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Abstract

Metal oxide nanoparticle gas sensors show promise due to their high sensitivity towards a wide range of gases,
low costs, and low complexity. Particle sizes at nanometers offer a high surface-to-volume ratio which pro-
vides more areas on the surface where reactions can occur. This work presents the application of spark ab-
lated nanoparticles on chemiresistors and chemFETs, and does a study on whether spark ablated nanopar-
ticles are a viable alternative to nanoparticles generated using other methods. The focus in this thesis is
on pure metal oxide nanoparticles without any addition of dopants or decorations. Devices are fabricated
with different interdigitated electrode dimensions. The effect of electrode width and gap size on the gas re-
sponse is studied by comparing the sensing performance of the devices. In this work, a very high sensitivity of
1300% is achieved towards 35% relative humidity using a 1x1 mm device with SnO, nanoparticles. Towards
20 ppm of ethanol, sensitivities of 39% and 67% are achieved using 1x1 mm and 4x1 mm devices with SnO;
nanoparticles respectively, which implies that spark ablated nanoparticles could be a viable alternative to
particles generated using other methods. The full recovery time after gas exposure seems to be very long and
takes around an hour for some devices at 200 °C. Possible solutions for this are setting a higher temperature
(not possible with the used setup), or reducing the particle size (~20 nm in this study). The electrode finger
widths and gap sizes are varied between 2-15 um for each device. However, no correlation is found between
electrode geometry and gas response within this range, suggesting that differences in gas response between
devices likely stem from nanoparticle layer quality differences.
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Introduction

There is a growing demand for gas sensors as a result of technological advancements. Massive amounts of
toxic gases are getting released into the atmosphere that pose a threat to the climate or even to human health.
Most recently in the Netherlands, the Dutch high court made the decision to suspend permits for construc-
tions that may emit nitrogen compounds and severely pollute the atmosphere [1]. NO, is an inorganic gas
commonly released by combustion engines that causes serious damage to the environment as well as the
human respiratory system at higher concentrations [2]. The severity of pollution due to NO, resulted in
the construction of houses and airport runways to be stalled by lawmakers. Ammonia is another nitrogen
compound that is most commonly emitted by manure, and many experts believe that the animal farm sec-
tor must be downsized as a measure against pollution. Volatile Organic Compounds(VOCs) are commonly
emitted from building materials and paints. Ethanol is the most commonly occurring VOC in homes and the
buildup of it leads to indoor air pollution which can cause health issues in households and offices [3]. Gas
sensors are also sought after in industrial environments where hazardous gases are involved that might en-
danger individuals working in such areas.

As time passes and more pollutants are released into the atmosphere harming the climate, wildlife and so-
ciety, smaller amounts of gases continue to have greater consequences. This implies that the sensitivity re-
quirements for gas sensors become more restrictive over time, and they must be able to detect smaller con-
centration changes. Sensors with higher sensitivity allow for precautionary measures to be taken with the
least amount of harm being done, whether it is interior or outdoor pollution.

1.1. Motivation & Objectives

One characteristic of the previously mentioned gases is that they have the ability to act as either reducing or
oxidizing agents, meaning that they are able to donate or accept electrons during a chemical reaction. The
majority of gas sensors are so-called chemiresistors, which are electrically resistive gas sensing devices that
use either an n-type or a p-type semiconductor as the sensing element. When a reducing or oxidizing gas
comes in contact with the semiconductor layer, it causes a change in the conductivity of the device. This
change is correlated to the concentration of the gas that is present in the area.

Many existing chemiresistive gas sensors use metal oxide semiconductors such as Sn0,, ZnO and CuO as
their sensing layer. The main advantages of such sensors are their low costs, low fabrication complexity, and
relatively high sensitivity towards a wide range of gases. However, currently available metal oxide gas sensors
often suffer from limitations such as the need for high operating temperature, sensitivity towards variations
in humidity, and the need for a large surface area in order to maintain high sensitivity.

In this work, the focus is on improving the sensitivity of metal oxide gas sensors. The development and op-
eration of 1xImm and 4x1mm resistive gas sensing devices with metal oxide nanoparticles as their sensing
layers are covered. Layers consisting of nanosized particles allow for a larger specific surface area and thus
for a higher gas sensitivity per area. The devices are designed such that they have a low fabrication complex-
ity and a high contact area with the implementation of interdigitated electrodes. As an additional attempt
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to amplify the gas response of the devices, the chemiresistors are converted to chemFETs by adding a third
terminal to be used as their gates.

Metal oxide nanoparticle layers are synthesized in this work using spark ablation, a relatively new method
that offers high purity, control over size and composition [4]. Two electrodes are placed close to each other
and a spark occurs between them and vaporizes parts of the electrodes, forming aerosol nanoparticles that
are ready to be deposited. Because of the simplicity of the setup, the method has relatively low costs and high
scalability.

This thesis seeks for answers for whether spark ablated nanoparticles can provide a higher gas sensitivity
compared to nanoparticles generated with other methods, how electrode width and gap size affect the sensi-
tivity, and whether gate biasing can improve the response of metal oxide gas sensors. The focus of this thesis
is on the gas sensing performance of spark ablated SnO, nanoparticles, and also on the characteristics of
Zn0 and CuO nanoparticles in a lesser degree.

1.2. Outline

The composition of this thesis is as follows: the next chapter (2) is a compilation of information found in lit-
erature, regarding the gas sensing mechanism, commonly used sensing metal oxides, nanoparticle synthesis
methods, and sensing device structures. Chapter 3 describes the methods used in this thesis to obtain results,
most notably nanoparticle synthesis and characterization methods, and test setups used to test the conduc-
tivity of nanoparticle layers. Chapter 4 presents the (lithography masks of) two designs made in this thesis
and their purposes. The fabrication steps of the devices are explained in chapter 5. In chapter 6, the character-
ization results, most notably electron microscopy, x-ray diffraction, and conductance data of nanoparticles
on test dice as well as on devices are shown and the optimal settings for producing sufficiently high qual-
ity nanolayers are chosen. In the final chapter (7), gas sensing results are given and conclusions are drawn
regarding how spark ablated metal oxide nanoparticles compare with other synthesis methods in terms of
sensing performance, what effect device geometry has on the gas response, and how much the presence of
humidity can have an effect on the gas sensing performance.



Background Knowledge

This chapter serves as a compilation of state-of-the-art information regarding gas sensors. It explains the gen-
eral mechanism behind metal oxide gas sensing and covers commonly used nanoparticle synthesis methods
and device structures. The chapter ends with table 2.1 which lists the characteristics of existing metal oxide
gas sensors and will be used later in this thesis for comparison purposes.

2.1. Gas Sensing Mechanism

Semiconductors are often categorized into n-type and p-type materials. The electrical conductance of n-type
semiconductors increases for reducing gases and decreases for oxidizing gases, whereas the opposite is valid
for p-type semiconductors [5]. The operation of semiconductor gas sensors is generally explained using the
adsorption/desorption model [6]. When an n-type semiconductor is exposed to air, oxygen molecules get
adsorbed into oxygen vacancies on the surface. The oxygen molecules consume electrons from the material,
resulting in a depletion layer and a drop in conductivity. When a reducing gas from the environment reacts
with the negative oxygen species, the consumed electrons return to the semiconducting material and the
conductivity of the material gets restored. An oxidizing gas will result in a decrease in conductivity instead,
as it will result in more adsorption of oxygen. For a p-type semiconductor, adsorption of oxygen molecules
results in the formation of a hole accumulation layer and thus an increase in conductivity. Reducing and
oxidizing gases thereafter decrease and increase the conductivity, respectively. The sensing mechanism of an
n-type semiconductor for a reducing gas is schematically shown in figure 2.1.

