydrogen sensors are essential for a safe 

future that shall employ hydrogen as an alternative renewable energy storage solution [8] [9]. 

Moreover, sensor integration to a CMOS compatible technology will allow sensor inclusion in 

portable consumer electronics. For hydrogen sensing application FDSOI structure is quite 

appealing due to the phenomenon of “body biasing”, discussed in detail in the state-of-the-art 

section (chapter 2). The latter enables the adjustment of transistor’s threshold (Vth) controlling 

the transistor channel via the body of the transistor (the back gate). Researchers who initially 

developed FDSOI transistor technology for faster switching or low leakage operation modes in 
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logic applications [16] [17], also understood that such a transistor can operate at ultra low 

voltage levels, making a great platform for low power IoT applications. Furthermore, the 

capacitive coupling between the front gate and the back gate of the transistor could be used to 

make ultra sensitive detection devices [17]. As seen in table 2, FET-based gas sensor 

technologies provide a very short  response time [18]. Another key advantage that FET-based 

sensors have is that they meet the stringent, 10 years, lifetime requirement of the automotive 

industry [18] [19] [20]. Current technology suffers greatly from power dissipation due to the 

requirement of operation at high temperatures to meet response time and sensitivity 

specifications. To heat up the sensor, some devices need to be equipped with an on-chip heater, 

the latter results in higher energy consumption [21]. To put it into perspective, Tsukada et al. 

designed a dual gate FET hydrogen sensor with the following dimensions: channel (W/L = 

390/40 um), gate isolation of 43 nm thick SiO2 + 125 nm Si3N4, Pt metal gate of 45 nm thick 

[21]. The author did not mention the Vds used to polarize their device, but from reported results, 

the device draws up to 0.2 mA of current for a gate voltage that varies between 1 – 2 V. On the 

other hand, FDSOI 14  nm node technology offers; gate lengths (20 – 34 nm), compressed SiGe-

OI transistor channel thickness of 6 nm, and a buried oxide of 20 nm [22]. FDSOI transistors 

with such small dimensions, can operate at a gate voltage as low as 0.1 V, a drain current in the 

10-9 A range and a drain voltage of 0.3 V. Conspicuously, the difference in dimensions has a 

great impact on the power consumption. Moreover, the back bias feature makes FDSOI 

transistors a flexible and suitable technology for low power applications [16] [17]. However, 

the advantage of using a highly sensitive transduction platform comes at a greater electrostatic 

discharge (ESD) failure risk [23]. Literature review shows that FDSOI transistors have never 

been used for hydrogen sensing applications before. This research project aims to answer the 

question: How to integrate a CMOS compatible hydrogen sensor to an FDSOI transistor. 

1.3 General objective 

After having identified the research question, the general objective of this study is to design, 

simulate, and fabricate the proof of concept of an integrated H2 sensor. A device capable of 

indicating the presence of hydrogen and designing an integration method to FDSOI transistors. 

Furthermore, comparing the device response, and lowest detection limit to the state of the art 

and assess the device overall performance. 

Specific objectives 
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More specifically objectives of this research project could be split into two subsets of objectives: 

1 Fabrication: 

- Design and develop an integration that will enclose the sensing element and the FDSOI 

transistor. 

- Material choice: choose CMOS compatible device functionalization materials to provide 

the best performance.  

- Develop a microfabrication process that only uses industrially compatible fabrication 

processes 

2 Sensor characterization and performance evaluation:   

- Prepare a well-suited testing bench for MOS capacitor hydrogen sensor as well as an 

FDSOI-based sensors, taking into consideration ESD failure risks. 

- Detect hydrogen concentrations of 100 ppm or lower. 

- Response time lower than 85 s for 10000 ppm or less [15]. 

- Study different device operation conditions. 

1.4 Contributions 

The main contributions of this thesis work are the following:  

• A novel Pt/Ti/Al2O3/p-Si stable MOS structure for hydrogen sensing. 

• A very low detection limit < 20 ppm that surpasses the state of the art currently at 100 

ppm. 

• A fast response time for 500 ppm H2 concentration of 56 s that surpasses the stated of 

the art reported 85 s for 10000 ppm of H2 

• A method/process for integrating a MOS sensor to an FDSOI using a heterogenous 

approach. 

The listed contributions can benefit the scientific community in many ways. It provides a new 

CMOS compatible interface possibility for a FET-based hydrogen sensor. It allows the detection 

of very low concentrations at a very fast response time. Which translates to a safer technology 

for a hydrogen sensor. Finally, the heterogenous integration method represents a great tool to 

experiment and prototype different FDSOI sensing technologies before fabricating a rigid, 

inflexible, permanent device and avoid labour exhaustive fab. 
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1.5 Thesis outline  

For a user friendly, complete presentation of the work that has been done, the thesis has been 

structured as follows. This document consists of six chapters. 

In the first chapter the global context and the use cases are introduced. Examples of different 

existing solutions are listed. Then, the literature gaps and this thesis objectives are presented. 

Finally, the contributions are briefly stated to show how they were able to contribute to the 

community and meet the objectives. 

In the second chapter, state of the art, a global review of available hydrogen sensing solutions 

is detailed. Subsequently, a more specific thorough literature review of FET-based hydrogen 

sensors is presented. 

Once the reader has been acquainted with the existing solutions and gaps, comes the third 

chapter, simulation. In this chapter, the sensing mechanism is revisited in further details and 

simulation results show and validate the electrical design of our device. Moreover, the 

simulation helps the reader to understand why the integration is expected to show an amplified 

response, and why does the presence of hydrogen result in a C-V curve shift. 

The fourth chapter presents how the MOS hydrogen sensor is fabricated. It also shows 

preliminary results for a stable MOS structure. And finally, it presents the heterogenous 

integration methods, and demonstrates the big picture with; the MOS die, FDSOI die, heater 

and thermocouple all on a pin-grid-array socket. The integration method is flexible, and the 

MOS die can be replaced with a MIM capacitor in future work. 

The fifth chapter starts by presenting the testing station. A full description of testing equipment 

and measurement protocol is given, as the latter does have an impact on the characterization 

outcome. Test bench limitation such as time delay is discussed. Afterwards, test results in 

different hydrogen concentrations are presented. The device response/figure of merits (ΔC and 

response time) are extracted. And finally, a comparison of the state of the art is drawn.  
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The last chapter (6), concludes the dissertation, highlighting the contributions of this work. 

Furthermore, future work, ideas and opportunities are discussed to provide grounds for the 

continuation of this research.  
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Chapter 2 

2 State of the art of H2 sensors 

Hydrogen semiconductor-based gas sensors have been an active topic of research since the 

1960s [24]. In this section a global view of currently used technology for hydrogen sensing will 

be presented, followed by an in-depth review of FET-based sensing technologies for low H2 

concentration detection. Platforms currently used for gas sensing comprise electrochemical 

sensors, catalytic sensors, thermal conductivity sensors, metal oxide-based sensors (MOX) and 

FET based sensors  [7]. The previously mentioned platforms are the ones used commercially 

[7]. 

2.1 Overview and different sensing technologies 

2.1.1 Electrochemical sensors 
There are two main electrochemical-based sensing platforms namely potentiometric and 

amperometric. The latter is more commonly being used in industry especially in safety 

applications [18]. 

Potentiometric sensors 

Potentiometric sensors consist of three main elements: a reference electrode, a working 

electrode, and an electrolyte. Working electrodes are often coated with Platinum, Palladium, or 

other sensing material such as CdWO4 [7] [25] [26] [27]. Whereas electrolytes are solid ion 

conducting media, examples include: Hydrogen uranyl phosphate tetrahydrate (HUP) [28], 

protonic β-alumina [29], hydronium NASICON [30] and others. Detection of H2 is based on the 

measurement of the potential difference between the reference electrode and the working 

electrode in an electrolyte [7]. The concentration of the analyte (e.g. H2) affects the 

electromotive force (emf) at the working electrode and a shift corresponding to the concentration 

can be observed. The Nernst equation governs the relation between the potential measured at an 

electrode and the concentration of the analyte.  

  (1) 
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where 𝐸° is the standard electrode potential, R = universal gas constant (8.31 J/(K ∙mol)) T = 

absolute temperature, F = Faraday’s constant 9648 x 104 coulomb/mol, n = number of electrons 

participating in the electrochemical reactions, a and b = are the electrodes, 𝐸𝑎= potential at the 

working electrode. Moreover, the porosity of the membrane as well as its thickness can impact 

the sensitivity of the sensor. Hydrophobic porous membranes are adequate for hydrogen gas 

sensor applications [31]. Maffei et al. designed a solid-state potentiometric hydrogen detector 

for a wide detection range 0.01% to 100% at 25 °C [26]. Their device structure resembled that 

of an electrochemical cell, with a sliver-Hyceram salt reference electrode, and a working 

electrode made using a palladium powder-based slurry. Each electrode was contacted using a 

silver wire attached using conducting sliver epoxy resin [26]. The cell emf was measured at 

different hydrogen concentration and the figure below summarizes the findings. 

 

Figure 2.1: Potentiometric hydrogen detector emf at different H2 concentrations  [26] 

According to their findings, sensor showed a response time <10 s. However, for lower 

concentrations (0.01-1%) of H2, the sensor shows much higher response time (e.g. >50s for 

0.1%). On the other hand, resolution for low concentration range, the device shows better 

resolution. Others like Li et al. also designed a potentiometric H2 sensor using CdWO4 as a 

sensing material and yttria-stabilized zirconia (YSZ) as an ion conducting electrolyte. Detection 

range was 0.5-3 %vol [27]. 
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Figure 2.2: Sensitivity of potentiometric H2 sensor at different temperatures [27] 

Authors tested different temperatures and identified 500 °C as the optimum operating 

temperature for the highest sensitivity. Response time and recovery time are 35 s and 90 s 

respectively [27]. 

Amperometric sensors 

Similar to the configuration of a potentiometric sensor; an amperometric sensor consists of two 

electrodes in a common electrolyte. However, the main difference is that rather than operating 

at zero current (open circuit), the amperometric sensor is shorted. A current is already flowing 

through the electrolyte (Nafion in the case of hydrogen sensing), and the introduction of H2 into 

the sensor environment alters this current [7]. The voltage externally applied remains constant 

with the help of a potentiostatic control device. The sensing mechanism follows this sequence; 

H2 molecules dissociate into H, which is in turn oxidized at the working electrode, then H+ ions 

travel through the proton-conducting membrane to the cathode to get reduced and combine with 

oxygen to make water. The oxidation reaction rate at the sensing electrode is reflected by a 

current change, hence the name amperometric [32]. Ramesh et al. developed an amperometric 

sensor with a Pt/Nafion/Pt structure for H2 in pure Argon [33]. Sensors were tested for a 

detection range between 50 and 1000 ppm and showed a linear calibration curve with a 

sensitivity of 0.0022 µA/ppm. Reported response times were between 50 and 20 s, and up to 

120 s for 50 ppm H2 concentration [33]. A major disadvantage for the previously described 

systems that the sensor’s response to H2 is heavily impacted by the temperature, at a rate of 0.5-

1%/°C. Additionally, literature shows that sensors may have a limited selectivity (CO 

poisoning) [34] [7].  
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2.1.2 Catalytic combustion sensors 

This category of sensors comprises thermoelectric sensors as well as pellistor-type ones. The 

fundamental principal of operation is based on the exothermic reduction oxidation of hydrogen. 

Both sensors have been used for detection of combustible gases; hydrogen has a standard heat 

of combustion of 141.9 KJ/g, almost twice as much as methane.  

 

Pellistor-type sensors 

The sensor consists of two ceramic beads connected to a Wheatstone bridge circuit. Each of the 

two beads contain a platinum coil. The surface of one bead is activated with a catalytic noble 

metal (e.g. platinum/palladium) allowing catalyzed combustion, while the other is not activated. 

The coils are heated up to a temperature of 300 ℃, at which the adsorbed hydrogen oxidizes 

only at the catalytic surface. This oxidation reaction is exothermic and elevates further the 

temperature of one of the beads. In turn this temperature variation changed the resistance of the 

platinum coil of the activated bead, inducing an imbalance in the Wheatstone bridge circuit [35]. 

A Wheatstone bridge structure is said to be in equilibrium when its two branches of resistances 

in series have the same values. Below is a figure that shows the structure of a pellistor hydrogen 

sensor: 

 

Figure 2.3: Pellistor-type hydrogen sensor [35] 

The use of catalytic metals to identify the combustibility of a certain gas is now a well-developed 

technology that dates to 1923 first proposed by Johnson for the use in methane mines [36]. 

Pellistor-type sensors are widely available and are used for detection of hydrogen below 4% for 

temperature ranging from -20 to 70 ℃ with a claimed response time of 8 s. Miniaturization of 

such devices has been an ongoing challenge; however, reported results are promising [37]. For 
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instance, micro-scale sensors of that type have shown great performance improvement; power 

consumption around the 55 mW as opposed to 0.5 to few watts, response time of as low as 0.36 

to 1 s, as well as lower operating temperatures such as 115 ℃ to 120 ℃ [37]. 

Thermoelectric sensors 

Similar to the pellistor sensor, the basis of the operation of thermoelectric sensors relies on the 

exothermic oxidation reaction of Hydrogen. However, the heat generated is translated to electric 

signal via the Seebeck effect. The latter is a phenomenon that occurs when there exists a 

difference in temperature between the two ends of a conductor. The voltage induced into the 

conductor corresponds to the difference between the temperature at the two ends. In turn, this 

increase in temperature at one of the ends depends on the concentration of hydrogen at the 

catalytically active end. Finally, the triggered signal U can be described as follows: 

 

U =  𝛼 ∙ {𝑐𝑜𝑛𝑠𝑡 ∙ 𝑒𝑥𝑝 (
−𝐸𝑎

𝑅𝑇
)} ∙ Δ𝐻 (2) 

 

𝛼 is the Seebeck coefficient,  𝐸𝑎 is the activation energy, R is the universal gas constant, T is 

temperature in Kelvin, and Δ𝐻 refers to the heat of hydrogen combustion. A commonly used 

material is NiO with half of the film surface coated with a catalyst (e.g. Pt/Pd). NiO is one of 

multiple transition metal oxides used in negative temperature coefficient thermistors (NTC) 

widely used for temperature control. The resistance of those metal oxides decreases with the 

increase in temperature [38] [39]. They make very popular choices for temperature sensing 

devices with considerably high accuracy.  

A main advantage of thermoelectric sensors is their ability to function at relatively low 

temperature, a feature that enhances their selectivity, since only hydrogen is able to be oxidized 

at Pt surface at such low temperatures (< 100 ℃) [40]. Some researchers attempted to combine 

both technologies; thermoelectric sensors as well as catalytic combustion sensing [38]. It is 

common industry practice to have more than one sensing technology employed on the same 

device, to ensure their product meets certain safety requirements. Although that enables 

manufacturers to provide more reliable solutions, it drives up the prices [38].  
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2.1.3 Thermal conductivity sensors 

Thermal conductivity sensors can be used for the detection of gases with a significantly different 

thermal conductivity compared to that of air. Examples of gases comprise; hydrogen, helium, 

methane [41]. The operational principle is not very different from the Pellistor-type sensor 

mentioned above; in the sense that it consists of two beads enclosing conducting filaments. One 

of the beads is sealed and the filament inside of it is surrounded by a reference gas, while the 

other is exposed to the gas to be detected. The heat transfer from the body/conductor to the gas 

is the metric that helps determine the nature of the flowing gas as well as its concentration. 

Hydrogen’s thermal conductivity is 0.174 W/mK at 20 °C, which facilitates the detection of the 

specie. Some other gases, such as oxygen for instance, have a thermal conductivity close to that 

of air 0.026 W/mK (reference) [35], making it challenging to detect it with high accuracy. But 

the reference gas can always be selected to optimize the performance of the sensor and its 

sensitivity to a specific target gas [42]. Another more recent design of thermal conductivity 

sensors suggests an architecture where there is two parts of the sensor having different 

temperatures. A certain amount of power is applied to maintain the temperature difference. 

When a gas flows through this arrangement, the power applied to maintain the temperature 

difference changes accordingly; which indicates the thermal conductivity of the gas and its 

concentration [35]. Although this might seem like an adequate solution for hydrogen sensing, it 

is limited to detection of relatively high concentration compared to other commercially available 

options. Often those sensors are coupled with temperature and humidity sensors to be able to 

give an accurate figure for the concentration. Another advantage of thermal conductivity 

detectors (TC) is that they do not get affected by contaminants such as H2S that can negatively 

impact, for instance, the performance of chemical sensors over time. Recent advances coupled 

TCs with flow compensation MEMS devices, to make flow independent TC sensors. The results 

show a great improvement of the sensitivity up to a value of 0.136 W/(W/m·K) [43]. 
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Figure 2.4: Thermal conductivity sensor connection to Wheatstone bridge circuit [35] 

The figure above demonstrates the circuitry of a thermal conductivity sensor that relies on the 

resistance variation corresponding to sensing coil exposure to H2 [35]. 

 

Figure 2.5: design of TC incorporating MEMS for flow compensation [43] 

The architecture above represents one proposed design for flow compensation to enhance the 

performance of the miniaturized thermal conductivity sensor [44].  

2.1.4 MOX sensors 

ZnO and SnO2 have been the first two metal oxides to be employed for the detection of reducing 

gases by Seiyama and Taguchi respectively, back in the 1960s [11]. Other pre-transition metal 
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oxides such as Al2O3 and MgO are also popular and well suited for certain operating 

temperatures and certain gases, due to their high electrical and thermal resistance [35]. However, 

the most popular sensing materials are the binary transition metal oxides having d0 

configuration; TiO, V2O5, WO3 also post-transition metal oxides such as; ZnO and SnO2. 

Transition metal oxides have more than one oxidation state. This is because the difference in 

energy between dn electronic configuration and a dn+1 or dn-1 is often small. As opposed to non-

transition metals oxides that have, with exceptions, one preferred oxidation state. d0 and d10 

configuration allow for gas sensing application, as they may undergo reduction, but not 

oxidation. The main disadvantage of this type of sensor is the elevated operational temperature 

that ranges from 180-450 °C [45].  

 

2.2 Field effect-based sensors 

Various modifications of field effect transistors enable their use for gas sensing applications. 

For instance, many FET-based sensors use a functionalized transistor’s gate either with catalytic 

metals (palladium and platinum are popular choices) or nanoparticles decoration (metal oxides 

such as SnO2 as well as palladium/platinum are commonly used) [46] [47] [48] [14] [49].  

2.2.1 Sensing mechanism  

The use of field effect devices was first published by Lundström et al. in the 1970s [50]. In 

which, the structure as well as the sensing mechanism of a capacitor with a catalytic metal top 

electrode was detailed. Using a catalytic metal gate (Palladium), a Metal Insulator 

Semiconductor structure (MIS) was designed for hydrogen sensing applications [50]. To detect 

the presence of hydrogen, this technology relies on the corresponding shift of the characteristic 

curves of either a metal oxide semiconductor (MOS) capacitor, a field effect transistor or other. 

Figure (2.6) shows a MOS structure, with a catalytic metal top electrode. The figure visually 

demonstrates the hydrogen molecules dissociative adsorption at the catalytic metal surface, as 

well as the hydrogen atoms diffusion through the top electrode. Atoms at the interface are 

polarized at the presence of an electric field and results in an interface dipole layer [51].  
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Figure 2.6: Hydrogen dipoles at the metal-insulator interface [10]  

The hydrogen interaction with a catalytic metal (e.g., Pd or Pt) involves three reactions as show 

below [51]. Hydrogen atoms can either exist at the surface (Hs), in the bulk (Hb), or at the 

interface (Hi). As shown below in equation 3, the concentration of hydrogen atoms at the 

interface directly impacts the interface potential. In fact, every MOS structure will have its 

intrinsic available adsorption sites at the interface that are usually lower that the number of 

adsorption sites at the metal surface (e.g., 6x1017 m-2 vs. 1.5x1019 m-2 [51]). The interface site 

density, the polarizability, and the heat of adsorption at the interface, all impact the device 

sensing response. Deposition methods and choice of material (i.e., composition) among other 

factors influence the interface properties [47].    

 

 

 

 Figure (2.7) shows the structure of a capacitor (MOS) with a catalytic metal top electrode, as 

well as its C-V characterization curve shift corresponding to H2 detection [10]. 

 

Figure 2.7: capacitor structure and C-V curve shift [10] 
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The hydrogen induced shift shown is due to a dipole layer at the interface, as shown in figure 

2.6. Since the dipole positive side is at the insulator surface, this layer induces a positive voltage 

on the semiconductor channel. Hence, the shift towards lower values of voltage [50] [52] [47]. 

The magnitude of the induced voltage can be estimated using the following equation: 

∆V =  
μηi

ε
                                              (3) 

μ is the effective dipole moment, ηi is the concentration of hydrogen atoms at the interface, and 

ε is the dielectric permittivity of vacuum [47] [53]. 

 

Figure 2.8: 15 nm thick platinum gated MOS response to hydrogen at 150℃ [52] 

Figure 2.8 shows the results reported by Spetz et al. [52] of a Pt-MOS sensor response at 

different H2 concentrations 10 minutes-pulses. The device shows ~200 mV shift in 500 ppm H2 

[52]. Tests were carried out in synthetic air (N2 : O2 = 80% : 20 %) and at 150℃. The latter is 

an example of the use of a MOS structure with a platinum gate as a hydrogen sensor. The 

structure shows a voltage shift for concentrations as low as 7 ppm. In the previous example, 

platinum was used as a catalytic metal gate, other sensing materials show different sensing 

response as will be discussed later. 

Several factors influence the sensing response (ΔV) of a Pt/Pd functionalized field effect 

device [47] [52] [50] [10] [53] [54] [55] [56] [57] [58]. Among others: 

- Hydrogen partial pressure, gas mixture (presence of oxygen), and operating temperature. 
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- Catalytic metal material (Pt, Pd, Ir, Rh, Pd/Pt, Pt/Pd, Rh/Pd, Au/Pd), its thickness and 

its surface morphology and defects. 

The sensing response has been found to follow a Temkin isotherm; meaning that the heat of 

adsorption varies as a function of hydrogen atoms coverage at the interface. The latter results in 

a non-linear response [51] [47]. From equation 3, the response is directly proportional to the 

hydrogen concentration at the metal/oxide interface. The latter is a function of the hydrogen 

concentration at the top/exposed surface of the catalytic metal gate. According to Salomonsson 

et al. [47] the concentration at the interface increases non-linearly with respect to the H2 

concentration at the exposed metal surface. It is rather an exponential decaying function that 

follow a Temkin isotherm [47]. At the platinum insulator interface there is a finite number of 

hydrogen available adsorption sites, dictated by the factors listed above. For example, 

Salomonsson et al. estimated 7 x 10-17 sites/m2 for their Pt-MOS structure that has Pt-SiO2 

interface. This value is expected to vary from device to another depending on the control over 

the fabrication process, deposition, and processing methods. 

By fitting experimental results [47] to a second order Langmuir isotherm, they have 

shown that the sensing response is directly proportional to the hydrogen partial pressure. In 

figure 2.9, tests in ultra-high vacuum showed that Pt-MOS structures can detect hydrogen down 

to 10-12 Torr. 

 

Figure 2.9: sensing response dependence on hydrogen partial pressure [47] 

The hydrogen partial pressure is varied, and the CV curve shift is recorded. In figure 2.9 the CV 

shift magnitude (absolute) increases for higher hydrogen partial pressure at the log scale. 
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Around time = 1500 s, oxygen is injected into the chamber to react with residual hydrogen at 

the platinum surface and accelerate desorption. 

The gas mixture in the chamber [47] also has an impact on the response. For instance, a Pt-MOS 

sensor will have a higher response if tested only in N2 + H2 as opposed to hydrogen in synthetic 

air (N2 80% and O2 20% + H2) [47].  

 

Figure 2.10: Water molecules desorption rate vs. CV shift [47] 

If the surface of the platinum sensing electrode is initially covered by oxygen, the response will 

be delayed as shown in figure 2.10. The water (H2O)/hydrogen (H2) and deuterium (D2) 

desorption has been monitored as a function of time. Furthermore, on the same graph the CV 

shift has been plotted. At first the water desorption rate increases, until at ~220 s, no further 

water molecules are detected, and the CV curve shifts by approximately -30 mV [47].  

2.2.2 Sensing material 

Another important factor that has an influence on the response is the sensing material and its 

thickness. Multiple studies used the gradient film method, where a moving shutter has been 

used during the deposition of a thin film to vary the thickness across the sample’s surface [54] 

[56] [57].  



21 
 

 

Figure 2.11: sensing response of different sensing metal gates vs. their thickness [56]   

Lofdahl et al. have compared the response of MOS structures with different metal gates, Pd, Ir, 

and Pt [56]. The results – in figure 2.11- show that for a concentration of 250 ppm, Pd and Ir 

have a higher sensing response compared to Pt in synthetic air (80% N2 + 20% O2). Moreover, 

over the the tested thickness range Pd shows the largest variation. For thicknesses of 20 nm and 

higher, the response more than doubles [56]. Klingvall et al. used an experimental combinatorial 

approach to study the response of different sensing stacks [54]. In figure 2.12 are the results of 

testing a Pd/Rh stack with varying thicknesses combinations. The 2D graph shows the sensing 

response (ΔV) variation as a function of both, the Pd thickness and the Rh thickness [54]. 
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Figure 2.12: Rh/Pd film gradient with the response scale to the right [54] 

The highest sensing response is shown by Pd/Rh thicknesses in the range of 3 to 6 nm and 2 to 

10 nm respectively. The environment of the test like mentioned earlier has an impact on the 

sensing response as evidence by the results in Figure 2.10. A study by Mikael Löfdahl et al. [57] 

shows the impact of Pt film thickness variation on the sensor response. They have also pointed 

out that the deposition method/rate influence the film morphology. Two curves plotted to show 

the different sensor response at the same H2 concentration, one in N2 and the other in O2. The 

impact of thickness variation is not significant, and neither was it justified by the author [57]. 

The highest response for 100 ppm of H2 in N2 and O2 was obtained at ~13 and 15 nm thick Pt 

films respectively 1.25 V and 0.2 V respectively. One possible explanation is that the number 

of available sites of adsorption at the surface vary with thickness and morphology, and that is 

the reason why the sensor’s response slightly varies in figure 2.13. However, at a higher catalytic 

metal film thickness, hydrogen atoms are more likely to get trapped inside the bulk of the metal 

during the diffusion, and never reach the metal-insulator interface [57]. 
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Figure 2.13: Response of Pt sensing surface at different thicknesses [57] 

Similarly, for Pd the effect of thickness variation on sensitivity was studied. 

 

Figure 2.14: Pd surface sensitivity at different thicknesses [57] 

Between film thicknesses 10 nm to 25 nm the response seems to drastically change, whereas it 

seems to vary little beyond ~30 nm. Moreover, thick films of Pd appear to have high 

performance, yet the comparison cannot be very accurate as the Pt test was done for 100 ppm 

concentration and not 250 ppm in 20% O2. However, the author points out that Pd is more 

sensitive than Pt, due to its higher porosity [58]. The disadvantage of Pd is the formation of 

blisters and degradation even under low pressure of H2 overtime. Making Pt a practical choice 

even though it has a lower sensitivity. with respect to the integration of one of the previously 

mentioned sensing materials to a real semiconductor device (e.g., MOSFET), compatibility 

should be taken into consideration. Platinum, for instance, is CMOS compatible, and can be 
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processed using industrially compatible methods. However, one major challenge is adhesion. Pt 

deposited directly on SiO2 or another insulator requires an adhesion interlayer, 

titanium/chromium [59]. Toshiyuki Usagawa et al. [14] at Hitachi research center for 

innovation, showed that using a sensing stack of Ti (5 nm)/Pt (15 nm) may or may not respond 

to hydrogen as shown in figure 2.15.  

 

Figure 2.15: Ti (5 nm)/Pt (15 nm) sensing material response, in 1000 ppm H2, before and after 

air annealing. 8U (2h) and 24C (2h) are air-annealed devices  

Where samples 8U (0h) and 24C (0h) were processed similarly yet show different sensing 

response. 8U (0h) did not show response to hydrogen, whereas 24C (0h) showed ~0.2 V 

threshold voltage shift. Authors described this as a poor, nonuniform, performance [14]. After 

annealing the samples in air at 400℃ for 2 hours, however, both 8U (2h) and 24C (2h) showed 

a significantly higher response. 8U (2h) and 24C (2h) showed 0.82 V and 0.96 V respectively. 

The explanation is that the 5 nm-thick titanium diffuses, and forms TiOx at the Pt grain 

boundaries [60].  
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In figure 2.16, the STEM image shows the sensing material composition [60]. The TEM-EDX 

analysis, shows the presence of titanium and oxygen at the platinum grain boundaries after air 

annealing (figure 2.16). The Pt-Ti-O sensing material. E-beam evaporated Ti (5 nm)/Pt (15 nm) 

films are air annealed at 400℃ for 2 hours.  

 

Figure 2.16: Pt-Ti-O TEM - EDX analysis after 2 hrs air annealing at 400℃ [60] 

Later in 2017 [61], Takahashi et al. from the same Hitachi group, were able to image the 

potential gradient using TEM phase reconstruction method.  

 

 

Figure 2.17: Potential gradient across a) the Pt/TiO2/SiO2 structure and b) the Pt/SiO2 structure 

[61] 

At the platinum surface and the Pt/TiO2 interface potential peaks are shown in figure 2.17, and 

those peaks have opposite signs. The latter suggests that the hydrogen induced dipoles is inward 

towards the platinum layer (negative sign pointing at Pt). The potential across the TiO2 layer 

(b) 
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seems to decay at the TiO2/SiO2 interface, which indicates that the dipole is at the Pt/TiO2 

interface. In figure 2.17 (b), where there is no TiO2 the peak at the Pt/SiO2 interface is sharper.   

 

Figure 2.18: Energy band  diagram of a) Pt/SiO2/Si vs. b) Pt/SiO2/Si with hydrogen induced 

dipoles oriented inwards at the Pt interface 

And finally in figure 2.18, the energy band diagrams of the Pt/TiO2/SiO2/Si structure with and 

without the hydrogen induced interface dipole are compared [61]. 

Most of the work on semiconductor device-based hydrogen sensors has been done using 

a MOS structure. All the results and sensing materials comparison presented above were using 

MOS structures. But that doesn’t mean that other semiconductor devices cannot be used instead.  

2.2.3 Sensors 

The use of metal oxide semiconductor field effect transistors (MOSFETs) has been also studied 

for this application, where the transistor has a catalytic metal gate (usually referred to as gate 

functionalization). Figure (2.19) shows the MOSFET structure, along with its ID-VG curve. At 

different hydrogen concentrations, the device exhibits different threshold voltage values. 
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Figure 2.19: MOSFET structure and I-V curve shift [10] 

The relation between the drain current (ID) and the gate voltage (𝑉𝐺) of a MOSFET transistor is 

governed by the following equation: 

𝐼𝐷  ≈  
𝜇𝐶𝐺

𝑙
 [(𝑉𝐺 − 𝑉𝑇𝐻) ∗ 𝑉𝐷]  (3) 

Where 𝜇 is the electron mobility, 𝐶𝐺 is the gate capacitance, l is the channel length, 𝑉𝐷 is the 

drain source voltage knowing that the source in connected to ground, and 𝑉𝑇𝐻 is the threshold 

voltage. The drain current in the equation above is subject to change under different H2 

concentration at the catalytic gate surface. In the presence of hydrogen, for constant gate voltage 

sweep, the ID-VG curve is shifted towards higher current values. This change occurs more 

specifically due to the dipole moment created by polarized H atom at the metal-oxide interface. 

Voltage variation at the transistor’s gate can be estimated using the equation below: 

∆𝑉 =
𝑁′𝑝

𝜖0
 ≈  ∆𝑉𝑚𝑎𝑥

𝐾 √𝑝𝐻2

1+𝐾 √𝑝𝐻2 
  (4) 

𝑁′ is the density of adsorbed molecules at the interface, p is the dipole moment, and 𝜖0 is the 

dielectric constant of vacuum. Another approximation for the voltage difference relies on 

Langmuir isotherm that relates the adsorption of H2, vacant sites, partial pressure pH2, as well as 

the equilibrium constant of adsorption and desorption K [50].  

One example of FET-based sensors is a dual gate FET with a platinum functionalized 

gate [46]. Bum-Joon Kim et al. show, in more than one publication [46] [62], the use of a dual-

gate FET; where only one of the platinum-functionalized gates is exposed to H2. It is important 

to note that ‘dual gate’ in this context means that there are two identical FETs, one used for 
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reference and the other for sensing as shown in figure 2.20. Which is different from a transistor 

with two gates. 

 

Figure 2.20: dual gate FET for hydrogen sensing application with integrated heater 

In a 2013 publication [62], the stability of dual gate FETs, with integrated micro-heater, was 

shown at temperatures between room temperature (RT) and 250 °C. Drain current variation with 

temperature, power consumption at different temperatures, device response and recovery times 

(18 s and 19 s respectively), as well as device cross-sensitivity have been shown. However, only 

hydrogen concentration of 5000 ppm was tested. At the previously mentioned concentration, 

the optimum operating temperature was found to be 150 °C out of a temperature interval from 

RT to 250 °C, showing the highest drain current variation relative to the reference [62]. At room 

temperature the device response was 0.04 mA, less than half the response at 150℃ (0.112 mA). 

Later in 2015, Bum-Joon et al. [46] studied the impact of the surface morphology on the dual 

gate FETs presented in their previous work. The platinum gate electrode was replaced with a 

palladium, and a process to make nano bumpy Pd thin films had been developed. Compared to 

their previous work [62], devices with nano bumpy Pd thin films-functionalized show a higher 

performance that their Pt-functionalized gate counterparts. At Hydrogen concentrations of 5000 

ppm, results show 0.112 mA transistor drain current change for Pt gate functionalization, which 

is lower than the change observed for transistors with nano bumpy Pd films (0.165 mA). Power 

consumption, however, did not change (45.5 mW at 150 °C) since both operate at the same 

temperature [46]. Furthermore, in figure 2.21, comparison of Pd flat surfaces and nano bumpy 
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surfaces has been drawn, showing higher sensitivity for devices with nano bumpy Pd. 

Nonetheless, Pd flat surfaces seem to have a better recovery time. 

 

Figure 2.21: nano bumpy Pd surfaces vs. Pd flat surface impact on the sensitivity [46] 

Plotted on Figure 2.22 is the transistor current variation with respect to the hydrogen 

concentration. The signal/current of the transistor with nano bumpy Pd gate surface shows 

higher current variations. Moreover, the later shows higher sensitivity which can be extracted 

from the slope of the Δ ID vs. H2 concentration curve (figure 2.21).  