CO+IL,O

Depletion layer

potential barier ‘/"_4
B -
B, e
spacecharge |~
layer 0, (ads) 0, (ads)
E, J CO,+H,0
particle surface particle surface gas

Figure 2.1: Gas sensing mechanism of an n-type semiconductor for a reducing gas [7].

Adsorption/desorption happens at the grains of the semiconductor. Therefore, control over the grain size
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is essential in order to achieve optimal sensing performance [8]. Figure 2.2 [9] shows the relation between
sensor response and grain size. For grain sizes much larger than twice the depletion width (caused by for
instance oxygen adsorption), the grain size has minimal effect on the sensitivity as the depletion region does
not overlap with the grains, and the sensitivity mostly depends on the grain boundaries. As the grain size gets
smaller than twice the depletion width, the depletion region extends more and more into the grains and the
sensitivity increases due to its dependence on the grain size. Having a smaller grain size (and thus a smaller
crystallite size) also results in a larger specific surface area [6], which will be beneficial for the sensor response.
Smaller grain sizes result in higher porosity which also plays an important role in the response of a gas sensor
[10]. Having a large amount of nanopores increases the diffusion rate of gases into the semiconductor film.

180
150]
o |
% yool
~ 800 ppm H,
© |
(i4
50 |
800 ppm CO
0 1

0 5 10 15 2.0 25 30
Crystallite size [nm]

Figure 2.2: Effect of grain size on response of SnO2 nanoparticles for different gases [9].

2.2. Metal Oxides for Gas Sensing

Over decades, metal oxides have been used as sensing layers in gas sensors due to their low cost, ease of de-
velopment and implementation, chemical sensitivity, and their ability to detect a wide range of gases [6, 11].
Some of the most commonly used metal oxides for gas sensing are tin oxide (§70,), zinc oxide (Zn0), cop-
per oxide (CuO), tungsten oxide (W Oj3), nickel oxide (NiO) and titanium oxide (TiO,). A compilation of
chemiresistors that use nanoparticles of these metal oxides is shown in table 2.1.

It can be seen in the table that most metal oxide gas sensors operate at elevated temperatures. This is done in
order to stimulate the reversibility after gas exposure [2]. In order to maintain stable operation at higher tem-
peratures, metal oxide samples are annealed beforehand. Annealing also increases the purity, conductivity
and crystallinity of nanoparticles [12], and may even be required for some metals to oxidize [13].

2.2.1. Tin Oxide

Tin oxide (Sn0Oy) is by far the most extensively studied metal oxide for gas sensing, as it is a chemically sta-
ble n-type semiconductor [7] and has a relatively high sensitivity towards a range of gases, including NO,,
ethanol, ammonia, and H,. While in some work dopants have been added to SnO; as an attempt to improve
its electrical conductivity [14], pure SnO; has sufficient conductive properties for most gas sensing applica-
tions [6, 15-20].

2.2.2. Zinc Oxide

Since the introduction of modern nanotechnology, the usage of zinc oxide (ZnO) for gas sensing has been
increasing. While zinc oxide nanoparticles share quite similar characteristics with tin oxide nanoparticles
(n-type, wide bandgap, surface conducting), they can be made into a variety of nanostructure morphologies
such as nanowires and nanorods to improve the sensing performance [7, 21]. Zinc oxide is sensitive to Ho,
NOg,, ethanol, ammonia, and many other gases [6, 22-26].
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2.2.3. Copper Oxide

Copper oxide (CuO) is a widely studied p-type semiconductor that is often used for sensing volatile organic
compounds, H,, and NO; [6, 27, 28]. Due to holes being the majority carriers in p-type materials, the re-
sponse of a p-type metal oxide gas sensor such as a CuO sensor is roughly the square root of the response
of an identical n-type sensor [8]. However, p-type sensors have better selectivity towards volatile organic

compounds and are more tolerant to changes in humidity compared to n-type sensors [7].

Table 2.1: Overview of chemiresistor devices based on metal-oxide semiconductors.

Sensing Fabrication Operating e s Nanoparticle
Material Temp. (°C) Temp. (°C) Sensitivity ~ Target Gas Prod. Method Ref.
Tin Oxide Ra _
(Sn02) 550 room Rg = 1.015 1000 ppm ethanol ACVD [15]
Gas-phase
Ra _ p
300 250 Rg = 2.75 1000 ppm ethanol condensation [16]
- 250 ﬁ—g =6 100 ppm ethanol Mini-arc plasma  [17]
700 200 R—‘g =1.19 100 ppm NO2 Sol-gel [18]
100 room R—g =4 25 ppm NH3 Hydrothermal [19]
- 400 g—g =152 500 ppm NH3 Hydrothermal (20]
- 425 g—g =1.72 500 ppm ethanol Hydrothermal [20]
500 400 g—g = 200 ppm ethanol Spark ablation [3]
Zinc Oxide Ra _ Thermal
(ZnO) 500 250 Rg = 14.4 50 ppm ethanol evaporation [22]
Simple heat
Ra _ p
500 250 Rg =42 50 ppm ethanol treatment [22]
475 370 % =25 1000 ppm ethanol Sol-gel [23]
200 400 ﬁ—g =38.87 250 ppm ethanol Hydrothermal (24]
200 400 g—g =45.75 250 ppm acetaldehyde Hydrothermal [24]
200 300 R—‘i =18.42 100 ppm NO2 Hydrothermal [24]
400 290 2£=230 40 ppm NO2 SNAS (25]
- 300 g—g =151 50 ppm NH3 Drop coating (26]
Copper Oxide Ra _ Thermal
(Cu0) 500 250 g = 151 50 ppm NO2 decomposition [27]
- 220 % =5.3 10 ppm acetone Sol-gel [28]
- 220 ﬁ—‘g =59 10 ppm methanol Sol-gel [28]
- 220 g—‘g =53 10 ppm ethanol Sol-gel [28]
Titanium Oxide Ra _
(Ti02) 700 300 Rg = 10 3000 ppm H2 Flame spray [29]
Therm. & chem.
Ra _
700 356 Rg 2.9 8 ppm acetone oxidation [30]
800 100 g—g =149 100 ppm ethanol Sol-gel (31]
Nickel Oxide Ra _ . .
(NiO) 500 150 Rg = 2.15 100 ppm ethanol Microemulsion [32]
500 150 ﬁ—g =1.2 500 ppm NH3 Microemulsion [32]
Tungsten Oxide Rg _ .
(WO3) 500 200 =5 =100 1 ppm NO2 Spark ablation [33]
300 200 % =250 1 ppm NO2 Sol-gel [34]
800 450 % =1.04 400 ppm NH3 Sol-gel [35]
Rg _ Vacuum
600 400 T =98 100 ppm NH3 evaporation [36]
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2.2.4. Titanium Oxide

Titanium oxide (T'iO,) is an n-type semiconductor that is also used for gas sensing. Some of the gases that
TiO, is sensitive to are Cl,, NO-, ethanol and many volatile organic compounds [6, 29-31, 37]. TiO, is a bulk
conductance material, resulting in a much higher operating temperature when used purely compared to that
of surface conductance materials such as $n0, and ZnO [38]. Other drawbacks of using Ti O, for gas sensing
are low solubility of T'i O, and instability of T'i O, films, resulting in lower responses towards gases compared
to Sn0, and ZnO [21]. Therefore, TiO, is more often used in combination with dopants or noble metals to
improve the sensing performance.

2.2.5. Nickel Oxide

Nickel oxide (NiO) is a p-type semiconductor that is often used to detect toxic gases such as H»S, NO,,
and various VOCs [6]. However, the response is relatively low when it is used as pure nanoparticles, and is
therefore more often combined with metals, dopants, and/or made into a different nanostructure [32].