Bum-Joon et al. were not the only ones to study a dual gate FET H2 sensor. Tsukada et 

al. have also presented a dual gate FET sensor [21] with a similar detection mechanism. 

Platinum was used to functionalize the transistor gate, and titanium was used as a gate electrode 

for a reference FET. Both FETs have been integrated with a heater (Ti/Ni/Au), and thermometer 

(diode). Transistors have been characterized at different temperatures, and results showed a 

constant differential output voltage of Pt-FET and Ti-FET for temperatures between RT and 80 

°C. The study focused on the demonstration of a stable design at different temperatures and did 

not extensively discuss the device sensitivity [21].  

Yet another dual gate FET was used by Sharma et al. [63], this time the gate was 

functionalized using a graphene palladium sliver sensing layer. The device was then named the 

GPA-FET [63]. The device response to a 2000 ppm H2 concentration  at 125℃ in terms of ΔIdrain 

is 0.0065 mA. The latter is lower than the previously reported dual FET in figure 2.21 [46]  by 

Bum-Joon et al. 

Other FET device structures have been proposed, such as the one presented by Usagawa 

et al. [14] where a metal insulator semiconductor structure (MISFET) was used. Tests have been 
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made at 115 °C, and the author defined sensing magnitude as the shift in Vth (threshold voltage) 

when exposed to H2. The MISFET uses a Pt-Ti-O sensing gate discussed earlier. Comparison 

of annealed Pt-Ti-O films vs. as-deposited at H2 concentrations of 1000 ppm, show about five 

times higher sensing magnitude for annealed films, 0.2 V and 0.96 V respectively [14]. 

Additional annealing under 1000 ppm H2 (115 °C for 10 mins) was necessary to have repeatable 

measurements. However, the additional annealing step lowered the sensing magnitude 

difference reported earlier [14]. Toshiyuki, Usagawa [60] et al. compared different material 

choices for FET-based devices gate functionalization such as Pt-Ti-O, Pd, Pt. Figure 2.22 shows 

the sensing response of different devices at different H2 concentrations [60]. 

 

Figure 2.22: sensitivity comparison between different surface composition [60] 

Devices with a Pt-Ti-O functionalized gate show the highest sensitivity (slope), followed by the 

Pd functionalized gate FETs and finally comes Pt functionalized devices showing the lowest 

sensitivity. However, it is worth pointing out that the detection range for devices with Pt and Pd 

functionalized gates is larger than that of Pt-Ti-O functionalized devices. From figure 2.22, Pt-

Ti-O devices response curve shows a lower detection limit of ~102 ppm. While lower detection 

limit for Pt and Pd are 10 and 1 ppm respectively [60]. Other studies [57] [58] performed using 

MISFET-based sensing platform evaluated device performance with respect to functionalization 

material choice as well as its thickness. 

 Gallium nitride is a wide bandgap semiconductor, which makes it a very interesting 

sensing platform for high temperature applications [64].  
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Figure 2.23: Pt-AlGaN/GaN hydrogen sensor with PMMA humidity protection film [64] 

Sunwoo et al. [64] have used a Pt-AlGaN/GaN Schottky diode structure encapsulated using 

PMMA as a hydrogen sensor as shown in figure 2.23 [64]. The platinum sensing film thickness 

is 10 nm. The author claims that the device can operate at high temperatures up to 600℃ [64]. 

For a hydrogen concentration of 500 ppm, at 25℃, the ΔIdrain is ~17 uA.  

Graphene transistors with a metal oxide nanoparticles-decorated gate have also been 

used for hydrogen detection [49]. More specifically SnO2 nanoparticles were used along with a 

high-performance graphene transistor. The author claims to have optimized the detection 

response time demonstrating results of ~1.1 s for a concentration of 100 ppm. According to their 

presented findings, for a SnO2 NPs-functionalized graphene transistor, 50 °C seems to be the 

temperature that favors H2 reaction at the surface. Although the sensitivity reported seems 

impressive, it is not easy to compare with other state of the art hydrogen detection solutions 

since it has been defined differently. The author defined the sensitivity as the ratio between the 

transistor’s drain current when exposed to H2 and the drain current when the device is exposed 
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to air. Whilst the sensitivity of a device should be represented by the rate of change of the device 

output signal with respect to the change of analyte concentration [21] [65].  

Furthermore, Madan et al. [66] used a GAA-TFET with a palladium functionalized gate 

and an n+ source pocket for hydrogen sensing as shown in figure 2.24. Which was then labeled 

as PNIN-GAA-TFET. 

 

Figure 2.24: GAA-TFET with integrated  n+ source pocket [66] 

GAA-TFETs provide a better control over the transistor channel and is expected to yield a better 

sensitivity compared to a MOSFET [66]. The device sensitivity was defined as the ratio of the 

drain drive current variation w.r.t. the change in the off current, before and after introducing 

hydrogen. In figure 2.25 is the sensitivity plotted against the H2 pressure.  

 

Figure 2.25: PNIN-GAA-TFET sensitivity as a function of H2 pressure at different 

termperatures [66] 

The device has been tested at different temperatures as shown in figure 2.25, the highest 

sensitivity is recorded at 300 K. Moreover, the device can detect hydrogen at pressure, down to 
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10-14 Torr [66]. Compared to a regular GAA-TFET the sensitivity of a PNIN-GAA-TFET is a 

1000x higher [66]. 

2.2.4 FDSOI  

In more than one study [67] [68], FDSOI Transistors’ potential for low power sensing 

applications has been demonstrated, where researchers used it to develop ion sensitive field 

effect transistors-based pH-sensors. FDSOI transistor technology has been proven to be a very 

powerful sensing platform. Sensors that use FDSOI showed sensitivities much higher than 

alternative available technology. For instance, Ayele et al. reported a record high sensitivity of 

730 mV/pH using an FDSOI-based pH sensor [67], [68]. FDSOI innovation capitalizes on the 

fact that it is a planar process technology and can be fabricated using existing infrastructure yet 

brings revolutionary performance advantages in terms of device electrostatic integrity [16]. The 

two key differences between a planar bulk MOSFET (metal oxide field effect transistor) and an 

FDSOI are: (i) a buried oxide layer above the silicon bulk and below a (ii) very thin silicon 

channel layer. The thinness of the Si channel eliminates the need to dope the transistor channel, 

hence the name fully depleted [16] [22] [69]. Further scaling of FDSOI technology requires the 

use of strain engineered SiGe channels to boost device mobility and allow for a 14nm 

technology node [22]. The structure of the FDSOI transistor is shown in figure (2.26), and the 

structure of a bulk MOSFET is shown in figure (2.27). 

 

 

Figure 2.26: CMOS transistor [69]   Figure 2.27: FDSOI transistor [69] 

 

It can be seen from the figures above that the FDSOI technology employs an additional layer of 

ultrathin buried oxide, in order to reduce the parasitic capacitance often found in CMOS 

technology between the source and drain at lower gate lengths. Furthermore, the fully depleted 

channel significantly enhances homogeneity across devices, since it eliminates the need to use 
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dopants. FDSOI was initially introduced to allow for transistor scaling to 22 nm and beyond 

[70]. Later, it has been utilized to provide a versatile tool for designers allowing them to adjust 

the transistor’s Vth and use it for a wider spectrum of mobile products  [71]. Quite recently, the 

electrostatic coupling between the front and back gate has been used differently, for pH sensing 

applications [67] [68]. FDSOI transistor architecture allows for channel modulation using either 

the front gate or the back gate. In the case where only the back gate is used for modulation, the 

Vth at the back gate can be varied with front gate (Vfg) polarization. Moreover, experimental 

results show that the Vth variation is ~13 times the variation of Vfg [16]. The signal amplification 

between the transistor’s front and back gate is the reason why FDSOI transistors-based sensors 

have exceptional sensitivity. 

 

2.3 Conclusion 

As seen from the reviewed publications, the response time of devices has not always 

been reported, yet it is an important criterion for device certification, especially in safety 

application [19]. According to a market survey [18] that reviews the performance of 53 

commercially available hydrogen sensors, manufactured by a total of 21 different companies, 

time response of 30 s or less would be acceptable for stationary systems applications, like 

hydrogen fuel station and infrastructure facilities, such as stationary power systems [18]. The 

time response here is the time at which the detector shows 90% of its final stable reading. On 

the other hand, for automotive industry applications, time response is expected to be as low as 

a few seconds, and even some car manufacturers require less than a second time response [72]. 

Furthermore, a 2017 study [73] that compared the response time of five sensing technologies, 

showed multiple options for testing environment, highlighting their impact on the sensor’s 

response time. Conspicuously, the volume of the testing chamber, the switching time for 

different valves (pneumatic or solenoid valves, MFC), and the geometry dependent flow 

velocity had an impact on the response time. The author also shows that the previously 

mentioned factors can result in an estimated delay of up to 4 s until hydrogen reaches the surface 

of the sensor [73].  
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Table 1: comparison of response time of different sensing technologies [73] 

 

After having subtracted the estimated delay of each sensing set-up, the response times of five 

different commercially available sensors have been listed in the table above. 

Where TC is a thermal conductivity sensor, MIS-FET is a field effect transistor with a palladium 

gate, MOS I and II are metal oxide semiconductor (SnO2) devices with a variable conductance 

at different H2 concentrations, and CAT which is a catalytic combustion sensor. TCs and MIS-

FETs show the shortest response times compared to other technologies, making them a good 

choice for automotive industry applications. Whereas CAT sensors show response times 

between 20 and 50 s, making them only fit for stationary power applications. 
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The table below presents  a quantitative comparison of different sensing technologies [18] [34] [46].  

Table 2: Quantitative comparison of sensors performance 

Criteria Electrochemical sensors Catalytic sensors Thermal conductivity 

sensors 

MOX FET-based sensors 

Measuring range (ppm) 15 to 50000 to 40000 to 100% 10 to 48000 100 to 44000 

Response time (s) 5 8 10 4 2 

Recovery time (s) - 10 10 10 10 

Power consumption (mW) - 256 350 150 45.5 

Temperature range (°C) -40 to 80 -40 to 82 -40 to 55 -40 to 80 -40 to 600℃ 

 

The purpose of the table is to give a comparative overview of different technologies, rather than a direct devices’ performance comparison at 

exact conditions. Some of the information in table 2 comes from a review that compared commercially available hydrogen sensors [18]. FET-

based solutions show the shortest response time and the least power consumption. The lower power is due to small form factor and the ability to 

integrate a microheater [46]. 
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The table below provides a qualitative comparison of different sensing technologies [10].  

Table 3: Qualitative comparison of different hydrogen sensing technologies 

 Advantages  Disadvantages 

Electrochemical 

sensors 

- Low power consumption. 

- Room temperature operation. 

- Detection down to 0.001 vol% 

- Cross sensitivity to CO.  

- Limited lifetime. 

- Calibration required regularly.  

Catalytic sensors - Robust.  

- Broad measuring range. 

- Wide operating temperature range. 

- Slow response time.  

- Sensitive to fluctuation in temperature. 

- Requires O2 to work. 

- Miniaturization is a major challenge. 

Thermal conductivity 

sensors 

- Fast response time.  

- Doesn’t require presence of O2. 

- Can detect up to 100 vol% 

- Low power consumption. 

- Resistant to poisoning. 

- Limited to detection of high H2 concentrations.  

- Cross sensitive to He. 

MOX - High sensitivity.  

- acceptable lifetime. 

- Fast response time. 

- High operating temperature.  

- Humidity and temperature interference. 

- Requires O2 to operate. 

FET-based sensors - Small size.  

- Micro-machinable 

- Very fast response time.  

- Low cost. 

- Accurate measurements. 

- Drift and hysteresis problems.  

- Still in its infancy, only prototypes available. 
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There are many methods and available technologies for hydrogen detection. In this state-

of-the-art chapter, an overview of hydrogen sensing technologies has been provided with a focus 

on field effect-based designs. The catalytic gate FET based device sensing mechanism has been 

explained. Different sensing materials and thicknesses have been compared, among others, Pt, 

Pd, Pd/Rh, Ti/Pt, Pt-Ti-O. Different transducers have been also discussed, including dual gate 

FETs, GAA-TFET, graphene transistors, Schottky diodes, and MOS structures. The 

advancement in semiconductor industry, the small form factor, and innovative packaging 

methods enable the integration of many other functionalities other than computing. Already 

compared to other technologies, FET-based sensors show a better overall performance, in terms 

of power consumption (45 mW), sensitivity, and response time (2s). FDSOI transistor 

technology has been briefly introduced, and sensing applications examples and results have been 

discussed (pH sensing). Notably, the signal amplification (13x) due to the capacitive coupling 

between the front gate and the back gate (further elaborated in the chapter 3). FDSOI transistors 

have never been used for gas sensing applications. It is anticipated to further improve the 

sensitivity.  
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Chapter 3 

3 TCAD Simulation 

3.1 MOS-C for hydrogen sensing applications 

According to Lundstrom et al. [74] [50], in the presence of hydrogen, the C-V curve of a 

platinum-MOS structure will shift (ΔV). At the surface of the catalytic metal gate (as shown in 

figure 2.6), hydrogen molecules (H2) adsorb and dissociate, then atoms diffuse through the metal 

film, and finally adsorb at the Pt-insulator interface. Hydrogen atoms at the interface are 

polarized and give rise to a dipole moment. The metal work function (e.g., platinum) changes 

due to the presence of the hydrogen induced dipole layer [74]. For an ideal MOS structure, the 

metal work function is assumed to be equal to the semiconductor (φM = φSi). Moreover, at VG = 

0, the structure should be at flat-band condition [75] [76]. Accounting for nonidealities (φM ≠ 

φSi), at thermodynamic equilibrium (VG = 0), the semiconductor energy band bends upward as 

shown in figure 3.1 [75]. Even though the metal and semiconductor fermi levels are lined up at 

VG = 0, the work function difference (φMS) gives rise to a built-in potential (Vbi or φMS). 

  

Figure 3.1: ideal vs. nonideal Pt-SiO2-Si structure band diagram 

Other several factors can make the voltage at the gate of a MOS-C vary. Equation 1 shows the 

voltage shift which accounts for nonidealities. 
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∆VG =  φMS −  
QF

Co
−  

QMγM

Co
−  

QIT(φS)

Co
                           (1) 

 

- fixed ion charge effect (
QF

Co
), 

- mobile ions within the oxide (
QMγM

Co
),  

- interfacial traps (
QIT(φS)

Co
) at the Si-SiO2 interface, 

- and metal-semiconductor work function difference (φMS), sometimes referred to as the 

built-in potential Vbi. 

 

In fact, many devices with characteristics impacted by the work function of their metal gate 

electrode, can be used as a H2 sensor. That includes MIS/MS Schottky barriers, MIS transistors, 

MIS capacitors (MOS-C) [74] [75]. As their built-in voltage (Vbi) will change due to a work 

function variation. The latter will in turn induce a C-V characteristics curve shift. This curve 

shift/response (ΔV) of MOS structure can be simulated using two different methods. A dipole 

layer can be defined at the metal-insulator interface, or alternatively, the metal work function 

can be changed.  

 

 

Figure 3.2: C-V curve shift due to dipole layer at Pt-insulator interface 

Figure 3.2 shows that as the work function of platinum decreases, the MOS structure C-V 

characteristic curve shifts to lower values along the x-axis (voltage). Furthermore, the figure 
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shows the polarized H2 - induced dipole layer at the metal-insulator interface. The magnitude of 

the voltage shift is dependent on the concentration of hydrogen atoms at the interface (ηi), and 

the relation between the two is governed by the equation below: 

∆V =  
μηi

ε
                                              (2) 

μ is the effective dipole moment, and ε is the dielectric permittivity of vacuum [47] [47]. 

According to S. Y. Choi et al. [58] for a 500 ppm H2 concentration (in air) a Pt-Si3N4-SiO2-Si 

structure exhibited a C-V curve shift of ~ 100 mV at 150℃. While M. Armgarth et al. [77] 

reported a sensing response of 0.8 V for a Pt-SiO2-Si structure at 152℃ in 523 ppm H2 

concentration. Furthermore, the study showed that MOS devices with a Pd metal gate show 

comparable response to those with Pt gate when characterized in inert atmosphere (both, Pt and 

Pd are 100 nm thick) [77]. Evidently, one can conclude that the insulator has a non negligible 

impact on the sensing response. Eriksson et al. [53] set out to explore the influence of the 

insulating material on the sensing response. In their study, they showed that Pd-Pt-Al2O3-SiO2-

Si structure allows for the detection of higher concentrations of H2. At a concentration of 500 

ppm, such a stack showed a response of 0.35 V in synthetic air (N2 & O2) at 140℃. Compared 

to the previously cited results, it is more than 3x the structure that used a Si3N4 insulating film. 