2.2.6. Tungsten Oxide

Tungsten oxide (W Oj3) is an n-type semiconductor that has high sensitivity towards various gases, similar
to SnO; and ZnO. The main difference is in the selectivity towards certain gases, as the semiconductors
are sensitive towards slightly different ranges of gases. W O3 has high sensitivity towards NO, and H S, but
slightly lower sensitivity towards ammonia compared to SnO, and ZnO nanoparticles [6, 33-35].

2.3. Nanoparticle Production Methods

Various methods exist that aim to produce well-defined, stable nanoparticles, and each method has its advan-
tages that could be useful in different fields of application. This section reviews some of the most commonly
used methods that are applicable for gas sensing purposes, i.e. methods that can provide structurally stable
nanoparticles on solid surfaces.

2.3.1. Sol-gel

One of the most widely used methods for the synthesis of metal oxide nanoparticles is the sol-gel method.
It is a bottom-up approach, meaning that the starting products are at molecular or atomic level and the end
products are nanoparticles [39]. Sol-gel is done by first mixing precursors such as metal alkoxides in a lig-
uid, performing hydrolysis to form a solvent (sol), followed by a condensation step resulting in the formation
of metal oxide linkages and an increase in the viscosity resulting in the sol becoming a gel [40]. Polycon-
densation continues during an aging process afterwards, during which porosity decreases and the thickness
between colloidal particles increases. After drying and calcination, nanoparticles are achieved.

Some of the advantages of the sol-gel method are the control over porosity during the aging and calcina-
tion steps, low processing temperature, and the scalability of the process [41]. Some of the disadvantages are
the relatively longer reaction time and liquids being involved which may affect the purity.

2.3.2. Hydrothermal

Hydrothermal synthesis is another widely used technique for generating metal oxide nanoparticles [42]. The
synthesis is done by chemical reactions in a sealed reactor at an elevated temperature and pressure. When the
solvent is an organic instead of water, the method is referred to as "solvothermal synthesis". Inside the heated
reactor, one end has a higher temperature than the other end. Nutrients get dissolved due to the hotter end
and get added to the nanostructure due to the colder end. Metal oxide nanoparticles are usually synthesized
in two steps: formation of metal hydroxides via a hydrolysis process and formation of metal oxides via a con-
densation reaction.

The main advantage of the hydrothermal method is controllability of particle size and morphology due to
processing variables such as temperature, pH and additives. Disadvantages are the need for high tempera-
tures and pressures, possibly high costs of autoclaves, limited purity (if organic solvents are used instead of
water) and the impossibility of observing the synthesis process if the autoclave is not transparent.
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2.3.3. Microemulsion

The oil-in-water microemulsion method is used for synthesis of metal and metal oxide nanoparticles with
controlled size and shape [43]. Within a microemulsion, water and an oil that contains reactants coexist in
one phase due to a surfactant. Nanoparticles are synthesized by combining multiple microemulsions, after
which a reactant exchange takes place at the nanoscale and particles are formed.

The microemulsion synthesis allows generation of nanoparticles at room temperature. The presence of sur-
factants also provide protection to generated nanoparticles from agglomeration. Some disadvantages of the
method are instability of microemulsions at different temperatures and pH levels, and solubility issues when
substances with high melting points are used.

2.3.4. Laser Ablation

Laser ablation is a method that is used for generating nanoparticles from solid materials [44]. A powerful
laser beam hits a surface of the target material, vaporizes it and results in formation of nanoparticles. The
method allows tuning of nanoparticle size and distribution by adjustment of laser wavelength and fluence.
Compared to commonly used nanoparticle generation methods such as the previously mentioned sol-gel
method, laser ablation is able to produce nanoparticles at relatively high purity because of no liquid solvents
being involved. However, the production costs are higher and the scalability suffers as the method requires
the use of a powerful laser.

2.3.5. Spark Ablation

Spark ablation is a versatile technique for generating nanoparticles. It offers flexibility regarding size and
composition of the materials [4]. Generation of nanoparticles is achieved by ablation of bulk materials, as is
also the case with the laser ablation method. Electrodes that consist of the desired material for the particles
to be generated are placed close to each other with a narrow gap in between. Sparks consisting of plasma are
generated between the gap repeatedly, after which spots on the electrode are heated beyond the boiling point
and become nanoparticles. An inert gas, usually nitrogen or argon, carries the formed particles away.

Spark ablation also allows mixing of different metals on the nanoscale. This can be achieved by having two
different elemental electrodes, or two identical electrodes that are already alloyed [4].

Spark ablated nanoparticles have a relatively high purity because of the same reasons that were mentioned
before for the laser ablation method [45]. However, compared to the laser ablation method, the costs for
producing particles are lower and the scalability is better because of the need for a powerful laser being elim-
inated [46].

2.4. Electrodes for Gas Sensors

Most semiconductor gas sensors have a two-electrode type configuration in which the sensing semiconduc-
tor is placed between two metal electrodes [47]. Figure 2.3 shows an example of a two-electrode type chemire-
sistor configuration. Most electrodes used for gas sensors have an interdigitated geometry since it allows for
a wide contact area and for the deposition of the sensing material directly on top of it without etching, as
etching could potentially damage the sensing layer. The width of the electrode fingers and the gap between
the two electrodes also affect the sensitivity of the sensor. If the gap is narrow, the current will flow through
smaller areas of the sensing layer directly on top of the electrodes, resulting in smaller but more responsive
spots. Increasing the gap width will result in the current spreading horizontally and vertically through the
sensing layer, resulting in a larger sensing area that will be relatively less responsive to gases. It is found that
wider gaps increase the sensitivity towards gases that are highly reactive with the sensing material, while nar-
rower gaps increase the sensitivity towards less-reactive gases [48, 49].

While the interdigitated structure is the most often used layout for gas sensors, other types of electrode ge-
ometries also exist. Examples of these are the compressed pellet [49] and the one-electrode geometry [47].
The compressed pellet geometry shown in figure 2.4a is obtained by sintering a tablet consisting of a sensing
material and forming electrodes on each side. Such a configuration does not offer the large contact area, ease
of fabrication and flexibility regarding electrode width and gap that the interdigitated configuration does.
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Figure 2.3: A chemiresistor configuration with two interdigitated electrodes [47].

The one-electrode geometry shown in figure 2.4b may offer the mentioned advantages as the sensing layer
can be deposited directly on top of the electrode, and the thickness and meander dimensions of the electrode
can affect the sensitivity of the sensor similar to the interdigitated geometry. However, such a device requires
impedance matching between the sensing layer and the electrode, which takes away from the freedom to
adjust the electrode dimensions as they depend on the impedance of the sensing layer.

Sensing material
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N e
Electrode Bonding pad
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(a) Compressed pellet structure. (b) One-electrode configuration.

Figure 2.4: Less often used electrode geometries (compared to the interdigitated structure in figure 2.3) for gas sensors [49] [47].

Materials that are most often used for electrodes in gas sensors are silver, gold and platinum. Silver is the least
expensive material among those, but is often not suitable for long-term use due to degradation at higher tem-
peratures. Gold has relatively high conductivity and stability, but can diffuse into silicon substrates and has
poor adhesion to silicon. Platinum has the highest stability with little degradation over time, but it is more
expensive and has similar adhesion issues as gold.

In order to counter adhesion issues of electrode materials, in many gas sensor designs the electrode is de-
posited on top of an adhesion layer [50]. This is often a layer of chromium [15, 37] or titanium [16, 26]. In
many other cases, alumina [32, 35, 51, 52] is used as substrate instead of silicon which can eliminate the need
for an adhesion layer.