Moreover, tested in concentrations of up to 10000 ppm, the Pd-Pt-Al2O3-SiO2-Si MOS response 

(0.6 V) did not saturate, as shown in figure 3.3 [53]. And in inert atmosphere (N2), the device 

shows 0.75 V shift at a concentration of 10000 ppm. On the other hand, the response of a Pd-

Pt-SiO2-Si MOS saturates at around 2000 ppm [53]. It is also worth noting that performance 

could vary from a device to another, not only depending on the choice of material, but also on -

among others- the method of deposition, the annealing process, the dielectric film stoichiometry, 

as well as the surface roughness [47] [53] [60] [58] [77].  
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Figure 3.3: impact of insulator on sensing response (V) [53] 

Using Synopsys Sentaurus workbench, a MOS structure has been modeled and 

characterized at different top electrode work functions. Using the tool SDE, different parameters 

have been set as follows: 

- P-doped silicon substrate with a boron doping concentration of 9x1014 

- 100 nm SiO2 insulating film 

- 100 nm Pt top electrode 

The work function of the Pt metal contact has been varied by a potential equivalent to that of 

dipole induced response (ΔV). Figure 3.4 shows the simulation C-V measurements results. 

Platinum work function has been varied by 0.1 V and 0.35 V. Those values correspond to the 

response of a Pd-Pt-Al2O3-SiO2-Si MOS, in H2 concentrations of 50 ppm and 500 ppm 

respectively [53]. For a given MOS structure the device`s threshold voltage is mainly modified 

through the channel (substrate if there is no channel) doping concentration, the oxide thickness 

and dielectric constant, and other factors mentioned above and shown in equation (1) [42]. For 

a decrease of the top electrode metal work function, one would expect the MOS device to exhibit 

a lower threshold voltage and have its C-V curve shift to the left-hand side.  
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Figure 3.4: C-V characteristics of Pt-SiO2-Si MOS structure at different work gate work 

functions 

In figure 3.4, the simulation results follow the sensing mechanism, as it shows the C-V 

characterization curve shift to lower values of voltage for lower metal work functions. In the 

simulation the work function variation corresponding to 50 ppm and 500 ppm H2 concentrations 

were 0.1 eV and 0.35 eV respectively [47]. Furthermore, the C-V characterization curves show 

that, for a MOS device with 9x1014 Boron doping concentration and 24 nm thick SiO2, the 

threshold voltage lies between 0 V and 1 V [75]. The 2D x-section view of the simulated p-Si 

MOS, is shown in figure 3.5. At a doping concentration if 9x1014, the p-Si substrate resistivity 

is 15 μΩ.cm. The latter has been selected to correspond to the resistivity of the substrate (10-20 

μΩ.cm) used to fabricate the MOS-based hydrogen sensor. The fabrication process is detailed 

in chapter 4. 
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Figure 3.5: Pt/SiO2/p-Si MOS structure with 9 x 1014 Boron doping concentration 

The device’s maximum attainable depletion width (WT), at a given doping concentration, is an 

important parameter, that depends on -among other things- the Si bulk doping concentration. 

Figure 3.6 is a plot of the depletion width (WT in um) as a function of the doping concentration 

(ND/NA in cm-3). WT is lower for higher doping concentration (NA/ND). Which implies that, 

at/near room temperature, our simulated device has a ~ 1 um depletion width.  

 

Figure 3.6: depletion width vs. majority carrier doping concentration 

In addition to the doping concentration (NA), the threshold depletion width (WT) also depends 

on the potential at the oxide-semiconductor interface (2φF) as shown in the equation below (3). 

Platinum 

(100 nm) 

SiO2 (24 nm) 

p-Si 
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Note that, in the equation below, WT is at the depletion-inversion transition point, where  φS =

 2φF. 

WT = [
2KSε0

qNA
∗  2φF]

1
2                                  (3)  

Where (KS) is the relative permittivity of Si, ε0 is the dielectric permittivity of vacuum. Another 

parameter that is key to the characterization of any MOS structure is the threshold voltage (VT). 

The following equation (4) shows how VT is dependent on other parameters and serves as a 

guide for designer to tweak/control their MOS device threshold voltage as they see fit for their 

application. 

VT =  2φF +  
KS

Ko
∗  xo ∗  √

2 qNA

KSε0
2φF                        (φS = 2φF)          (4) 

Where (φS) is the semiconductor surface potential, (KS) is the relative permittivity of Si, (Ko) 

is the relative permittivity of SiO2, (xo) is the oxide thickness, (ε0) is the dielectric permittivity 

of vacuum, (NA) is the boron doping concentration. Alternatively, the threshold voltage of a 

MOS structure is found on the C-V curve at the onset of inversion. For instance, the simulated 

MOS-C with 4.8 eV work function in figure 3.4 has a visually estimated threshold voltage of ~ 

0.3 V (as highlighted with the dashed line). 

The response of a MOS-C based hydrogen sensor is only observable within the depletion bias 

region of the C-V characteristics curve. Take the simulation results in figure 3.4 for instance, 

the voltage shift is only seen between -1 and 1 VDC. 

Further simulation of MOS structures with higher Si doping concentrations shows that at higher 

NA, the depletion bias part of the VDC sweep interval is wider. In figure 3.7, at higher NA, the 

value of the inversion capacitance increases as expected, since the semiconductor is becoming 

more conductive. In fact, at enough high NA, the MOS-C will eventually behave like a MIM-C 

and show a bias independent capacitance. For a MOS-based hydrogen sensor, the depletion bias 

region is the device operation region, as the capacitance varies with bias voltage. 
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Figure 3.7: impact of doping concentration on depletion bias region 

Since MOS-C based hydrogen sensors are operated at high temperature [47] [50] [53], it is 

important to study the impact of the operating temperature on the C-V characteristics curve. 

Simulation results in figure 3.8 show characterization at different temperatures; 273ᵒK, 373ᵒK, 

393ᵒK, 413ᵒK. 

 

Figure 3.8: Temperature impact on MOS C-V characteristics 
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At higher temperatures, accumulation and inversion capacitances slightly vary. The 

accumulation capacitance decreases, and the inversion capacitance increases. Additionally, the 

C-V curve is more slanted, shifted to the right-hand side. And finally, the depletion bias region 

is wider. 

Based on all MOS-C simulation results, an appropriate Platinum gate MOS-C for hydrogen 

sensing application, is one with a wider depletion bias region. Because for a narrow depletion 

region, the operating bias window gets smaller. And outside this region the device is either in 

accumulation or inversion, hence the capacitance will not change. The latter could be achieved 

by increasing the Si-bulk doping concentration (to a certain limit), or by using a thicker SiO2 

film. The MOS C-V characteristics curve shows a shift to the right-hand side for higher work 

functions as well as for higher temperatures. However, in the case of the work function induced 

shift, neither the capacitance values (accumulation & inversion), nor the depletion region slope 

changed.  

3.2 FDSOI simulation  

FDSOI transistor technology has been chosen for this project, as it features body biasing, which 

allows the use of two gates: a front and a back gate (BOX gate) [16] [67] [68]. Figure 3.9 shows 

an FDSOI transistor architecture.  

 

Figure 3.9: FDSOI transistor technology device architecture [69] 
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The Si-doped area on figure 3.9 (otherwise referred to as the well or the back gate), can be used 

as a second gate to modulate the transistor conduction channel. From a sensing application 

perspective, the latter is a great advantage provided by the body biasing feature. Here’s why this 

could be beneficial: in certain sensing applications, applying a voltage sweep on the sensing 

electrode/front gate could alter the measurement [67] (pH sensing). The back gate in this case 

can be used for to perform the ID-VBG device characterization. Furthermore, between the front 

gate and the back gate there exists a capacitive coupling that amplifies the voltage at the device’s 

front gate.  

3.2.1 Capacitive coupling 

For a better understanding of this capacitive coupling, it certainly helps to draw a comparison 

between partially depleted (PD) SOI MOSFETs and fully depleted (FD) SOI MOSFETs. Both 

are dual gate FETs; however,  

- the latter has a thin Si channel (tsi < WDM)  

- while the former has a thick Si channel (tsi > 2WDM).  

- Where WDM is the maximum depletion width for Si bulk. 

  
 

Figure 3.10: PDSOI vs. FDSOI and the Si channel critical thickness [78] [79] 

The critical Si channel thickness (tSi) is the minimum thickness at which the MOSFET can have 

a front channel as well as a back channel at the same time [79]. Figure 3.10 shows PDSOI 

transistors having their gates decoupled as their depletion region do not overlap. On the other 

hand, their FDSOI counterparts have their front and back gates electrostatically coupled as their 
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depletion regions merge. This is the reason why, in FDSOI, the bias voltages at the back gate 

have an impact the front gate’s threshold voltage. Capacitive coupling is possible for tSi < 10 

nm (FDSOI). Whereas, at a higher thickness (tSi > 25 nm), the gates can be decoupled. Park et 

al. have shown that, within a certain back gate bias region (Vbg), the threshold voltage at the 

front gate (VT,fg) does not change.  

In fact, an FDSOI transistor possesses 9 different operating regions, as opposed to a bulk 

MOSFET, having only three (accumulation, depletion, inversion).  

 

Figure 3.11: the nine different operating regions of an FDSOI 

Figure 3.11 shows the interdependence of the three operating regions of the front and the back 

gate. For our application the most interesting dependence/relation, is certainly the one between 

the voltage at the front gate (Vfg) and the threshold voltage at the back gate (VT,bg). Which will 

be demonstrated throughout the following analytical derivation.  

Vfg 

Vbg 



 

51 
 

 

Figure 3.12: equivalent electrostatic model of an FDSOI 

Figure 3.12 shows the equivalent electrostatic model, and many parameters of importance are 

annotated on the schematic for visual aid. First, an expression for the threshold voltage at the 

back gate as a function of the electric field is derived. Applying Gauss’s law across the buried 

oxide (BOX) gives equation (5). 

Es2εsi = Cbox(VT,BG − VFB −  φs2)                     (5) 

Where ES2 is the electric field at the Si-BOX interface, εsi is the relative dielectric permittivity 

of silicon, Cbox is the BOX capacitance/unit area, VT,BG is the threshold voltage at the back gate, 

VFB is the flatband condition voltage, φs2 is the potential at the Si-BOX interface. Rearranging 

for VBG 

VT,BG = − 
Es2εsi

Cbox
+  VFB + φs2                    (6) 

The electric field (E(x)) at a depth x in the semiconductor channel can also be expressed as the 

derivative of the potential at that point (φ (x)): 

E(x) =  
dφ(x)

dx
                                    (7) 

E(x) = − ( 
qNSi

εsi
∗ x) − (

φs2 − φs1

TSi
−

qNSiTSi

2εsi
)                     (8) 
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Where q is the elementary charge, NSi is the channel doping concentration, x is the depletion 

depth, φs1 is the potential at the Si-front gate oxide, TSi is the Si channel thickness. ES2 is the 

electric field at (x = Tsi) or at the semiconductor-BOX interface, hence: 

Es2(x = TSi) =  (
φs1 − φs2

TSi
−

qNSiTSi

2εsi
)                                      (9) 

Substituting ES2 equation (9) into (6): 

VT,BG =  −(
(

φs1 − φs2

TSi
−

qNSiTSi

2εsi
) εsi

Cbox
) +  VFB +  φs2                    (10) 

Rearranging and simplifying: 

VT,BG = (1 +
Csi

Cbox
) φs2 −  

CsiφS1

Cbox
+

qNSiTSi

2Cbox
+  VFB                    (10) 

Csi is the Si channel capacitance/unit area, Cox is the front gate oxide capacitance/unit area. 

Applying gauss across the front gate oxide, the surface potential φS1 at the semiconductor oxide 

interface is found as a function of VG (the voltage at the front gate) and φS1 

φs1 = VG −
Es1εsi

Cox
                                             (11)  

The electric field ES1 (at x=0) is 

Es1(x = TSi) =  (
φs1 − φs2

TSi
+

qNSiTSi

2εsi
)                                                    (12) 

Substituting ES1 into equation (11) 

φs1 = VG −
(

φs1 − φs2

TSi
+

qNSiTSi

2εsi
) εsi

Cox
                                                       (13) 

Rearranging and simplifying 

φs1 =  (
Cox

Cox + CSi
) VG + (

CSi

Cox + CSi
) φs2 − (

Cox

Cox + CSi
) (

qNSiTSi

2
)    (14) 

Substituting φs1 by the espresion above in equation (10) 
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VT,BG = (1 +
Csi

Cbox
) φs2 − 

Csi

Cbox
(

Cox

Cox + CSi
) VG +

Csi

Cbox
(

CSi

Cox + CSi
) φs2

+
Csi

Cbox
(

Cox

Cox + CSi
) (

qNSiTSi

2
) +

qNSiTSi

2Cbox
+  VFB                        (15)             

Simplifying equation (15), and substituting γb = 
Csi

Cbox
(

Cox

Cox+CSi
), it reduces to: 

VT,BG = φs2(γb + 1) −  γbVG + (γb +
1

Cbox
)

qNSiTSi

2
+ VFB                            (16) 

Equation (16) is an expression of the threshold voltage at the back gate VT,BG as a function of -

among other factors- the voltage at the front gate VG. The derivative with respect to the change 

of the voltage at the front gate would yield the capacitive coupling factor between the two 

variables: 

dVT,BG

dVG
= − γb = − 

Csi

Cbox
(

Cox

Cox + CSi
)                                                          (17) 

Further substituting Csi =
εsi

TSi
 , Cox =

εox

Tox
 , Cbox =

εox

Tbox
 , and approximating εSi = 3εox 

γb =  (
3Tbox

TSi + 3Tox
)                                                                    (18) 

From equation 18, this amplification factor due to the capacitive coupling depends on the 

thickness of: the Si channel, BOX, as well as the gate oxide. However, equation (18) can only 

serve as guide for design to show the impact of the variation of each parameter. As calculations 

do not match simulation nor do they match the experimental results presented later. 

3.2.2 FDSOI Simulation  

Using TCAD, FDSOI transistors with different specifications have been simulated and 

characterized as shown in Figure 3.13. The latter shows a cross-sectional view of an FDSOI 

transistor fabrication process simulated using the SPROCESS tool in Sentaurus workbench.  
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Figure 3.13: FDSOI device structure SPROCESS simulation tool visual output 

At the very top of figure 3.13, are annotated the raised source and drain (RSD) transistor 

terminals. The RSD contacts are in red, as they represent the N+ diffusion layers in Si with 

phosphorus doping concentration of up to 1.98x1020 cm-3. The front gate contact electrode (FG 

contact) can be between the nitride spacers. Beneath which is the gate oxide; made of a 1 nm 

SiO2 and a 2 nm HfO2 film (EOT = 1.2 nm). The channel is dark blue, due to the relatively low 

Boron doping concentration (~1x1015 cm-3), for a fully depleted SOI. At the very bottom is the 

flipped-well, having an As doping concentration of 2x1018 cm-3. 

The device specifications are as follows: 

Figure 3.14: FDSOI design specifications 

NMOS Thickness (nm) doping concentration 

Gate oxide (EOT) 1.2  

Si channel 6  1x1015 cm-3 (Boron) 

BOX 28   

Back gate contact (Well) - 2x1018 cm-3 (Arsenic) 

 

After process simulation and meshing, the SDEVICE tool has been used for characterization. 

The FDSOI transfer characteristics curves at the back gate have been used to show the front-to-

Nitride spacer 

Gate oxide 
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back gate capacitive coupling. Figure 3.14 shows the current as a function of the back gate, at 

different bias steps at the front gate.  

 

Figure 3.15: FDSOI transfer characteristics curve at different bias steps at the front gate  

During the characterization, the NFET has been polarized as follows: 

➔ VD (the drain voltage) = 0.3 V ➔ VS (the source) = 0 V 

➔ VG (front gate voltage) step = [0.1; 0.2; 0.3] V 

➔ VBG (back gate voltage) sweep = [-1.5: 5] V 

It is important to note that the gate coupling γb factor derivation shown earlier is only valid for 

certain bias/polarization conditions. For instance, the device drain current should be limited to 

a few hundred mV, and the voltage sweep/bias at the gate should position the transistor in the 

subthreshold regime. Under those specific conditions, for a voltage variation at the front gate of 

0.1 (ΔVG), the ID-VBG curve shifts by ~ 1.4 V. which means that the threshold voltage at the 

transistor’s back gate is 1.4 V lower (ΔVT, BG = 1.4 V). calculating the capacitive coupling factor 

for this device yields: 

γb = −
ΔVT,BG

ΔVG
= 14                                        (19) 

ΔV = 1.37 

V 
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The simulation results showcase the capabilities of FDSOI as an amplifier for sensing 

applications. Furthermore, theses results are compared to the measurements of an SLVT FDSOI 

transistor with similar dimensions (provided by STMicroelectronics) in figure 3.16. An SLVT 

FDSOI is one with a flipped well design (the bulk is p-type). Having a flipped well shifts the 

device’s subthreshold part of the curve to higher values. 

 

Figure 3.16: FDSOI slvt simulation results vs. electrical measurements 

The simulated FDSOI exhibits a transfer characteristics curve (ID - VBG) comparable to a 

measured NMOS device with a 60 nm long, and an 80 nm wide channel. 