2.5. ChemFETs

Most commercial metal oxide gas sensors are chemiresistors [2, 53]. These are two-terminal devices with
which gas sensing is done by monitoring the change in resistance of the metal oxide. The main advantage
of the chemiresistor is its simplicity of fabrication and operation. Drawbacks are low sensitivity and poor
reversibility after gas exposure.

As worthwhile alternatives to the chemiresistor, chemFETs are introduced. ChemFETs are three-terminal
devices that can sense chemicals. A chemFET that uses a metal oxide as its sensing layer has been introduced
by Andringa et al (2014) [2]. The device is a back-gate chemFET, shown in figure 2.5. This structure is quite
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similar to the chemiresistor except for the fact that an additional gate is present. The substrate underneath is
used as the gate terminal which is insulated by a dielectric oxide layer and thus forms a parallel plate capaci-
tor with the sensing semiconductor on top. The electrode geometry of such devices is usually interdigitated,
similar to most chemiresistors as described in section 2.4. As seen in figure 2.5, applying a gate voltage results
in charge getting trapped, resulting in a shift in the threshold voltage.
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Figure 2.5: Charge trapping process of a back-gate zinc oxide chemFET [2].

The main advantage of the chemFET over the chemiresistor is the ability to amplify the response using the
gate terminal. If a positive voltage is applied to the gate, charge carriers get accumulated (if the semiconduc-
tor is n-type) and the current flowing through the semiconductor increases. The current gets noticeably large
for voltages higher than the threshold voltage of the device. This gives the freedom to modulate the charge
carrier density in the semiconductor, which can result in more charge carriers to react with a gas, and thus a
higher sensing response. A transfer curve showing the effect of gate biasing is given in figure 2.6.
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Figure 2.6: Transfer curve of a back-gate zinc oxide chemFET [2].

Gas detection with this structure can be related to the magnitude of the shift in the threshold voltage. The
threshold voltage slowly shifts towards the applied gate voltage and shifts faster over time in the presence of
a gas (in this case NO,). This phenomenon is illustrated in figure 2.7.

As mentioned in section2.2, the recovery of metal oxide gas sensors, i.e. the release of charge carriers from
traps is highly influenced by temperature. Therefore, in order to continue to use the sensor repeatedly, the
operating temperature would need to be elevated and the gate bias should be switched off. As can be seen
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Figure 2.7: The threshold voltage of a ZnO back-gate chemFET shifts depending on the applied gate bias and NO» exposure [2]. The
colors red, green and blue in both figures indicate similar conditions, meaning that in (b) the red curve is measured in vacuum, the green
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in figure 2.8, the threshold voltage only reverts back at an elevated temperature. The amount of detected gas
can be read out from the amount of shift in the threshold voltage.
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Figure 2.8: Comparison of the threshold voltage shift of a ZnO back-gate chemFET sensing NO2 at room temperature and at 470K [2].

Sensing by continuously calculating the threshold voltage can be make it impractical to measure gas in real-
time. In other literature, the amount of gas is often read out by monitoring the shift in the drain current
[54, 55].

The sensing-gate chemFET is another transistor structure that is used for gas sensing. It is mostly used for
chemFETs for which an organic semiconductor or a noble metal is used as sensing material [56]. A com-
parison of the sensing-gate and back-gate FET is shown in figure 2.9 (with organic instead of metal oxide
semiconductors).

A major difference between the two structures is in the number of elements the current passes through during
operation. For the sensing-gate structure, the current passes through the buried drain, substrate and the
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Figure 2.9: Comparison of (a) a sensing-gate chemFET and (b) a back-gate chemFET [56].

source, and does not pass through any material exposed to the gas containing environment. For the back-
gate chemFET structure, however, it passes through two exposed electrodes and the sensing semiconductor.
Because it passes through three materials for which a change in work function due to the gas can occur, it
may have more selectivity issues compared to the sensing-gate FET. The sensing layer that is used also needs
to have sufficient conductivity for the current to pass through it (which is the case for most metal oxides). The
sensitivity of the sensing-gate FET is said to be lower [57]. This is mostly attributed in literature to organic
transistors having large threshold voltages. At the moment, there is no literature available in which a metal
oxide is used on a sensing-gate structure.

2.6. Conclusion

Metal oxide semiconductors offer high sensitivity, high practicality, and low costs when applied on resistive
gas sensors. They are often categorized as n-type and p-type semiconductors. The gas sensing mechanism
works in an opposite way for n-type and p-type semiconductors, where an oxidizing gas increases the electri-
cal resistance of an n-type semiconductor and reduces it of a p-type semiconductor. A reducing gas reduces
and increases the resistance of n-type and p-type semiconductors respectively.

Metal oxides used as gas sensing materials are often used in the form of nanoparticles as that increases the
specific surface area for reactions to take place. Several methods exist for generating metal oxide nanopar-
ticles, of which sol-gel and hydrothermal are some of the most commonly used methods. Newer methods
such as laser ablation and spark ablation offer advantages such as higher nanoparticle purity and control
over composition.

In order to have a large electrode contact area and thus a low contact resistance, resistive gas sensors usu-
ally have interdigitated electrodes, with wide or narrow gaps in between, depending on the type of reaction
occurring between the gas and the sensing material. In order to amplify the sensing response more, a third
terminal can be added to the device, making it a field effect transistor. The added terminal, separated by an
insulator, will act as the gate and may stimulate the charge transfer during operation. Potential future work is
the use of metal oxides as the gate instead of the substrate of the sensing devices to improve their selectivity
towards gases.






Methods

This chapter describes the methods used in this thesis for nanoparticle layer synthesis, characterization, and
measurement that are put into practice in chapter 6. Furthermore it gives an overview of the gas sensing setup
that is used to test the behavior of finalized devices during exposure to target gases, for which the results are
provided in chapter 7.

3.1. Nanoparticle Synthesis

In this work, the VSP-G1 Nanoparticle Generator by VSPARTICLE [58] has been used for the generation of
metal oxide nanoparticles. The setup generates particles using the spark ablation method covered in section
2.3.5. Two metallic electrodes are placed close to each other and are connected to a power supply and a
capacitor as shown in the schematic in figure 3.1. A spark occurs between the electrodes when the capacitor
discharges at breakdown voltages, vaporizing the electrode material [46]. A chemically inert or noble gas such
as nitrogen or argon carries the vaporized nanoparticles to a nozzle in a vacuum chamber, after which they
can be printed on a sample. Patterns are printed using scripts that define the movement of the nozzle using
an XYZ-stage. Using a camera attached to the nozzle and visual alignment, a certain printing accuracy can be
achieved. Parameters that affect the thickness of the deposited layer are the nozzle size, distance of the nozzle
from the substrate, ablation power, movement speed and printing repetitions. The VSP-G1 nanoprinter is
shown in figure 3.2, with the spark generator and the printing chamber highlighted.
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Figure 3.1: Simplified circuit of a classical spark ablation nanoparticle generator [46].

The voltage and current of the spark determine the ablation power. A larger current can provide a higher
deposition rate, but can bring instability with it. Figure 3.3 shows that there is a limit for the spark current
after which the spark mode enters the glow mode, in which no ablation occurs [4]. Close to the limit the spark
tends to get unstable. Therefore, the voltage and current should be set such that stability and uniformity
during deposition is maintained.

13
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Figure 3.2: VSP-G1 nanoparticle generator by VSPARTICLE used in this study to produce sensing layers, consisting of the spark generator
(red) and the printing chamber (blue).
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Figure 3.3: Spark discharge limit for VSPARTICLE G1 with nitrogen as carrier gas [4].