In figure 3.16, the sample is polarized as follows: 

➔ VD (the drain voltage) = 0.3 V ➔ VS (the source) = 0 V 

➔ VG (front gate voltage) step = [0; 0.1] V 

➔ VBG (back gate voltage) sweep = [0: 3] V 

The red data points and the red solid line (curve) are the characteristics of the measured device 

and the simulated one, respectively. The two devices show the same subthreshold slope of ~65 

mV/decade. Which is close the lowest achievable subthreshold value of 60 mV/decade for 

devices that rely on diffusion conduction mechanism for subthreshold operation regime. The 
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subthreshold swing is the parameter that tells how fast a transistor can switch. It can be 

calculated as follows: 

SS =  
d(VG)

d(log ID)
                                      (20) 

An alternative expression also used to find the subthreshold swing: 

SS =  2.3 m 
KBT

q
                                 (21) 

Where ss is the subthreshold swing, m is the body effect, KB is the Boltzmann constant, T is the 

temperature in o K, q is the electron charge. Setting the body factor to 1 would yield the minimum 

SS possible of 60 mV/decade (ideal MOSFET). For a non-ideal bulk MOSFET, common values 

for m are 1.2 to 1.5. Whereas for SOI MOSFETs the m factor is reduced to values between 1.05 

and 1.11. Clearly, the lower the transistor’s subthreshold swing, the better it is, for use in sensing 

applications. As this parameter (SS) denotes the impact the voltage at the gate has on the amount 

of drain current. 

3.3 FDSOI-based sensor design and simulation  

Now that the simulation results have been cross checked with a measured device, in the 

following section a sensing capacitor shall be integrated to the FDSOI transistor’s front gate. 

However, first it is worth noting that with FDSOI has a front gate protection diode connected to 

its thin gate oxide (EOT = 1.2 nm). 

 

Figure 3.17: Front gate ESD protection diode 

PWELLNWELL

NFET SLVT (SG & EG) PFET SLVT (SG & EG)

N+ P+ N+ P+N+P+

Well Well
Diode Diode
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The voltage clamping diode is connected in parallel with the device. In case of ESD, the P-N 

junction diode in Figure 3.17 will breakdown and dissipate the charge to prevent device damage. 

(More on ESD in chapter 5).  

As discussed in section 3.1 the sensor’s response will be detected as a work function variation 

at the Pt top electrode of a MOS structure. To take advantage of the capacitive coupling/FDSOI 

amplification factor, the front gate shall be connected to the Pt-MOS top electrode. 

 

Figure 3.18: FDSOI-based senor circuit design 

Figure 3.18 demonstrates the circuit design, where the FDSOI front gate is connected to the 

MOS sensing capacitor’s top electrode. Moreover, at the Pt-SiO2 interface, the hydrogen 

induced dipole layer is depicted. At higher H2 concentrations the Pt work function is expected 

to decrease. In turn, this will change the potential at the FDSOI front gate. And finally, the signal 

at the front gate will be amplified at the device’s back gate. 
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Figure 3.19: FDSOI NMOS with a sensing capacitor integrated to the front gate 

Figure 3.19 shows the geometry of an FDSOI-based sensor. Compared to figure 3.13, a 25 nm 

oxide has been deposited and a sensing gate contact has been defined above it.  

 

Figure 3.20: Simulation results for the VT,BG shift at different H2 concentrations 

The floating gate contact corresponds to the FDSOI front gate – Pt MOS top electrode 

connection shown in figure 3.18. For a hydrogen concentration of 50 ppm, Eriksson et al. [53] 
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have shown that a Pd/Pt-MOS structure would exhibit a C-V curve shift of 0.1 V. If the MOS 

sensor is integrated to an FDSOI, its response (ΔV) can be greatly amplified. Simulation results 

in figure 3.20 show that for a 50 ppm H2 concentration, the transfer characteristics curve of the 

FDSOI-based sensor has shifted 1.37 V towards higher voltage values (Right hand side). Which 

means that the threshold voltage at the back gate is 1.37 V higher. At a fixed current value, 

situated within the subthreshold operating regime, for instance at current = 1e-9 A (figure 3.20), 

the voltage shift between ID - VBG curves is the metric of interest. That is how the sensor’s 

response is extracted at different H2 concentrations.  

According to a joint NREL and JRC report on hydrogen sensor applications [20], the 

automotive industry representatives mentioned that there are three different device 

specifications depending on where the hydrogen sensor is deployed: 

1- On-board/inside the vehicle, the H2 sensor is required to have a 0.4 % lower detection 

limit, and an upper limit of 4 % 

2- In the fuel cell electrical vehicle tailpipe, the sensor is expected to detect concentrations 

of up 10 % and have a response time of 300 ms. 

3- On the other hand, for leak detection (otherwise know as the sniffer), the sensor should 

be able to detect H2 concentrations of 200 ppm or lower [20] 

The response (ΔV) of a Pd/Pt/Al2O3-MOS sensor for a concentration of 200 ppm is 0.25 V [53]. 

Additionally, lower concentrations such as 10 and 20 ppm can be detected. However, the sensor 

response is 0.02 V and 0.04 V respectively. With such a low response and small resolution, 

distinction between concentrations and precision are compromised. And with the use of an 

FDSOI, this signal can be further amplified. Figure 3.21 shows the FDSOI-based sensor 

response plotted against the H2 concentration. It also compared the FDSOI sensor response to 

that of a MOS based sensor [53]. The blue scatter plot shows that integrating an FDSOI results 

in a better sensor analytical resolution and a better ability to distinguish/identify small 

concentration changes. Process control applications would greatly benefit from FDSOI sensors’ 

higher resolution. On the other hand, the black scatter plot shows the MOS sensor response. For 

a H2 concentration variation from 20 ppm to 50 ppm, the corresponding response (ΔV) was 60 

mV. The latter is a relatively low signal, hence there is a higher risk of losing the information, 

and the measurement is more sensitive to noise.  
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Figure 3.21: FDSOI-based sensor response at different H2 concentrations 

Most of reported MIS-C structures or FET based sensors have been heated (140 0C [54], 175 0C 

[55], 140 0C [56], 140 0C [53], -50 to 250 0C [47], 100 0C [57]) during testing. Devices are 

heated to improve the response, as contamination could block or prevent H2 dissociation and 

diffusion [80]. Figure 3.22 shows FDSOI based sensors simulation results at different 

temperatures. Increasing the temperature (> 100℃), lowers the subthreshold swing slop of the 

device, as can been from the blue, black, and red curves. Moreover, the ID-VBG is shifted to 

lower threshold voltage values at high temperatures. This shift is large, at 140℃, the device 

shows a 2.3 V shift with respect to the transfer characteristic at room temperature. In fact, since 

the FDSOI sensor response is sensitive to operating conditions, either the voltage sweep range 

at the back gate or the bias at the top SG electrode should be properly set to keep the device in 

the subthreshold regime, to be able to observe the ID-VBG curve shift. 
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Figure 3.22: FDSOI-based sensor at different operating temperature 

Building on the previous discussion and the application of a bias voltage at the SG electrode. It 

is worth noting that the voltage variation (ΔVT,BG) can be attenuated for certain sensing 

capacitance values. To avoid signal attenuation and maximize the sensing response, the sensing 

capacitance should be much larger enough (CSG >> COX). To find the order of magnitude beyond 

which the capacitance of the sensing gate no longer impacts the response magnitude, simulations 

for values ranging from 0.86x10-15 to 8.3x10-11 have been run. The results are tabulated in figure 

3.23. At lower sensing gate capacitance (< 1x10-15 F/um), the anticipated voltage shift (ΔV) due 

to a voltage applied at the top (SG) contact is attenuated. Whereas for capacitance values higher 

than 1x10-14 F/um, the voltage shift is already at its maximum value of 1.37 V.  

Sensing capacitance (F/um) Sensor’s response (ΔV) 

0.86x10-15 0.55 V 

1.72x10-15 0.7 V 

4.41x10-14 1.37 V 

4.41x10-13 1.37 V 

8.3x10-11 1.37 V 

Figure 3.23: sensing capacitance impact on the threshold voltage shift at the back gate 
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FDSOI transistor technology is an established transistor technology currently used across 

multiple applications [16]. Its design has been optimized to minimize -among other things- short 

channel effect, drain induced barrier lowering, and improve the overall electrostatic integrity 

[68]. If an FDSOI transistor were to be designed made for sensing applications, an architecture 

that would maximize the capacitive coupling (γb) would be favourable. Additionally, a lower 

subthreshold slope would further increase the front-to-back gate amplification factor (γb). 

Figure 3.24 shows devices with different BOX thicknesses. 

 

Figure 3.24: Impact of the BOX thickness on the subthreshold slope 

Results agree with the mathematical relation between the subthreshold slop and the buried oxide 

thickness. At 22 nm BOX thickness, the device exhibits an SS of 73 mV/decade. At 24 nm, its  

SS is 77 mV/decade. And finally at 28 nm thick BOX, the device has an SS of 89 mV/decade, 

the highest SS of them all. In terms of the transistor’s switching capability a high SS means poor 

performance. However, the lower the SS, the higher the device’s capacitive coupling factor is 

(γb). 

 At this point the reader should have a better understanding of catalytic gate hydrogen 

FET sensors. The MOS-C hydrogen sensor operation has been simulated, and the impact of 

different parameters has been studied (e.g., temperature). Moreover, the advantages that FDSOI 

transistor technology brings have been highlighted (the capacitive coupling). The sensor 
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integration and circuit have been shown and explained. Finally multiple ways to optimize the 

design of the FDSOI sensor have been presented, such as, having a sufficiently high sensing 

capacitance ( >1x10-14), and increasing the BOX thickness. In the next chapter the fabrication 

process and characterization of MOS-C based hydrogen sensors will be discussed. 
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Chapter 4 

4 MOS-C fabrication and heterogenous integration 

to FDSOI 

In this chapter, the design of the hydrogen sensor and the fabrication process will be 

presented and discussed. First the choice of materials will be discussed (Pt as a sensing electrode 

and Al2O3 as a dielectric). Following which, the mask design that allows testing devices with 

different sensing areas will be presented. Afterwards, the MOS devices fabrication process will 

be shown. Furthermore, the packaging process that allows the integration MOS to FDSOI, will 

be detailed. And finally, characterization and validation of fabricated devices will be shown. 

4.1 Overview of MOS-C hydrogen sensor and FDSOI integration 

There is more that one way to go about the integration process of a hydrogen sensor to 

an FDSOI transistor. The proposed methodology involves the assembly of two different dies on 

the same chip carrier. Where one die carries the H2 sensing element and the other carries the 

FDSOI transistors. The approach has multiple advantages and has been chosen for the following 

reasons. The ability to validate devices, then connect them together. From a 

troubleshooting/debugging perspective, it is simpler to have two isolated devices that can be 

characterized separately. Moreover, this approach allows us to only heat the sensor carrying die 

and not the entire circuit. And lastly, it allows the integration of p-Si bulk MOS-C to an FDSOI. 

Certainly, the main drawbacks are the high form factor, and losses. However, this integration 

process provides a flexible and modular design adequate for prototyping and testing. 

As previous described in section 3.2 the catalytic sensing electrode (top electrode) of the 

MOS-C will be connected to the front gate of the FDSOI transistor. Figure 3.25 show the dies 

configuration and placement on the socket. The assembly consists of 4 different elements: the 

socket (chip carrier), the heating element, the FDSOI die provided by STMicroelectronics, and 

the MOS-C die fabricated at 3IT. 
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Figure 4.1: Heterogenous integration of MOS-C to FDSOI 

This packaging step allows the characterization of the devices inside the gas chamber. The 

socket is plugged into an adapter that connects the pins to BNC connectors (later discussed in 

chapter 5). In the next section the MOS capacitors fabrication process steps will be shown. 

4.2 MOS fabrication: materials and methods 

The MOS-C hydrogen sensor as described in the state-of-the-art section, has a catalytic top 

electrode that is responsible for hydrogen dissociative adsorption. Pt, Pd, Ir, Ph, Pd/Pt, Pt/Pd, 

Rh/Pd, Au/Pd and other catalytic metals have been used for hydrogen detection [54] [56] [57] 

[58]. All listed materials/combinations have shown a response of at least 0.11 V for a 500 ppm 

H2 concentration [54] [56] [57] [58]. However, they did not all show reliable, stable response. 

For instance, Au/Pd, and Pd sensing films show poor mechanical properties that lead to blister 

formation and sensing response degradation [56] [58]. Figure 4.2 shows the performance of a 

MOS structure with a Pd top electrode. The results of a study that investigates the steady state 

hydrogen atom concentration on the surface of different metal gates. Devices with Ir, Pd, and Pt 

top electrodes have been tested. Pd-gated devices showed blisters after repeated exposure to H2 

(< 20 cycles), while Pt and Ir-gate devices have not [56]. 

FDSOI die 

MOS 

Socket  

ceramic 

heater 
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Figure 4.2: The H2 response as function of Pd thickness and performance after exposure to H2 

[56] 

Furthermore, the second information of interest that figure 4.2 provides, is the lower response 

for lower Pd thicknesses. At 10 nm, the response is less than half the response at 30 nm or 

higher. Which means that there is a lower limit to the recommended Pd film thickness (25 nm). 

Even if Pd was found to have a higher response, its poor mechanical properties represent 

fabrication challenges, and its short lifetime limits its industrial use (20 cycles or lower). Hence, 

platinum has been chosen as the catalytic metal electrode for the MOS devices fabricated and 

discussed in this chapter. 

The choice of insulator has as an important impact as that of the catalytic metal top 

electrode. The latter is shown in the study of Eriksson et al. as they compare different insulators 

for MOS capacitor-based hydrogen sensors [53]. Si3N4, Ta2O5, Al2O3, and SiO2 have been 

tested. Silicon nitride shows the lowest response (V), while silicon oxide shows the highest 

sensing response (ΔV) [53]. Furthermore, both devices, ones that use Si3N4 and those that use 

SiO2 show saturation at concentrations as low as 1000 ppm. Al2O3 on the other hand, shows a 

good response and does not saturate even at 10000 ppm concentrations. Authors argue that it 

can even detect all the way to 50000 ppm (by extrapolating) [53]. Furthermore, the Al2O3-based 

device response has a higher slope, hence the highest sensitivity [53]. Even if the SiO2-based 

MOS response is higher in magnitude, it shows a lower sensitivity. NB: sensitivity is sometimes 

confused with response magnitude. 
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Figure 4.3: response drift: a) Pd-SiO2 MOS vs. b) Pd-Al2O3 MOS [81] 

A stable sensing behavior is one that is characterized by a repeatable, drift free response. 

Armgarth et al. [81] pointed out flat band voltage drift over time in Pd-SiO2 based MOS devices. 

And suggested that the use of a 10 nm AlOx layer eliminated this drift as shown in figure 4.3 

[81]. For more stability, higher sensitivity, and a higher detection range Al2O3 has been chosen 

as the dielectric for the MOS devices discussed below. 

4.2.1 Fabrication process  
Used in the only lithography step process, is bright field mask with varying top electrode areas 

from 3.2 x 104 um2 to 3800 x 104 um2. Shown in figure 4.4   

 

Figure 4.4: MOS top electrode bright field lithography mask 
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Before the ALD Al2O3 film deposition, the substrate is cleaned using a standard extensive RCA 

process (appendix 1). Fabrication process steps are depicted below in figures 4.5 to 4.8: 

1. On a p-Si substrate with resistivity of 1 – 5 Ω.cm, a 38 nm-thick, Al2O3 film, is ALD 

deposited. 

 

Figure 4.5: ALD Al2O3 deposition (38 nm) 

2. Rapid thermal annealing (RTA) at 450 ℃ for 30 mins in N2/H2 (90/10 %) 

3. A negative resist is spin coated and patterned using photolithography to form a 2 μm 

tick film. 

 

Figure 4.6: Negative resist (AZnLOF2020) patterned, after development AZ-300-MIF 

4. E-beam evaporation is used to deposit 5 nm of Ti followed by 100 nm of platinum. 

The deposition rate for Ti was 1.5 A/s while that of Pt was 2.5 A/s using an Intelvac 

tool. 

 

Figure 4.7: after Ti/Pt 5/100 nm e-beam evaporation 
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5. The resist is stripped away with unwanted metal, using commercially available remover 

1165. 

 

Figure 4.8: cross section view after Ti/Pt lift-off (remover 1165) 

6. Annealing at 400 ℃ for 24 hrs in N2 

Individual process steps have been validated as follows: ALD deposited Al2O3 has been 

characterized using ellipsometry, showing a 38 nm thickness and a refractive index of 1.602 at 

623 nm. This value is close to the literature reported 1.61 refractive index of ALD deposited 

Al2O3 [82]. The lithography has been characterised using optical microscopy (figure 4.9) and 

profilometer. 

 

Figure 4.9: image of the Ti/Pt 5/100 nm top electrode after lift-off 

The annealing steps are key to stabilize the device at 140 ℃ (operating temperature). Later in 

section 4.22, the experiment designed to optimize and identify the adequate annealing gas and 

temperature will be detailed. 

4.2.2 MOS defects and development of annealing process 

The fabricated metal oxide semiconductor device uses an unconventional stack p-

Si/Al2O3/Ti/Pt. Conspicuously, SiO2 is the most predominantly used MOS gate oxide since it 

180 μm 

180 μm 
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can be thermally grown, and consequently results in the high-quality Si-SiO2 interface. Before 

explaining why alumina as MOS gate oxide represents a challenge, let’s expand on equation (1) 

presented earlier in section 3.1. The expression describes the flat-band voltage and shows what 

are the factors that influence its value [75]. There are multiple factors: metal gate and 

semiconductor work function difference, fixed and mobile ions density in the oxide, and 

interface states (traps) [75]. It is worth noting that the work function difference is the least 

significant source of nonidealities compared to the other factors. As it would shift the Vfb by ~ 

1 V (φms). Since the work function of Si is 4.6 eV and that of Pt is 5.64 eV [83]. Mobile ionic 

contamination on the other hand, has a far more noticeable impact as it can make the C-V curve 

of a MOS structure shift by 10 V in certain cases [75]. Ionic contamination can move through 

the oxide layer, and usually comes from glassware or other lab equipment/reactors. Elements 

identified are mostly positive ions Li+, Na+, K+ [84]. So, one would expect the flat band voltage 

to shift to negative voltage values [75]. Moreover, this charge would exhibit drift at higher 

temperatures. When it comes to fixed charges, the C-V characteristic curve of the MOS structure 

is shifted from its expected value, significantly, in certain cases, but does not exhibit drift at 

higher temperatures [75]. And finally, interface traps will manifest their presence by stretching 

the C-V curve along the x-axis [75]. The latter is because unlike the fixed and mobile charges, 

interface states (traps) are a function of the semiconductor surface potential. That is why it varies 

for different voltage values. The MOS device is also expected to show hysteresis if there are 

interface traps [75]. 

The previously listed defects and nonidealities can negatively impact the operation of an 

Al2O3 MOS capacitor for hydrogen sensing. The sensing mechanism relies on the hydrogen 

induced shift of the C-V curve, and operation temperatures are often beyond 100℃. Any defect 

induced drift (e.g., mobile ions) can offset the sensing response. For a conventional MOS 

structure using SiO2 as a gate oxide, a standard RCA cleaning, and in some cases a post 

metallization annealing in N2 are sufficient steps to reduce/eliminate those interface and 

contamination related defects [85] [86]. Figure 4.10 shows the impact of the low temperature 

(500℃) annealing in forming gas (10% H2 in N2) on interface states in a p-Si/SiO2 MOS 

structure [87].  
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Figure 4.10: impact of forming gas annealing on C-V characteristics curve [87] 

Interface states types annealable at low temperature (350 to 500℃) are; intrinsic Si-SiO2 states 

that can be passivated by hydrogen, and ionizing radiation caused states that anneal in nitrogen 

[87].  

One factor that sets ALD deposited aluminum oxide apart from SiO2, is that it has been 

found to have a high intrinsic negative fixed charge of 5 to 13 x 1012 cm-2 [88] (compared to 

SiO2). The latter, along with the fact that it provides an interface with a low defect density (Dit 

~1011 eV-1cm-2) are the main reasons why it makes an excellent passivation for p-type c-Si solar 

cells [89]. Other applications such as MOS capacitors, however, require a lower fixed charge 

density [90]. Al2O3 is also an appealing choice for MOS, as it is a high-k material with low 

leakage properties [90]. To eliminate defects in ALD Al2O3 additional processing and different 

annealing environments have been tested. Buckley et al. [90] show that a low deposition 

temperature (150℃) and a post fabrication annealing at 700℃ in O2 for 30 mins could reduce 

the fixed charge density (compared to an N2 annealing). Jeon et al. [91] have tested the impact 

of a 450℃ annealing in forming gas (10% H2) and showed that it decreased the fixed oxide 

charge from 7.0 x 1012 cm-2 to 5.9 x 1012 cm-2 (figure 4.11). 
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Figure 4.11: impact of annealing on defects in ALD deposited Al2O3 thin films [91]  

Moreover, Hoogeland et al. [92] showed that the oxide thickness has an impact on flat band 

voltage shift (ΔVFB) and was as high as 6 V for a 40 nm thick Al2O3 thin film. Moreover, they 

have reported a fixed charge density of 9.6 x 10-12 cm-2 for a 40 nm Al2O3 thin film [92]. 

Based on literature, annealing can decrease defects density (fixed charge and interface 

states) in ALD-deposited Al2O3. To determine the exact suitable process conditions for the p-

Si/Al2O3/Ti/Pt structure, an experiment has been carried out to investigate the impact of post 

oxidation annealing (POA) in different gases (N2, 10 % H2 in N2, O2), on the device C-V 

characteristics. The DOE included 4 different conditions as shown in table 1 

Table 4: 4-inch wafer cleaved into 4 quarters and each annealed in a different gas 

Sample  RTA gas 

Q773A 10 % H2 in N2 

Q773B N2 

Q773C O2 

Q773D No annealing 
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After annealing and top electrode Ti/Pt metallization, samples are characterized at RT and at 

140℃. As the MOS hydrogen sensor is expected to operate at 140℃.  

 

Figure 4.12: C-V curve at room temperature  

 

Figure 4.13: C-V curve drift at 140℃ 

 

Figures 4.12 and 4.13 show the C-V characteristics of a sample with a 38 nm Al2O3 film that 

has been annealed in N2 for 450℃ for 30 mins. From the room temperature measurements 

(figure 4.12), the device shows a significant flat band voltage offset of -5.84 V, compared to the 

near-ideal Vfb shift that only account for the work function difference (1 V). When held at 140℃ 

the C-V characteristics exhibited a continuous drift to higher voltage values as indicated by the 

arrow on figure 4.13. Summarized in table 2 are the results of our post oxidation annealing 

experiment.  

 Vfb at RT ΔVdrift at 140℃ 

No annealing -1.16 V 0.52 V 

POA in N2/H2 -5.08 V 0.96 V 

POA in N2 -5.84 V 1.08 V 

POA in O2 -5.84 V 1.08 V 

Table 5: Table comparing flat band voltage values at room temperature and Vfb drift at 140℃ 

The results of our experiment suggest that a post oxidation annealing is not enough and that an 

additional post metallization annealing (PMA) in N2 is required. POA in N2 and O2 show the 

highest drift of 1.08 V at 140℃. The stable behavior required, is one where the device C-V 
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characteristics show no drift at 140℃. The device that had undergone a POA at 450℃ for 30 

min and a PMA at 400℃ for 24 hrs, is the most stable. The device demonstrates a Vfb at RT of 

4.2 V and a drift free behavior (0 V) at 140℃. While other samples annealed (POA) in a N2 and 

O2, then annealed (PMA) in N2 still showed a 0.24 V drift at 140℃. 

 

Figure 4.14: C-V curve at RT after POA in 

N2/H2 and PMA  in N2 

 

Figure 4.15: C-V curve at 140℃ after POA 

in N2/H2 and PMA  in N2 

 

Figures 4.14 and 4.15 show the C-V characteristic curves at RT and at 140℃ respectively. At 

140℃, the device has been measured for at least 13 cycles and did not show any drift. 
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Figure 4.16: Dual C-V sweep to inspect hysteresis 

Furthermore, under a dual sweep at RT, the device shows no hysteresis (figure 4.16). The latter 

is indicative of a low interface states density and low mobile ionic contamination [93]. It is also 

worth noting that compared to only post oxidation annealing in N2 (figure 4.12), the C-V 

characteristics shows a less stretched, more abrupt depletion region. 

Cyclic characterization has also been performed to see how much the Vfb varies, after having 

heated the device to 140℃. Over multiple cycles the MOS device’s Vfb is stable. At 140℃, it 

showed a maximum variation of about 80 mV. To put it in perspective, the expected C-V curve 

shift under 500 ppm H2 concentration is about 350 mV [53] which is ~5x larger than Vfb error. 

Among other parameters of interest that can be extracted from the room temperature C-V curve, 

is the relative dielectric permittivity. The Al2O3 film thickness is 38 nm, using that and 

substituting in the equation below to calculate εr: 

C𝑜𝑥  =
𝜀𝑟 𝜀0 𝐴

𝑡𝑜𝑥
= 66 𝑝𝐹 

A (area) = 180 um x 180 um 

𝜀0 (Dielectric permittivity of vacuum) = 8.854 E-12 F.m-1 

𝑡𝑜𝑥 (Oxide thickness) = 38 nm 

 

 
hysteresis 
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Rearranging equation (x) gives 

𝜀𝑟 =
𝐶𝑜𝑥 𝑡𝑜𝑥

𝜀0 ∗ 𝐴
= 8.7  

Which is not far from the theoretical value of 9 [94]. 

4.3 Packaging and heterogenous integration 

Now that the stability at RT and at 140℃ has been validated, the MOS device carrying chip is 

packaged onto a heating element, which itself is mounted on a pin grid array (PGA/socket).  

 

Figure 4.17: mounting and assembly onto PGA steps 

Figure 4.17 shows the different assembly steps. First, a Copper (Cu) back contact to the MOS 

sample back side of the die is made using silver 

paste for electrical contact and mechanical 

attachment. Step two involves applying 

permanent epoxy resin: EPO-TEK 301-2 to 

attach the heater to the PGA and curing for 3 hrs 

at 80℃. Same epoxy and curing process have 

been used for the MOS-die to heater attachment. 

Then finally, the die carrying the FDSOI 

transistors is placed at the center of the PGA and 

attached using GE varnish commercially 

available glue. EPO-TEK 301-2 has a suggested operating temperature < 300℃ which is well 

above the hydrogen sensor operating temperature and will ensure the assembly holds during 

testing [95].  

Figure 4.18: additional annotation for figure 

57 
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At this point, on the socket, three main elements have been mounted; Pt-MOS capacitor carrying 

die, an FDSOI transistor carrying die, and a heater underneath the sensor die. 

 

Figure 4.19: Hydrogen sensing MOS, FDSOI, and heater packaging on a PGA 

The heater transmits thermal energy to the devices on the MOS die and is used to regulate the 

temperature. The die mounted on the heater is not expected to be at the same exact temperature 

as the heater. Moreover, the assembly is expected to take some time (~10 mins according to the 

thermocouple reading) to reach thermal equilibrium (steady state). Thermal losses are expected 

through the epoxy resin, the copper back contact, the silver paste, and the substrate. For a precise 

temperature measurement, a thermocouple is attached to the sensor chip surface as shown in 

figure 4.19. It is attached to two of the socket pins at the other end, to be later contacted by a 

temperature reading device. Silver paste has been used for attachment. This allows for a better 

estimate of the actual device temperature during operation. The entirety of the characterization 

setup will be discussed later in chapter 5.  

Wire bonding is used for electrical wiring of the devices. Figure 4.20 shows a cross sectional 

view of the assembly and the socket. The pins can be seen protruding from the other side of the 

socket. Contact pads on the dies are wire bonded to the pins, the socket is then plugged into an 

adapter for measurement.  

Thermocouple 

FDSOI die 

Pt-MOS die 

Cu Back 

contact 
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Figure 4.20: Heater, and MOS die mounted on socket and pins protruding on the other side 

There are two dies/devices to wire bond, the Pt-MOS sensing elements and the FDSOI 

transistors. Each has their own device specific risks and limitations that determine the most 

suitable bonding process. For instance, FDSOI devices have a higher electrostatic discharge 

failure risk. Which is the reason why wedge bonding process is used for electrical packaging. 

Whilst Pt-MOS devices are less tolerant to physical force the wedge bond tool applies on its 

pads. Contacts are directly made above the MOS structure; any excessive force would punch 

through the 38-nm thick oxide layer. Ball bonding has been used for Pt-MOS devices.  

 

Figure 4.21: FDSOI transistor after wedge 

bonding 

 

Figure 4.22: Pt-MOS sensing element after 

ball bonding 

Ball bonding process consists of different steps: electronics flame-off to form the ball at the end 

of the wire, first bond (ball), second bond (wedge). The tool used is the Kulicke & Soffa 4700 

ball bonder [96]. Process parameters that have the most impact on the process outcome are: 

ultrasonic power (mW), force (gf), time (ms), and ball size. Parameters had to be optimized to 
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allow for an adequate ball-to-pad bonding, while maintaining the physical damage to a 

minimum. 

 First bond Second bond 

Power 120 mW 700 mW 

Time 200 ms 800 ms 

Force 15 gf 70 gf 

Ball size 1.5x  

Table 6: Ball bonding process parameters 

Table 3 lists the parameters used, where first bond refers to the ball-to-contact pad bond, and 

second bond refers to the wedge-to-gold pin on the socket bond. To put in perspective the 

selected values, the ultrasonic power, time, and force can be increased to a maximum of 1000 

mW, 1000 ms, 100 gf respectively. Ball size is dictated by the applied EFO voltage. Setting the 

ball size to 1.5 means that the ball size is 1.5 times the wire diameter (1.5 x 25 μm). With respect 

to physical damage, the bond to the device’s Ti/Pt top electrode is the one that represents a 

failure risk. Lowering the power to 12 % of its maximum value and the force to 15 % of its 

maximum value was necessary to prevent physical damage. For the validation of a successful 

Pt-MOS device bonding process, electrical characterization has been used to measure leakage 

current before and after wire bonding. Once the device has shown reasonable leakage current 

levels (50x10-15 to 100x10-15 A) after wire bonding, the C-V characteristics before and after are 

compared. 
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Figure 4.23: C-V characteristics after wire bonding 

In Figure 4.23, a comparison of measurements before and after wire bonding shows a slight C-

V characteristic curve variation. The extracted flat-band voltage (Vfb) is the parameter used to 

evaluate the variation. The latter changed from 4.28 V to 4.2 V after wire bonding. This variation 

is considered reasonable. Cyclic measurements presented earlier, had shown that Vfb may vary 

(± 40 to 80 mV).  

Wedge bonding on the other hand is used for FDSOI transistors. Before discussing the wedge 

bonding process, here’s a top view of the transistor contact pads (figure 4.24). 

 

Figure 4.24: FDSOI transistor contact pads top view taken with an optical microscope 

20 μm 
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The pad spacing is 20 μm, and the contact pad dimensions are 60 μm x 90 μm (figure 4.24). To 

avoid shorting two or more pads together, wedge bonding is done along the length of the 

rectangular pad.  

 

Figure 4.25: electronic flame off to create a ball  at the end of the gold wire 

Compared to ball bonding, wedge bonding represents a lower ESD risk. For wedge bonding 

relies on ultrasonic power and time to press the aluminum wire and wedge it against the contact 

pad to create a mechanical bond. Whereas ball bonding begins with an electronic flame-off 

(EFO) step to create the ball before bringing it into contact with the device pad (figure 4.25). 

According to a report by TSMC, this step results in a 50 % failure rate for 100 nm lower CMOS 

technologies  [97]. As the wand close to the wire applies a voltage between 2 to 4 kV to spark 

the tip. Furthermore, electrostatic discharge failure is not always a direct sudden discharge into 

the device that results in a significant current. It could also be in the form of electrical overstress 

(EOS) that results from charge accumulation over time [98] [99]. The successful wedge bonding 

process was the one that exerted just enough force to create a bond. Like ball bonding, wedge 

bonding can damage the silicon underlying the pad metallization, this phenomenon is called 

cratering [100] [101] [102].  
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Figure 4.26: impact of power on aluminum wedge bond formation [102] 

For a global description of different possible failure mechanism as a function of ultrasonic 

power, figure 4.26 [102] provides an excellent summary/guide. The impact of power on the wire 

deformation and the quality of bond is nicely graphed/depicted. On the y-axis is the pull force, 

which is the amount of force needed to break the bond. According to the graph, an ultrasonic 

power between 200 and 300 mW will give the best results. The latter being a high pull force, 

and not excessive wire deformation or surface damage. An example of surface damage is 

depicted in figure 4.27 where the rectangular contact pad shows failure right at the neck of the 

bond. The power applied for this wedge bonding was ~400 mW. 
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Figure 4.27: aluminum wedge bonding pad damage 

At lower ultrasonic power, the aluminum wire exhibited less deformation, and the pad suffered 

less damage as shown below in figures 4.28 and 4.29.  

 

Figure 4.28: wedge bond using 350 mW 

ultrasonic power 

 

Figure 4.29: wedge bond using 270 mW 

ultrasonic power 

 

Figure 4.28 shows a wedge bond created using 350 mW ultrasonic power. Compared to figure 

4.27, the contact pad shows less damage. Figure 4.29 shows the results of wedge bonding using 

270 mW power. The latter shows less wire deformation. Lower power values have been tested. 

The lowest possible bonding power value was 240 mW. However, at 240 mW the process had 

a poor yield (25 %). At 250 mW the yield is 100 %. Using an ultrasonic power of 260 mW and 

a time of 400 ms, multiple FDSOI transistors have been successfully wire bonded. To validate 

the wire bonding process step, the I-V transfer characteristic curves before and after the process 

are compared (figure 4.3). 
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Figure 4.30: transfer characteristics curve before and after wedge bonding 

A pFET with dimensions, W x L =  1000 nm x 20 nm, has been characterized before and after. 

On the back gate a voltage sweep has been applied [-1 : 4] V as shown in figure 4.3, while a 0.3 

V bias voltage has been applied at the drain terminal. Finally different front gate step voltages 

are applied [0; -0.1; -0.2] V. ID-VBG characteristics curves  overlap, demonstrating a successful 

bonding process. 

Once individual dies have been packaged and characterized, an additional connection is made 

between the front gate and the MOS top electrode pins. 

  

 Figure 4.31: equivalent circuit wiring  

Connecting FDSOI and MOS  
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Figure 4.31 shows a schematic representation of the heterogeneous integration, where the 

FDSOI and the MOS devices are wired together. The FDSOI pFET introduced earlier has been 

connected to a Pt-MOS capacitor top electrode. Transfer characteristics in figure 4.32 provide 

yet another example of a validated device integration process.  

 

Figure 4.32: ID-VBG characteristics after heterogenous integration 

In the integrated FDSOI – MOS design, the FDSOI front gate is connected to the MOS capacitor 

Pt gate. And during the ID-VBG characterization the MOS-bulk is held at a constant bias voltage. 