3.2. Nanoparticle Characterization Methods

Numerous methods exist that can be used to inspect the (deviations in) properties and composition of printed
nanoparticles [59]. Inspection techniques could be categorized as on-line and off-line techniques [4]. On-line
analysis happens during the production of particles and is integrated into the generation chamber. The main
advantage of this is that analysis is done in the same gas atmosphere. Off-line analysis happens after deposi-
tion and is often done in a different atmosphere which may affect the accuracy of analysis. However, because
samples will only be operated in atmosphere during this project, the focus will be on off-line methods due to
their practicality.

3.2.1. Scanning Electron Microscopy

Scanning electron microscopy (SEM) is used for obtaining visual images containing information about the
surface of samples [60]. Similar to other electron microscopy methods, SEM images are obtained by sending
an electron beam towards the sample. Figure 3.4 illustrates the different signals that form when an electron
beam comes in contact with a sample [4]. Many of these signals are used for different inspection techniques.
SEM uses the SE (secondary electrons) and BE (backscatter electrons) signals to form an image. SEs are low
energy electrons that return from the surface of the sample and contain high resolution information of the
surface topology. BEs have a higher energy compared to SEs, travel deeper into the sample, and contain lower
resolution information of the composition. SEM can achieve image resolutions smaller than 1 nanometer.
Information about the surface of samples is particularly relevant in this project as gas sensing behavior is
dependent on interaction spots at the surface of nanoparticles.
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Figure 3.4: Signals formed during interaction between an electron beam and a sample [4].

3.2.2. Energy Dispersive X-Ray Spectroscopy

Energy dispersive x-ray spectroscopy (EDX) is a method used for detecting the elements that are present on
a sample [61]. Similar to the SEM method described previously and as illustrated in figure 3.4, EDX uses an
electron beam pointed towards the to-be-examined sample. The incident beam makes electrons eject from
the shells surrounding the atoms on the sample. Electrons from higher energy shells replace the ejected elec-
trons. The resulting difference in energy is released in the form of an x-ray. The energy of the x-ray gives an
indication of the atomic structure. Using an energy dispersive spectrometer, the emitted x-rays are measured
and elements present on the sample are found.

One limitation of EDX is its inability to detect phases of detected elements. As an example relevant to this
work, on a sample containing tin oxide nanoparticles, EDX would be able to detect Sn and O atoms that are
present, but it would not be able to detect whether the tin oxide pairs are SnO or Sn0O,. However, atomic
concentrations obtained from EDX data can provide an indication.

3.2.3. X-Ray Diffraction

X-ray diffraction (XRD) is a method used for determining the molecular structure of crystalline samples [4]. It
uses a beam of x-rays directed onto the to-be-measured specimen. The x-rays are diffracted at the planes of
crystalline structures into different directions. These diffracted rays may either add up in intensity or cancel
each other out, depending on their phase difference. The detected intensities and their phases are plotted on
a spectrum from which the molecular structures that are present can be identified from the resulting peaks.

XRD gives the clearest results for purely crystalline samples. However, aerosol nanoparticles that get de-
posited are usually randomly oriented. This could give lower or broader peaks on the spectrum, making
it more difficult to analyze the contents of the sample. Annealing nanoparticles is known to improve the
crystallinity of nanostructures as explained in section 2.2, and could therefore improve the results of XRD
inspection.

3.3. Conductivity Measurement

In this work, the conductivity measurements on sensing devices are performed in order to confirm that they
are suitable for gas sensing. This is done with the Cascade Summit 12000 probe station in combination with
the HP 4156C Precision Semiconductor Parameter Analyzer. The probe system is shown in figure 3.5 has 6
probe needles that can apply and measure voltage and current. Measurments are performed in atmosphere
and the chuck temperature can be adjusted between -40 °C and 200 °C. The amount of available probe nee-
dles also allows for biasing and transmission line measurements (TLM), a method used for determining the
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contact resistance between a metal and a semiconductor.

=

Figure 3.5: The Cascade Summit 12000 probe station used for conductivity measurements in atmosphere [62].

3.4. Gas Sensing Setup

For the generation and control of gas flows, a modular system consisting of the three Owlstone vapor gen-
erators [63] shown in figure 3.6 is used. The target gas is generated by the OVG-4 calibration gas generator
(figure 3.6a) by heating up a permeation tube that contains the analyte of interest. The analyte then perme-
ates through the tube at a rate depending on the temperature. By adjusting the sample flow and exhaust flow
according to a calibrated permeation rate provided with the tube, the concentration of the target gas can be
set. The OHG-4 humidity generator (figure 3.6b) is able to produce relative humidity concentrations between
1% and 99% (+1%) and is useful for testing the sensitivity of devices towards different concentrations of hu-
midity. The OFC-1 flow controller (figure 3.6c) sets the flow of pure N, gas and can be used for additional
dilution to reduce target gas or humidity concentrations even more, or to flush the other gases away to stim-
ulate device recovery.
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(a) Calibration gas generator. (b) Humidity generator. (c) Flow controller.

Figure 3.6: Owlstone vapor generators [63] used for controlling the flow/concentration of a target gas (a), flow/concentration of humidity
(b), and the flow of nitrogen (c).
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Another part of the gas sensing setup is a chamber in which the gas from the vapor generators flows through a
shower head onto the to-be-tested die. The chamber contains 50 pins can be used as voltage/current sources
or to perform voltage, current or resistance measurements. The chamber is designed for dice of 20x20mm
with contact pads aligned according to the pins. As mentioned in chapter 2, metal oxide gas sensors usually
need to be operated at elevated temperatures to recover. To achieve that, a hotplate is present in the chamber
on which the die is placed.

Sourcing and measuring through the pins is done using the Keithley 2612B source measure unit [64], which
is able to provide a voltage up to 200V and a current up to 10A. It can perform two-point and four-point mea-
surements and can measure resistances between 500 nQ2 and 100 TQ. The devices are measured sequentially
and the switching is done using the Keysight 34970A data acquisition/data logger switch unit with a Keysight
34901A multiplexer module in one of its slots. The multiplexer module has 20 channels to which the pins of
the sensing chamber are wired. Measurements can therefore be performed on 20 devices simultaneously if
2-point measurements are performed, and rewiring has to be done if other devices need to be measured.






Design of Gas Sensors

For this project, 2 die designs of 20x20mm are made using the software L-Edit [65], and both are applied
for studying different device properties that can affect gas sensitivity. The total area of the dice is chosen
according to the limitations of the gas sensing setup. The two designs, referred to as design A and design B,
are made using 3 masks. In this chapter, the devices and test structures that are present on each design will
first be covered in general. Then the purpose of each mask and the layout of the designs will be explained.

4.1. Devices

As described in chapter 3, the gas sensing setup allows for a total of 50 contact pads on a die to perform mea-
surements on. Both designs have a total of 24 interdigitated electrode pairs each. Their structure is similar
to the back-gate chemFET device covered in section 2.5. The silicon substrate is used as the gate, on which
a silicon dioxide layer is deposited as the gate insulator. Interdigitated gold electrodes are placed on top of
the oxide layer acting as source and drain, on which a gas sensitive metal oxide nanoparticle layer is meant
to be deposited. A typical design of a back-gate chemFET is shown in figure 4.1a, showing an interdigitated
electrode pair and an opening of an outer passivation layer on top of it. Figure 4.1b shows the cross section of
a pair of electrode fingers of a device. The way the measurements are performed on these devices is schemat-
ically shown in figure 4.2, which applies for both the cascade system and the gas setup covered in chapter 3.
The dimensions of the electrodes per device differ and are shown later in tables 4.3 and 4.4. The geometries
are made to differ in order to be able to study the effect of electrode width and gap size on the gas sensitiv-
ity, as it was mentioned in chapter 2 that wider or narrower electrodes or gaps can provide a higher or lower
sensitivity, depending on the gas and the sensing material.
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3 Electrode Gap

Insulator (Si02)
e —— S Gate (Si)
(a) Top-view of an interdigitated elec-
trode pair (blue) and an opening in the
outermost passivation layer (green) on (b) Cross section of a pair of interdigitated electrode fingers on

top of it. adevice.