This configuration offsets the ID-VBG compared to only FDSOI characterization where the front 

gate is directly biased. In figure 4.32 ID-VBG curves are plotted. When the bulk of the MOS is 

held at a bias voltage (-0.1 V), the ID-VBG curve is shifted to the left. According to the simulation 

results in table 1, section 3.2, a capacitance in series with the FDSOI transistor Cox is only 

expected to shift the ID-VBG characteristics curve if it is in the 10-14 F/μm range or lower. Now 

considering the fact the MOS lowest possible capacitance value (Cdepletion = Cmin) is 10 pF. 

Additionally, normalizing it in 1-D, the estimated value would be ~ 5.55e-8 F/μm. Finally, the 

wiring and contact resistance is negligible (< 0.7 Ω). Based on this calculation, we would expect 

the two curves to overlap. The observed shift may be attributed to either positive charge trapped 

in the oxide layer, or a smaller parasitic capacitance in series, or accumulated charges at the 

floating circuit node.  
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4.4 Conclusion 

An integration methodology of MOS sensors to FDSOI transistors using a heterogenous 

approach has been demonstrated. A MOS devices die, an FDSOI carrying die, and a heater were 

mounted and assembled all on a pin grid array (socket). This method provides plenty of 

advantages. Namely a flexible wiring, where any MOS can be wire bonded to a specific FDSOI 

transistor of choice. Having the option to characterize devices independently makes debugging 

easier and allows to isolate problems. The heater only raises the temperature of the MOS die 

and the FDSOI is kept at RT. For MOS hydrogen sensing element, a stack of p-Si/Al2O3/Ti/Pt 

has been used. Pt as the catalytic top sensing electrode as it has better mechanical properties that 

allow its use for long term applications. Al2O3 oxide has been the dielectric of choice due to its 

higher detection range, sensitivity, and stability. Two annealing processes are recommended to 

eliminate drift and reduce defects. One is a post oxidation annealing at 450℃ for 30 mins in 

forming gas (10 % H2), and the other is a post metallization annealing at 400℃ for 24 hrs (in 

N2). The latter can probably be reduced and should be tested in future fab process optimization. 

Electrical characterization has been used to validate and guide the development of the adequate 

annealing process (Vfb drift). Afterwards, the wire bonding process steps have been shown. Ball 

bonding was used for MOS devices. Wedge bonding was used for FDSOI transistors. And 

finally, the two devices have been wired together using the same socket pin and show no 

degradation of the FDSOI nor MOS devices. The following chapter will introduce the sensing 

setup and the results of characterization in H2. 
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Chapter 5 

5 Test apparatus and MOS characterization in H2 

In this chapter, testing setup and the equipment used for characterization will be shown. 

Furthermore, the characterization results of the fabricated MOS structures (chapter 4) will be 

presented and discussed. The device response to different H2 concentrations will be shown. The 

impact of device operating conditions will be shown. The impact of temperature, as well as that 

of the total gas flow have been tested. A comparison will then be drawn with the state of the art 

to benchmark the Pt/Ti/Al2O3 MOS H2 sensing capacitors. And finally, the simulation of the 

FDSOI – MOS results and response to 250 ppm H2 are presented. 

5.1 Testing chamber and apparatus 

To be able to characterize the packaged and fabricated MOS devices in different conditions 

(e.g., H2 concentration, total gas flow, temperature) the following is required.  

 

Figure 5.1: H2 sensing test setup 

• Testing chamber that allows for a controlled environment (gas mixture N2/H2). 
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• Electrical characterization equipment (Keithley parameter analyzer 4200 SCS), to 

polarize and measure the device.  

• Heater to control the device temperature during testing and a thermocouple to ensure the 

surface is at the right temperature. 

Testing chamber 

The Gas sensing chamber has a volume of 160 ml and is made of aluminum. It is equipped with 

two mass flow controllers (MFCs), one for nitrogen (N2) and the other for forming gas 10 % 

(H2/N2). The nitrogen MFC allows a maximum flow of 1000 sccm, while the forming gas MFC 

allows a maximum of 3 sccm. Let’s take an example where the user would like to set the 

hydrogen concentration to 500 ppm. First the total flow must be set to allow the required 

concentration. If the total flow is 500 sccm, then 497.5 sccm of N2 and 2.5 sccm of (H2/N2) are 

the right setting.  

Here's the calculation 

➢ H2/N2 has 10% hydrogen, so the equivalent only hydrogen flow is: 

2.5 sccm * 0.1 = 0.25 sccm 

➢ Now in a total of 500 sccm the concentration hydrogen concentration is 

0.25

500
∗ 100 = 0.05%  

➢ Given that 1 % is 10,000 ppm: 0.05 * 10,000 = 500 ppm 

 

Figure 5.2: Gas sensing test chamber with MFCs and pressure dial gauge 
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Furthermore, the chamber has a pressure regulating valve, with a dial gauge at the outlet. The 

latter allows the user to monitor and measure any pressure buildup/variation inside the chamber. 

Also, it enables throttling the outlet flow and increasing the pressure inside the chamber if ever 

required. 

Wiring and characterization apparatus 

Inside the chamber, is a pin grid array (PGA) adapter as shown in figure 5.3. A 24-wire cable 

is used to connect the PGA adapter pins to BNC connectors (I/O switches), using tin 

soldering. 

 

Figure 5.3: sample mounted on heater and 

on the pin grid array socket 

 

Figure 5.4: pin grid array adapter soldered to 

24 wires connected to BNC connectors 

 

Every BNC I/O connector is controlled by a switch, allowing three different settings: open, 

ground, and measure. Figure 5.5 shows triaxial cables plugged into the switch box. 
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Figure 5.5: triaxial cables connecting 

the characterization equipment to the 

DUT 

 

Figure 5.6: switch box I/O wiring for electrical 

characterization 

The inside wiring of the switch box is shown in Figure 5.6. For I-V characterization of FDSOI 

transistors, SMUs (source measurement units) are used and connected using triaxial cables. For 

CV measurements of our MOS capacitors, SMA (SubMiniature version A) cables are used. 

Having 24 I/O BNC connectors enables the connection of multiple devices simultaneously. And 

most importantly, keep the devices that are not being measured always grounded. 

 

 

Figure 5.7: Keithley 4200 semiconductor characterization system 

 

Finally, the Keithley parameter analyzer is used for electrical characterization. It is equipped 

with 4 SMUs to allow the polarization of a double gated/four terminal device (e.g., FDSOI). It 
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also has a module/program for CV characterization, which extracts parameters of interest such 

as the flat band voltage, the accumulation capacitance, the depletion capacitance etc. 

Furthermore, the capacitance (among other parameters) can be measured in time, using the 

sampling mode. 

 

Heater and thermocouple 

 

Figure 5.8: Ceramic heater 

 

Figure 5.9: heater power supply unit 

Heaters in figure 5.8 can go up to 500℃ and can operate at a maximum rated voltage of 24 V. 

The ceramic heater is a ~10 Ω resistance and is connected to a separate power supply unit to 

eliminate noise.  

 

 

Figure 5.10: Thermocouple reader showing the temperature at 140℃ 

A type K thermocouple is used to monitor the temperature at the surface of the H2 sensing device 

(MOS) as shown earlier in figure 5.10. The thermocouple can measure temperatures in the range 

of - 270℃ to 370℃ and has an accuracy of +/- 1℃ [103]. The thermocouple wire is connected 

to the reader using the switch box BNCs. 
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5.2 C-V shift, operating bias, and capacitance variation 

According to the sensing mechanism discussed earlier in chapter 2, and the hydrogen induced 

dipole at the Pt-insulator interface, the C-V curve is expected to shift to lower values of voltage 

along the x axis. This potential at the interface can be seen when extracting the flat band voltage. 

The MOS structure has been characterized using the C-V characterization method. Where a DC 

voltage sweep at the gate is performed and the capacitance is measured. An AC signal of 15 mV 

at 1 MHz frequency is also applied.  

 

Figure 5.11: C-V curve shift at 140℃ in H2 = 250 ppm 

Results in figure 5.11, of a test in a 250 ppm - hydrogen concentration, show a flat band voltage 

(Vfb) shift of 0.33 V with respect to the initial C-V curve in 100 % N2. It can also be seen on the 

figure that the capacitance at accumulation and at inversion, does not change in the presence of 

hydrogen. Which means that the H2 induced dipole does not change the dielectric constant of 

the Al2O3, but rather acts like an interface potential at the Pt/Ti/Al2O3 interface. On the right y 

axis (red), the difference between the capacitance (ΔC) in 100 % N2 and in 250 ppm of H2 is 

plotted against the voltage bias. This difference,  ΔC, depends on the operating applied bias. For 

instance, the peak of the red curve in figure 5.11 is at bias = 3.35 V. Which is not far from the 

device flat band voltage (3.32 V). Considering the MOS structure nonidealities, it is normal that 

a voltage  has to be applied to align the metal and semiconductor energy vacuum levels and 

flatten the semiconductor band bending (flat band condition Vfb). Due to, among other factors, 

defects, and metal – semiconductor work function difference, at 0 V gate bias, the device is at 
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its built-in potential rather than being at flat band condition. Applying a voltage = Vfb 

compensates for nonidealities and brings the semiconductor surface potential to zero. Hence the 

operating bias has been selected to be the Vfb.  

Using the Keithley 4200 SCS characterization program for MOS devices, the Vfb is 

extracted. Certain parameters are user-defined, such as the gate area, the substrate doping type 

and concentration, the oxide dielectric constant, the semiconductor bandgap, the metal, and the 

semiconductor work functions. The program uses the flat band capacitance method, to find the 

flat band voltage (Nicollian & Brews page 487-488) [84]. The flat band capacitance is calculated 

using the following equation. 

𝐶𝐹𝐵𝑆 =
𝜀𝑠


 

𝐶𝑓𝑏 =  
𝐶𝐹𝐵𝑆𝐶𝑜𝑥

𝐶𝑜𝑥 + 𝐶𝐹𝐵𝑆
 

Using the calculated Cfb, from the C-V curve the Vfb is approximated to the nearest gate to 

semiconductor voltage. According to Nicollian & Brews [84], this method is widely used 

because of its simplicity, but does not provide an accurate Vfb approximation. For our 

application, this method is mostly used as the beginning of our testing protocol, to provide a 

constant bias point, and to keep the same initial capacitance value (in 100 N2) throughout all 

tests.  

 

Testing protocol 

The variable capacitance is the parameter that will be used from this point onwards for testing 

in hydrogen. The measurement protocol consists of the following steps: 

1. heat the sample to 140℃, wait for the temperature to stabilize (>10 mins). 

2. Measure the C-V curve and identify the flat band voltage. 

3. Run a capacitance measurement as a function of time at a constant  DC voltage, V = Vfb. 

4. Introduce 100% N2 for 10 mins or higher. 

5. Introduce the H2 + N2 gas mixture with the required concentration 

6. Finally stop all gas inlet (flow = 0 sccm) and keep the temperature at 140℃ for device 

recovery. 
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5.3 Capacitance variation at different H2 concentrations 

Using the abovementioned protocol, the MOS structure has been held at 3.3 V (flat band 

condition), and the sensing surface has been exposed to different hydrogen concentrations.  

 

Figure 5.12: Capacitance variation at different H2 concentrations 

In figure 5.12, the capacitance has been measured using sampling mode, in time. The initial 

capacitance value is ~61 pF. Different hydrogen concentrations have been introduced into the 

chamber : 20 ppm , 50 ppm , 100 ppm ,  250 ppm , 500 ppm. The results suggest that the device 

has a very low detection limit, since already at 20 ppm H2, the response (ΔC) is ~25 pF, very 

high. The response (ΔC) increases for higher concentration -not by much- and saturates at 250 

ppm. Another parameter that changes for higher concentrations, is the response time. In this 

context the response time is defined as the time to reach 90 % of the final stable reading. It is 

difficult to see on figure 5.12, as the time scale is very large for such a long measurement. In 

figure 5.13, the capacitance (C) is measured in time (s). After the introduction of 250 ppm of 

H2, the capacitance value drops by ~26.5 pF and is stable at 34 pF in a constant hydrogen 

concentration. 

ΔC 



 

98 
 

 

 

Figure 5.13: Capacitance response to a 250 ppm H2 concentration 

Furthermore, the smaller time scale in figure 5.13 better shows that the response for 250 ppm 

of H2 takes ~ 100 s to reach its stable final value. Using the 90 % method, the response time for 

every H2 concentration has been extracted and plotted below in figure 5.14. 

 

Figure 5.14: Response (ΔC) and time response vs. H2 concentration 

Moreover, the difference between the initial capacitance (in N2) and the final value capacitance 

at a designated concentration (the response), has been calculated for every concentration.  
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In figure 5.14, the capacitance difference (ΔC) as well as the response time (s) are plotted against 

the H2 concentration. The lowest possible concentration using the previously described testing 

station is 20 ppm. For concentrations between 20 ppm to 250 ppm the response increases, then 

saturates showing similar ΔC to both 500 ppm and 250 ppm. The response time on the other 

hand, shows a significant decrease from 690 s for 20 ppm H2 to 218 s for 100 ppm. For higher 

concentrations, the response time continues to decrease. For instance, for 500 ppm H2 the 

response time is 55 s. The lowest detection limit (ΔCmin) and the saturation concentration (ΔCsat) 

are device limited parameters and depend on the nature of the Pt/Ti/Al2O3 interface. For 

example, the chemical composition/stoichiometry of the Al2O3 and the formation of TiOx 

during annealing influence the total concentration of available hydrogen atoms adsorption sites 

at the interface. The latter has been discussed earlier in the choice of materials sections (4.2) 

[53].  

 Alternatively, the response time can be impacted by extrinsic factors, such as the total 

inlet flow rate, the volume of the chamber, and the temperature. In the next section the impact 

of the temperature and total gas flow will be shown.  
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5.4 Impact of temperature, total gas flow, and recovery 

During early tests, the recovery as well as the response time seemed to depend on the 

temperature. To further examine the relation between the temperature and the response, and 

identify the most suitable operating point, test in different temperatures have been carried out.  

 

Figure 5.15: Impact of temperature on the capacitance variation (ΔC) and response time in 250 

ppm H2 

Tests were done at a hydrogen concentration of 250 ppm and a total gas flow of 100 sccm. 

Shown in figure 5.15, at 60 ℃, is the device response to a 250 ppm H2 concentration. At 80℃ 

and above, the ΔC reached its maximum value of ~30 pF. At higher temperatures (e.g.,  120℃ 

or 140℃), the ΔC does not show a significant variation. Whereas the device response time 

significantly decreased. For a temperature increase from 80℃ to 120℃ the time response 

decreased from 1226 s to 471 s (almost 3rd). Above 120 ℃ the response (ΔC) did not 

significantly change. According to Salomonsson et al. [47], at or above room temperature, 

diffusion of hydrogen is very fast and the coverage at the surface and that at the interface can 

be considered at equilibrium. However, the adsorption/desorption reaction rate, sticking 

coefficient, and coverage are all impacted by the temperature and constitute a major part of the 

response time [47]. In their comparative study of a Pd/SiO2/Si and Pt/SiO2/Si MIS structures, it 

was shown that both follow a second order Langmuir isotherm, or a dissociative adsorption. 

Furthermore, it was reported that measured hydrogen desorption rate nearly doubled, showing 
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an increase from 0.5 to 0.95 [a.u.], for a temperature increase of 30℃ and 150℃ respectively. 

To make those measurements, tests have been carried out in ultrahigh vacuum. Moreover, 

titration methods using oxygen have been used [47]. Additionally, Usagawa et al. [104] have 

shown that for Pt-Ti-O/SiO2/Si MISFET hydrogen sensor, the response (threshold voltage shift) 

depends on the operating temperature. Results [104] show that at 350℃, the device response is 

zero. Furthermore, the response magnitude within the temperature range 100℃ to 275℃ does 

not significantly change, ~0.3 V for 1000 ppm of H2. Usagawa et al. [104] have not examined 

the impact of temperature on the response time, but authors mentioned that at 80℃ the response 

time was very high. Which justifies the selection of 115℃ as their device operating temperature. 

In a more recent report, Sasago et al. [15] (the same Hitachi R&D group), reported their 

technology’s response time at 85 s for 10000 ppm H2 concentration. Then used to slope method 

to reduce the response time to 0.8 s [15]. A method, where instead of waiting to reach 90% of 

the final reading, the slope 
𝑑𝛥𝑉

𝑑𝑡
 of the response curve is used to indicate the H2 concentration in 

< 1 s.  The reported literature results [15] [104] [47] agree, in principle, with the findings of this 

thesis work. Nevertheless, in figure 5.15, the time response results comprise an extrinsic 

component related to size of the testing chamber  (160 ml) and other factors. 

The total inlet gas flow in the chamber is yet another test condition that has an impact on the 

test outcome. At a constant H2 concentration (250 ppm) and temperature (140℃), Results in 

figure 5.16 show that the sensor response time decreases with the total gas flow. At a total 

flow of 100 sccm, the response time to 250 ppm H2 is 432 s. Whereas, for the same 

concentration, at a total flow of 500 sccm the response time drops to 99 s.   
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Figure 5.16: Impact of total gas flow on response time (s) and response (ΔC) 

Moreover, in figure 5.16 the response (ΔC) showed little to no variation with respect to the total 

gas flow. Hübert et al. [73] [10] [105] have published more than one report discussing the impact 

of the testing equipment on the outcome and the characterization of hydrogen sensors.  in their 

study they compared different testing stations/methods and showed that the volume of the 

chamber has a major impact on the response time delay. They also discussed the importance of 

the parameter v = 
𝑉𝑜𝑙𝑢𝑚𝑒

𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
, using the stirred-reactor model. The time to fill the chamber with 

99 % required concentration depends mostly on v, which corresponds to our results that show 

that the flow rate has an impact on the response time. Their results showed that using a 1000 

sccm volume flow rate, the time to reach 99 % of required test gas concentration in the chambers 

with 76 ml, 3.4 ml, and 1 ml volume, was 15 s, 1 s, 0.015 s respectively. Other factors may 

increase/decrease the response time, such as the use of solenoid valve, the data acquisition speed 

etc. Since the testing chamber used in this work has a relatively large volume (160 ml), one 

would expect a faster response time result in a smaller chamber.  