Figure 4.1: The design of interdigitated electrodes.
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Figure 4.2: Device conductance measurement layout.

4.2. Test Structures

Besides the sensing devices, both designs also contain 2 types of TLM structures for performing resistance
measurements on nanoparticle layers. Figure 4.3a shows a TLM structure with differing spacings between
electrodes, with which a value for the sheet resistance of the nanoparticle layer can be obtained. Figure
4.3a shows a similar TLM structure, but with spacings that are identical, which can be used for checking for
uniformity issues over a printed line by measuring over the same distance. The width of the spacings between
the electrodes shown in figures 4.3a and 4.3b are provided in the tables 4.1 and 4.2 respectively. Each electrode
has contact pads of 50x50um and a line width of 10um.
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(a) Differing spacings between electrodes. (b) Repeated identical spacings between electrodes.

Figure 4.3: Design of TLM test structures with electrodes (blue) and openings in the outermost passivation layer (green).

Table 4.1: Electrode spacing widths of the TLM structure
with differing spacings shown in figure 4.3a from left to right

(except for the most left and most right spacings which are Table 4.2: Electrode spacing widths of the test structure with
100um). repeating identical spacings shown in figure 4.3b from left to
right.
Electrode pair | Spacing width [pm]
Compound of . .
1 10 Spacing width
2 20 6 electrodes
3 40 L 10
4 80 2 20
5 160 3 40
6 320 4 80
7 640 > 160
8 1280

4.3. Mask 1: Substrate Contacts

Mask 1 is used for making 400x400 um contact holes through the oxide layer that is used as the gate insulator.
Each design has two of such contact holes that are needed for biasing the silicon substrate that is used as the
gate of FETs. The mask’s polarity is dark field and will be used with positive photoresist followed by plasma
etching (steps described in chapter 5). The mask requires a resolution of at least 10 um and is thus ordered
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as a foil mask.

7

Figure 4.4: One of the two 400x400 um substrate contacts of a design, patterned using mask 1.

4.4. Mask 2: Metalization

Mask 2 is used for patterning metal wires and the electrodes shown previously in the figures 4.1a, 4.3a and
4.3b in blue. It requires a resolution of at least 2 um, and is thus ordered as a glass mask. The polarity is bright
field and the mask is meant to be used with negative photoresist and lift-off.

4.5, Mask 3: Passivation

The third mask is used for openings in the outer passivation oxide layer that are shown in the figures 4.1a,
4.3a and 4.3b in green. The openings define the areas at which nanoparticle layers are meant to be deposited.
The polarity is dark field and patterning will be done by application of positive photoresist followed by wet
etching. The mask requires a resolution of at least 10um and is thus ordered as a foil mask.

4.6. Design A

Design A contains 24 chemFETs with electrodes that have different dimensions from each. This design is
meant for studying the effects that electrode specifications, such as finger/gap width and contact area have
on gas sensitivity. Table 4.3 contains the specifications of each electrode pair present in design A (figure
4.5a). Identical L/W ratios or contact areas have been highlighted with colors in the table. Such devices with
an identical ratio or contact area can be useful determining the effect of contact resistance, by for example
testing whether a device with larger contact area but similar L/W ratio gives a larger response towards a gas.
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Figure 4.5: Layouts of design A and design B.
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Table 4.3: Specifications of sensing device electrodes present in design A.

Electrode Finger Finger Finger Total Fingers per Area per
. . . L/W
pair width [um] | gap [um] | length [mm] | width [mm] | electrode electrode [mm2]
1 5 2 1 1 71 2.82E-05 0.355
2 10 2 1 1 41 4.88E-05 0.41
3 15 2 1 1 29 6.90E-05 0.435
4 2 5 1 1 71 7.04E-05 0.142
5 5 5 1 1 50 1.00E-04 0.25
6 10 5 1 1 33 1.52E-04 0.33
7 15 5 1 1 25 2.00E-04 0.375
8 2 10 1 1 42 2.38E-04 0.084
9 5 10 1 1 33 3.03E-04 0.165
10 10 10 1 1 25 4.00E-04 0.25
11 15 10 1 1 20 5.00E-04 0.3
12 2 15 1 1 29 5.17E-04 0.058
13 5 15 1 1 25 6.00E-04 0.125
14 10 15 1 1 20 7.50E-04 0.2
15 15 15 1 1 16 9.38E-04 0.24
16 5 5 1 4 200 2.50E-05 1
17 10 5 1 4 133 3.76E-05 1.33
18 15 5 1 4 100 5.00E-05 1.5
19 5 10 1 4 133 7.52E-05 0.665
20 10 10 1 4 100 1.00E-04 1
21 15 10 1 4 80 1.25E-04 1.2
22 5 15 1 4 100 1.50E-04 0.5
23 10 15 1 4 80 1.88E-04 0.8
24 15 15 1 4 66 2.27E-04 0.99
Table 4.4: Specifications of sensing device electrodes present in design B.
Electrode Finger Finger Finger Total Fingers per Area per
. . . L/W
pair width [um] | gap [pm] | length [mm] | width [mm] | electrode electrode [mm2]
1 10 2 1 1 41 4.88E-05 0.41
2 2 5 1 1 71 7.04E-05 0.142
3 5 5 1 1 50 1.00E-04 0.25
4 2 10 1 1 42 2.38E-04 0.084
5 5 2 1 1 71 2.82E-05 0.355
6 5 5 1 4 200 2.50E-05 1
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4.7. Design B

Design B contains four identical quarters as shown in figure 4.5b. The specifications of the electrodes of the
chemFETs present in each quarter are shown in table 4.4. This design is meant for comparison of sensing
performance of different sensing materials when printed on similar devices.






Device Fabrication

This chapter goes through the fabrication steps for obtaining the devices of which the designs were shown
previously in chapter 4. The fabrication process is started with five 4-inch p-doped silicon wafers. A schematic
overview of the processing steps is shown in figure 5.1. The steps can be summarized as follows: an insulat-
ing oxide layer is applied to the silicon wafers using thermal oxidation (figure 5.1b), after which bias openings
are etched into it towards the silicon substrate (figure 5.1c). A negative photoresist layer is applied and pat-
terned (figure 5.1d), followed by a deposition of gold (figure 5.1e). Using the lift-off technique, the photoresist
is removed together with parts of the gold layer, after which patterns of gold electrodes remain (figure 5.1f).
Finally a passivating oxide layer is deposited and openings are etched into it (figures 5.1g and 5.1h). The
following sections in this chapter describe these fabrication steps in more detail.

Si Si Si

(a) Zero layer (b) Thermal oxidation (c) Mask 1, dry etching

Si Si Si

(d) Mask 2, negative photoresist (e) Chromium (adhesion) & gold deposition (f) Lift-off (70 °C NMP)

Si Si

(g) CVD silicon dioxide (h) Mask 3, BHF(1:7) etching

Figure 5.1: Schematic overview of fabrication steps.

5.1. Thermal Oxide Formation

Thermal oxidation is applied to 5 wafers using a tube furnace operating at 1000 °C. The desired oxide thick-
ness is 100nm. The required oxidation time is calculated using the Deal & Grove model [66]. For wet oxidation
the required time is calculated to be 10 minutes and 4 seconds. The steps of the oxidation program are pro-
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vided in table 5.1.

Table 5.1: Furnace C1; Program name: WET1000

PROCESS TEMP.ERATURE GA.SE.S & FL(.)WS . TI.M E REMARKS
(in°C) (in liter/min) (in minutes)
boatin 600 nitrogen: 6.0 5
stabilize 600 nitrogen: 6.0 10
anneal 600 nitrogen: 6.0 15
heat up +10 °C/min nitrogen: 3.0 40
oxygen: 0.3
stabilize 1000 nitrogen: 3.0 2
oxygen: 0.3
S oxygen: 2.25 . Target 100nm oxide
oxidation 1000 hydrogen: 3.85 10:04 thickness
e . oxygen: 2.25
cool down 7 °C/min hydrogen: 3.85 60
boat out 600 nitrogen: 3.0 5

After thermal oxidation, the thickness of the formed oxide on each wafer has been measured using Woollam
Ellipsometer. The results are shown in table 5.2

Table 5.2: Oxide thickness per wafer measured using Woollam Ellipsometer

OXIDE THICKNESS
(nm)
108.64
109.36
109.51
109.1
109.46

WAFER #

Q| W[ N —

5.2. Substrate Contacts

Using the EVG120, the wafers are coated using Shipley SPR3012 positive photoresist with a thickness of 1.4
um. Then mask 1 is used for the exposure with the MA8 contact aligner, with a dose of 140mJ/cm?. After
development, the substrate contacts are etched using the Drytek Triode 384T. Figure 5.2 shows one contact
hole through the oxide to the substrate.

5.3. Metallization

Using the EVG120, the wafers are coated using AZ NLOF2035 negative photoresist with a thickness of 3.5 um.
Then mask 2 is used for the exposure with the MA8 contact aligner, with a dose of 55 mJ/cm?. Choosing the
dose is essential for this step as lift-off will follow. An exposure dose that is too large will result in too little
undercut of the photoresist, making the lift off process more difficult. A dose that is too little will increase the
undercut of the photoresist, which can result in small features to come off during development. Figure 5.3
shows a case in which photoresist lines with a width of 2 um are disrupted after an x-link bake job followed by
an x-dense development job. Processing is continued for wafer 5 while it remained such results, as the larger
features were not affected. For wafers 1-4, the lithography steps were redone, but with twice the amount of
time for the x-link bake step. Due to the increased strengthening of the photoresist, most of the features with
2 um lines of photoresist ended up correctly, as shown in figure 5.4a. After removal of native oxide using
Triton X100 and 0.55% HE a 10 nm adhesion layer of chromium followed by a 100 nm layer of gold has been
deposited on all 5 wafers using a CHA Solution evaporator. Then lift-off has been performed on all wafers
using NMP at 70 °C until all gold has been removed from the areas it should be lifted off. Figure 5.4b shows a
result after the lift-off process. Dicing is done to the wafers 1 and 5 after lift off in order to test devices already
while processing is continuing for wafers 2-4.
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Figure 5.2: Substrate contact hole through the oxide layer.

Figure 5.3: Faulty result of a negative photoresist pattern of an electrode pair with widths of 15um and gaps of 2um.

5.4. Passivation Layer

Using CVD with the PlasmaLab 80, a layer of Si O, has been deposited on wafers 2-4, with a desired thickness
of 300nm. The thickness is measured to be 321nm. The wafers are coated afterwards with Shipley SPR3012
positive photoresist with a thickness of 2.1um. The coated needs to be done manually as the previously de-
posited gold may otherwise contaminate the lab equipment. Using mask 3, exposure is then done with the
MAS contact aligner with a dose of 300m J/ cm?. After post-exposure baking at 115 °C for 60 seconds and man-
ual developing with Shipley MF322 for 60 seconds, the photoresist patterns shown in figure 5.5 are obtained.
After the development, wet etching is done with BHF(1:7) to make openings in the oxide. Timing is essential
for this step as overetching may also etch parts of the thermal oxide underneath, while with underetching the
electrodes will stay buried under the oxide. According to etch rate data provided by the Else Kooi Lab in TU
Delft, the etch rate of BHF(1:7) for the Novellus CVD Si O is between 250-300nm/min, while for thermal Si O,
it is between 60-90nm/min. This means that for a CVD oxide layer with a thickness of 321nm, the total etch
time is between 64-77 seconds. Assuming worst case, etching for 77 seconds would etch at most 20nm of the
thermal oxide layer underneath according to the given data. Because the narrowest electrodes are 2um wide,
an overetch of 20nm will not affect the functionality of the devices, and is therefore acceptable. Figure 5.6
shows microscope images of the CVD oxide etching process using BHF(1:7) for wafer 2 over time. According
to the given etch rates, the maximum overetch should be 24nm after 80 seconds of etching. However, oxide
thickness measurements with the FR-scanner reflectometer show that only around 15nm of thermal oxide is
left at the etched areas. This large difference in etch rate is likely due to the fact that the CVD oxide in this work
is obtained using a different equipment than what is used for obtaining the etch rates (Novellus Concept 1).
For the rest of this thesis, measurements are continued on the dice on which no passivation layer is applied
due to time limitations. Therefore no further wet etching is performed.
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|

(a) Correct result of a negative photoresist pattern (yellow) over oxide (dark
green) of an electrode pair for device W10G02, improved by increased time  (b) Result after lift-off showing a gold electrode pair with widths of 15um and
for x-link bake. gaps of 2um.

Figure 5.4: Successful patterning results after a longer bake time is used.

( I

(a) Opening on device electrodes (b) Opening on a test structure

Figure 5.5: Openings (red areas) in the photoresist on wafer 2 after patterning with mask 3.

Figure 5.6: Wet echting result of CVD oxide using BHF(1:7) after 80 seconds of wet etching (wafer 2). At this point all of the passivation
oxide is etched and the different shades of green are assumed to be caused by thickness differences of the thermal oxide.



Nanoparticle Characterization &
Optimization

Before testing the gas sensing performance of metal oxide nanoparticles on devices, their characteristics are
studied in this chapter. The deposition parameters are optimized such that nanoparticle layers with higher
uniformity, conductivity and without cracks can be obtained. The methods covered in chapter 3 are ap-
plied in this chapter, starting with visual inspection of nanoparticles followed by more thorough inspection
of their microstructure, material composition and electrical properties. To get a basic level of understanding
regarding the properties of metal oxide nanoparticles, most of the inspection and characterization is done
on tin oxide nanoparticles, followed by zinc oxide and copper oxide inspection in a lesser degree. It is worth
mentioning that during deposition of tin and zinc layers on the test dice, stability issues with the spark are
experienced and reported. Therefore, the thickness and uniformity of the deposited test layers may differ
slightly from the usual case with similar printing settings.

6.1. Visual Inspection

As explained in chapter 3, parameters that can have an effect on the generated nanoparticle layers are spark
voltage, spark current, nozzle size, nozzle height, movement speed over the printed area, and number of
printing cycles. Since it is unknown what the effect of each parameter is on the sensing performance of the
layers, a search is done for the most ideal printing settings by means of trial-and-error in this section. As
a start, tin (oxide) is deposited over an area of 1x1 mm repeatedly as shown in figure 6.1a. Each square is
deposited using different printing settings which are shown in table 6.1. The two deposited dots are there
for nozzle alignment purposes. For this initial test the nozzle size is chosen such that it allows a gas flow of
0.32 L/min, as a larger nozzle could reduce the uniformity when printing over small areas and a smaller noz-
zle could reduce the coverage. Only the spark current and the distance between deposited lines are varied
between depositions while other parameters are kept constant. The spark voltage is kept at 1 kV, the nozzle
movement speed at 1 mm/min, and all lines are printed in 1 cycle at 1 mm nozzle height. It seems that the
settings used for the first 4 depositions have a better coverage than the last 4 depositions. Since the difference
here is in the distance between printed lines, this test confirms that a distance of 0.2 mm provides a higher
coverage compared to a distance of 0.4 mm. The two alignment dots show a denser center with a diameter of
around 0.1 mm, suggesting that spacings of 0.1 mm could provide higher coverage and uniformity. Therefore
the choice has been made to set the spacings to 0.1 mm for future tin depositions.