The total gas flow also has an impact on the recovery. Figure 5.17 shows results for a 

concentration test in a 500 sccm total gas flow.  
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Figure 5.17: Recovery in a total gas flow of 500 sccm 

Recovery is partial, and only goes back to the initial capacitance value when the inlet gas flow 

is set to 0 sccm. The latter suggests that the continuous inlet flow of N2 partially inhibits the 

recovery of the device after exposure to H2. One explanation could be that the pressure inside 

the chamber becomes too high and slows down the hydrogen desorption. 

 

Figure 5.18: full recovery in 100 sccm total gas flow 

Through further experimentation, it has been found that, if the total gas flow is held at 100 sccm, 

the device is able to fully recover. Results in figure 5.18 show the full recovery of a 250 ppm 
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H2  test in a total flow of 100 sccm. This recovery - flow dependency may also be setup related. 

Therefore, to eliminate anomalies, and accelerate recovery, after exposure to N2/H2 mixture, the 

total flow is set to 0 sccm. 

5.5 Benchmarking and comparison with state of the art 

It has never been reported in literature before, a MOS structure for hydrogen sensing application 

with a Pt/Ti/ALD-Al2O3 interface. Before comparing the performance of this thesis sensor to 

other technology, here’s a quick reminder of hydrogen sensor use cases and industrial 

requirements. According to ISO/DIS 26142 [18] [73] [20], the time response requirements and 

lower detection limit vary for different applications. For instance, stationary applications require 

< 30 s, and < 100 ppm concentration. Whereas, the automotive industry requires < 3 s, in certain 

cases < 1 s and a range of detection between 0 and 4 % [73]. Now, here are the closest two FET 

based technologies that could be compared to the work of this thesis: 

1. Hitachi’s R & D work [14] [60] [61] [15] [104], more specifically the results presented in 

VLSI 2017 [15]. FET based hydrogen sensor that used Pt-Ti-O/SiO2 sensing interface. 

2. Linköping university in Sweden [47] [55] [106] [74] [53] [47] [81] [107], more specifically 

the work of Eriksson et al. [53] that used a Pt/Pd/Al2O3 interface. 

Table 7: Benchmarking and comparable technologies 

Technology Lower detection 

limit (ppm) 

Response time (s) Operating temperature (℃) 

Hitachi work [14] 

[60] [61] [15] [104] 

100 ppm 85 s for 10000 ppm 

[15] 

115℃ 

Eriksson et al. [53] 20 ppm - 140℃ 

This thesis work < 20 ppm 56 s for 500 ppm 140℃ 

 

The two research groups focused on different performance aspects. Eriksson et al. [53] and 

others from Linköping university, focused their work on understanding the sensing mechanism 

and detecting the lowest possible hydrogen concentration. While Usagawa et al. [52] focused 

their work on device reliability, manufacturability, and compliance with users’ requirements. 

To comply with industry standards, researcher started to get innovative with the way they 

calculate the response time. Among others [73], examples of methods to  shorten the respond 
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time are the slope method or fitting the curve to an exponential, the time to reach 63 %,  the 

time to reach 90 % [73]. As mentioned earlier, Sasago et al. [15] were able to reduce their 

response time form 85 s (t90) to 0.8 s using the slope method. Furthermore, other such as Hubert 

et al. [73] remove the extrinsic response time delay component and start the time response 

estimation when their sensor signal starts to change. And to further reduce their device response 

time, they fitted data to an exponential and estimated a response time of 2.5 s.   

 

Figure 5.19: response curve to 500 ppm H2 at 500 sccm flow rate 

Figure 5.19 shows a closer perspective of the response curve. The tests of this thesis work have 

been done in a 160 cm3 chamber and in figure 5.19 the device has been tested in 500 ppm at a 

flow rate of 500 cm3/min. There is a ~13.5 s response delay between the moment hydrogen is 

introduced into the chamber and the beginning of the sensor response. To compare with the 

results of Hubert et al. [73] this delay could be removed from the calculation. And to further 

reduce the response time of this work, the slope method can be used. The characterization tool 

used (Keithley) can measure very small variations of capacitance, and the sampling rate used 

was 0.5 s. using the first 6 data point at the inflection point, the slopes for the 500 ppm and the 

100 ppm tests are 0.1 pF/s and 0.04 pF/s respectively. Since it is enough to make a distinction 

between concentrations (500 ppm  and 100 ppm) and signal the presence of hydrogen, the 

response time is 2.5 s. Conspicuously, this comparison comprises many approximations and the 

true comparison would be testing different devices using the same testing station. 
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5.6 Simulation of an FDSOI – MOS heterogenous integration 

Using Synopsys Sentaurus (TCAD), the response of an integrated device has been simulated. 

Now that the response of the MOS sensing component of the circuit has been identified, it is 

time to see the impact it would have on the FDSOI transistor front gate. From the test results in 

section 5.2 and 5.3, the response to hydrogen is a dipole induced potential at the Pt/Ti/Al2O3 

interface. In a concentration of 250 ppm, the flat band voltage shift (ΔVfb) has been found to be 

0.3 V. Moreover, the corresponding capacitance variation (ΔC) is ~27 pF.  

 

Figure 5.20: FDSOI - MOS integration simulated 

The integration is depicted in figure 5.20. The transfer characteristics curve (ID – VBG) is 

expected to shift towards higher voltages values as shown in section 3.2 because of the front-

back gate capacitance coupling. 

MOS 

FDSOI 

p-Si 

Sensing gate 

Buried 

oxide 
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Figure 5.21: transfer characteristics curve of the FDSOI - MOS device integration 

The amplification factor has been found to be -13.9 x. Figure 5.21 shows the simulation results 

of the FDSOI – MOS device integration. The 0.3 V flat band voltage shift has been amplified 

by a factor of 13.9 x, resulting in a ~ 4.19 V curve shift. The change in capacitance has been 

taken into consideration and our simulation results show that the 27 pF (ΔC) variation has no 

impact on the the ID – VBG curve. Since the initial and final values are much large than the front 

gate oxide capacitance as discussed earlier in section 3.2 table 1. The flat band voltage shift has 

been simulated as metal work function variation. The simulation results show unprecedented 

sensing response, that will certainly enable the detection of even lower concentrations of H2.  

  

ΔV = 4.19 V 
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Chapter 6 

6 Conclusion and future work 

6.1 Summary  

Semiconductor FET-based hydrogen sensors show a competitive performance compared to 

other technologies such as: thermal conductivity, electrochemical, metal oxide-based sensors 

etc. Advantages of  FET-based sensors are: low cost as they benefit from the economy of scale, 

low power consumption, fast response time, and adequate operating temperature range. Within 

the category of FET-based sensors, different devices have been used from Schottky diodes to 

MOS capacitors, all the way to gate all around transistors as discussed earlier in the state-of-

the-art chapter (2). FDSOI transistor technology stands out though, as it features a front-back 

gate capacitive coupling (factor of 14x). The latter allows the detection of very small 

concentrations compared to conventional MIS-FET.  

The sensing mechanism of FET-based hydrogen sensor relies on the dissociative 

adsorption of hydrogen at the catalytic metal surface (e.g., Pt, Pd). Once the hydrogen molecule 

dissociated, atoms diffuse and adsorb at the metal insulator interface. The atoms are polarized 

and form a dipole layer, that could be represented as an interface potential. A MOS structure at 

different gate work functions has been used to simulate the dipole induced interface potential. 

The presence of a hydrogen dipole layer induces a shift towards lower voltages on the C-V 

characteristics curve. The C-V curve shift was simulated as a change in the metal work function. 

In the presence of hydrogen, the platinum gate work function decreases, therefore shifting the 

C-V curve. Moreover, an FDSOI transistor has been simulated, and the impact of the front-back 

gate capacitive coupling has been demonstrated. The simulation results match the measurements 

of FDSOI devices, the amplification factor was found to be ~14x.  

A flexible heterogenous integration method has been proposed and demonstrated. 

Where, two dies, a heater, and a thermocouple have been integrated onto a PGA socket. One die 

carries the hydrogen sensing component, whilst the other carries the FDSOI transistors. The 

packaging (epoxy, silver paste, wire bonding) has been detailed and post packaging electrical 

characterization has been presented. The designed and fabricated sensing component is a MOS 

capacitor using a novel stack of Pt/Ti/ALD-Al2O3/p-Si. An optimized fabrication process that 
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reduces defects and eliminates drift at 140℃ has been presented. The process relies on two key 

annealing steps. Namely, a post oxidation annealing in forming gas at 450℃ for 30 mins, and a 

post metallization annealing in N2 at 400℃ for 24 hrs.  

The testing apparatus and conditions impact the outcome and the obtained results. A 

description of the test bench used has been presented. The hydrogen testing chamber used has a 

volume of 160 cm3. Two MFCs are used to control the flow of inlet hydrogen and nitrogen. The 

test station is equipped with a switch box with 24 I/O ports, that allows testing multiple devices. 

It is also an ESD safe station that accommodates sensitive transistor technologies such as 

FDSOI. Finally, the setup also includes a power unit for the heater and a thermocouple, to heat, 

and monitor the temperature at the surface in real time.  

The characterization protocol has been described, and the MOS device is held at a 

constant DC bias (flat band voltage) and the variation of the capacitance is the parameter used 

to indicate the presence of H2. Results show that the response (ΔC) increases for higher 

hydrogen concentrations and saturates at a low concentration of 250 ppm H2. At the lowest 

possible test concentration 20 ppm the device shows a very large response (ΔC = 25 pF), 

suggesting that it is possible to detect much lower H2 concentrations. At 80℃ or above the 

temperature has no impact on the response (ΔC). However, the response time decreases for 

higher temperatures, and seems to reach an asymptote at 120℃. The flow rate also has shown 

no impact on the response (ΔC) at a constant concentration of 250 ppm. However, once again 

the response time decreased at higher flow rates. Two methods  have been used to extract the 

response time: the t90 and the slop method. The t90 response time is 56 s, for a 500-ppm H2 tested 

at 140℃ in a total flow rate of 500 sccm. Using the slop method inspired from literature, the 

response time is 2.5 s. 

The hydrogen induced dipole layer changes two parameters, Vfb and C. It shifts the flat 

band voltage (Vfb), which is responsible for the variation of the capacitance (C) value. The 

simulation of the integration of a MOS capacitor to an FDSOI transistor has been carried out 

using TCAD. A voltage shift of 0.3 V and a capacitance variation of 27 pF for 250 ppm 

concentration have been used. The results show that the 0.3 V potential is amplified by a a factor 

of -13.9x. Which showed an ID-VBG curve shift towards higher voltage values along the x-axis, 
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4.19 V. The results show a very promising hydrogen sensor technology that can certainly enable 

the detection of incredibly low concentrations. 

6.2 Contributions 

The work of this thesis provides a sensor integration method/framework to FDSOI 

transistor technology. The heterogenous integration method proposed has numerous advantages:  

- Flexible wiring: any device from the sensor’s die can be connected to a chosen 

device on the FDSOI die via wire bonding on the PGA pins.  

- Separate characterization: a modular design makes it simpler to test, debug, and 

optimize. Furthermore, it lowers electrostatic discharge FDSOI failure risks. 

- Heat only the MOS capacitor and not the entire circuit. 

The latter provides a great prototyping tool that others in the scientific community can use to 

integrate other types of sensors to FDSOI transistor technology. 

 Stability is of paramount importance to a hydrogen sensor. Using Al2O3 was a challenge, 

that has been overcome using an optimized CMOS compatible fabrication process. The process 

relies on two key steps a POA and a PMA.  

The Pt/Ti/Al2O3/p-Si MOS structure designed and fabricated uses a novel stack that has 

never been realized before. All three materials are CMOS compatible, and all fabrication steps 

can be done using industry compatible processes.  

Finally, the very low detection limit, below 20 ppm, is perhaps the most impressive 

feature of this technology, and the short response time 56 s for 500 ppm. The detection limit is 

lower than the state of the art 100 ppm reported by Sasago et el. [15]. Also, this thesis work 

response time is shorter (56 s) than the 85 s (t90) response time reported by the same Hitachi 

group [15]. 

6.3 Future work 

1. MOS capacitor design further optimization  

The discoveries of this work, give rise to new questions and ideas. The MOS capacitors 

fabricated have a 100 nm platinum gate. It would be interesting to see if the thickness has an 
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impact on the device response. From literature thickness between 5 to 40 nm have been tested 

and did not show much change [15] [56] [57]. Additionally, the oxide thickness can be decreased 

to see the impact on the flat band voltage in N2. For a thinner oxide, the defects are expected to 

decrease, and the threshold voltage is expected to be lower [92]. However, with the current wire 

bonding process directly on top of the device gate, there is a high risk of structure damage. To 

be able to further thin down the gate and the oxide thicknesses, the device contacts will have to 

be extended using additional processing steps (field oxide and metallization). And finally try to 

lower the PMA process time, since 24 hrs is long. 

2. Experimental validation in H2 of the MOS integration using wire bonding to FDSOI 

The biggest challenge when working with FDSOI technology is ESD failure risk. A 

measurement protocol has been developed to lower ESD risk. The FDSOI front gate is 

connected to a protection diode. The breakdown voltage of the diode (0.7 V) is lower than that 

of the FDSOI front gate oxide (1.3 V) [108]. When grounded, the diode protects the device and 

lowers ESD risks. It is recommended to contact the diode first (ground), then connect other 

FDSOI terminals. Using this polarization protocol and the previously discussed wire bonding 

process the integration of a hydrogen sensor to an FDSOI is possible. It would be a great 

breakthrough to measure the amplified sensor signal and identify the lowest H2 concentration 

an FDSOI integrated device can detect. 

3. Using an MIM capacitor as a sensing element 

After validating number 2, to further develop this technology one could use a metal-insulator-

metal structure instead of a MOS structure. The reasoning behind this idea is as follows: since 

the hydrogen induced dipole layer is a phenomenon that takes place at the catalytic metal-

insulator interface, an MIM integrated to an FDSOI could replace a MOS structure as the sensing 

element. The latter would be of interest as an MIM capacitor would be easier for a monolithic 

integration. Which in turn would greatly reduce the device form factor. However, it is worth 

mentioning that an on-chip heater will have to be integrated and that such a complex integration 

design might bring along a whole new set of challenges. 
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Appendix A 

Fabrication process 

In the table below are the fabrication process steps and parameters. For Pt patterning, we have 

developed two industrially compatible methods. We have been able to pattern Pt thin films using 

plasma etching, using an SF6/Ar based plasma mixture with etch rates between 6 and 68 nm/min. 

Additionally, a CMP process had been developed using an alumina-based slurry (Ultra-sol 

A20). Both methods can be later incorporated into the fabrication process. Lift-off has been used 

for a faster device optimization loop. 

Step Parameters comments 

beakers/glassware and 

cassette cleaning 

Acetone 5 mins/IPA 5 mins/ DI H2O 5min/  

RCA (SC1-> H2O2: NH4OH: H2O = 1:1:5) > 5 

mins /Rinse well in DI H2O/ aqua-regia 

(HCl:HNO3 = > 3:1) > 5 mins 

 

 

P-Si (1-5 Ω.cm) 

cleaning 

Acetone 5 mins/IPA 5 mins/ DI H2O 5 mins  

H2SO4: H2O2 = 3:1 for 15 mins  

 RCA (SC1-> H2O2: NH4OH: H2O = 1:1:5) for  15 

mins at 75℃ 

 

HF: H2O (1:50) dip for 15 sec  

 RCA (SC2-> H2O2: HCl: H2O = 1:1:5) 15 mins at 

75℃ 

 

Acetone 5 mins/IPA 5 mins/ DI H2O 5 mins  

ALD Al2O3 deposition   Thickness 

measured 

using 

ellipsometer = 

38 nm 

RTA in forming gas 

(N2/H2 10%) 

450℃ for 30 mins  

Lithography  Dehydration 1 min 115℃/ AZNLOF 2020: 3000 

rpm for 30 s/ Pre-bake for 60 s @ 110°C 

Thickness 

measured 
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using 

profilometer = 

2 um 

expose for 5 sec at 11.7mW/cm2/ N2 hard contact/ 

Post exposure bake for 60 s @110℃ 

 

 Develop in AZ300K puddle for 120 s (prog 16)  

O2 plasma at 100  W for 2mins   

Deposition; Ti/Pt 

sensing gates 

(5/100nm) 

e-beam evaporation  

Post metallization 

annealing 

in N2 at 400℃ in N2 for 24 hrs  

Copper back contact Using a diamond scribe scratch the back side of 

the Si substrate 

 

apply silver paste onto the back side/ then place 

the Cu sheet onto the back side/ bake for 5 mins at 

60℃ 

 

 

 