While the deposition test with tin provides a (basic) level of coverage information, it does not provide any
information regarding differences in uniformity. Zinc depositions seem to have a much higher level of trans-
parency and therefore seem to be much more suitable for uniformity tests. Zinc nanoparticles are deposited
as lines on another die as shown in figure 6.1b. For this test, only the nozzle movement speed and the num-
ber of printing cycles have been changed as shown in the printing settings provided in table 6.2.The spark
voltage is set to 1 kV and the current is set to 3 mA. Differences in uniformity are clearly visible between the
zinc depositions. For the first 5 lines, the deposition time is similar and the total deposited amount of par-
ticles is theoretically similar. However, the uniformity seems to improve as the nozzle movement speed and
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30 6. Nanoparticle Characterization & Optimization

the number of cycles is increased. It is expected that tin depositions would experience similar improvements
with these settings regarding uniformity, despite not being visually observable. Therefore, a printing speed
of 40 mm/min and printing cycles of 40 are chosen for now as settings to be applied for future tin and zinc
depositions. In the following sections it will become clear whether the chosen settings provide nanoparticles
with characteristics in terms of microstructure and conductance suitable for gas sensing.

—— )
(————
P ————— g
” B

(a) Tin squares. (b) Zinc lines.

Figure 6.1: Patterns of tin and zinc deposited for printing optimization.

Table 6.1: Printing conditions for each tin oxide pattern

printed on dies shown in figure 6.1a Table 6.2: Printing conditions for each zinc oxide pattern

printed on the die shown in figure 6.1b.

Line
Deposit | Current Distance Deposit Movement
Number (mA) P Speed Cycles
(mm) Number .
(mm/min)
1 8 0.2 7 5 5
2 10 0.2
2 10 10
3 5 0.2
3 15 15
4 3 0.2
4 20 20
5 8 0.4
5 40 40
6 10 0.4
6 40 20
7 5 0.4 7 10 3
8 3 0.4

6.2. Microstructure

Further inspection is done in this section using the scanning electron microscope (SEM) to check if the previ-
ously chosen printing settings provide sufficient coverage and particle connectivity on the micro/nano scale.
As an additional material, a copper sample has also been deposited. Because of low deposition rate being
noticed for copper, the spark current during copper deposition has been increased to 8 mA, while all other
settings are kept similar (1 kV, 40 cycles, 40 mm/min movement speed). Figure 6.2 shows SEM images of tin,
zinc and copper nanoparticles. There are no cracks visible in any of the layers, which suggests that the layer
thickness for each test pattern is less than the maximum attainable layer thickness without cracks. All three
depositions seem to have a relatively high coverage. For the zinc sample in figure 6.2b, the connections be-
tween the particles seem narrow, while for the other two materials the particles seem more clustered. For this
reason, it is expected that the zinc layer has a lower conductivity as it depends on the amount of these shown
connections.

During SEM inspection of tin nanoparticle layers without annealing, it is observed that the electron beam
causes melting. This is shown in figure 6.3, where clearly melting has occurred at a previously zoomed in
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p e
Regulus 5.0kV X100k SE(U)

(c) Copper

Figure 6.2: SEM images of non-annealed tin, zinc and copper nanoparticles at x100k magnification.

area. This is not seen during SEM inspection of zinc. Sn and Zn have much lower melting points compared
to SnO; and ZnO. Therefore, the observed melting could suggest that tin nanoparticle layers do not oxidize
sufficiently when exposed to air at room temperature, while zinc does. After annealing the samples at 500 °C
for 2 hours, SEM inspection is performed again on the samples. No notable difference is observed before and
after annealing at x100k magnification. However, the melting phenomenon is not present anymore, meaning
that it is very likely that annealing has contributed to the oxidation process of tin. This effect is studied more
thoroughly in the next two sections using EDX and XRD.

Reguls1:0KV/ X25.0K SE(U)

Figure 6.3: Melting of non-annealed tin due to the electron beam during SEM inspection.

6.3. Material Composition of Tin (Oxide)

As described in chapter 3, two methods used for inspection of material composition are EDX and XRD. Both
provide different types of information and have their limitations. While EDX could make it clear whether any
oxidation takes place during annealing, it would not provide information regarding the phase after oxidation.
XRD does provide data regarding phase, but is only able detect crystalline materials. However, combined
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usage of these two methods is expected to provide an indication whether oxidation took place and which
phases the samples contain.

6.3.1. EDX

Table 6.3 shows EDX results for a tin oxide sample before annealing. The results show an almost one-on-one
atomic ratio for Sn and O. This could mean that perhaps the sample has not fully oxidized at that point, or
that it has only oxidized to SnO, meaning a metastable initial oxidation stage has been reached that occurs
before SnO2 is formed [13]. EDX inspection is also applied to a tin sample after an annealing process at
500 °C for 2 hours, of which the results are shown in table 6.4. The annealing step does not seem to have
influenced the atomic ratio between Sn and O. However, the melting phenomenon shown in 6.3 not occurring
after annealing does suggest that oxidation has occurred due to annealing. It could therefore be the case that
either Sn02, Sn304 or SnO is being formed during annealing, or that a core-shell structure is formed of which
the core consists of Sn or Sn203 and the shell consists of Sn203, SnO2 or SnO [67]. Because the EDX results
do not provide any relevant information here other than the Sn:O ratio, XRD inspection is done in the next
section in order to obtain the phases that are present before and after annealing.

Table 6.3: EDX results of an Sn/SnO2 sample before anneal- o .
; Table 6.4: EDX results of an tin/tin oxide sample after anneal-

ing. ;
ing at 500 °C for 2 hours.
El t | Weight Atomi
ecmlf n ?GgSS% (5);11\; % Element | Weight % | Atomic %
0K ) él 23'27 OK 11.37 48.77
SnL 7331 2343 SnL 88.63 51.23
6.3.2. XRD

An XRD pattern of a non-annealed tin sample is shown in figure 6.4. It shows that pure Sn nanoparticles are
present that are stable in air. No phases of tin oxide are detected at all. This could be either due to no oxida-
tion having occurred at all, the oxide layer being too thin to be detected, or all oxide being amorphous. The
broad bumps at the peaks may suggest that amorphous phases are present. An annealing step, however, is
expected to increase the crystallinity and thus provide more accurate XRD data as explained in chapter 2.

5,000

T TU Def_6390_220479._100447-000 g
1__PDF 01-085.5861 Sn Tin

Counts
3,000 4000

2000

1,000

2Theta (Offset coupled TwoTheta/Theta (2D mode combined)) WL=1.54060

Figure 6.4: XRD results of a tin/tin oxide sample before annealing.

To see if annealing has an effect on oxidation and crystallinity, XRD has also been performed on an annealed
tin sample. The result of this is shown in figure 6.5 and it clearly shows higher, somewhat narrower peaks
at phases that are typical for SnO,. Smaller peaks of SnO are shown, but no pure Sn is found. The broad
peaks may indicate small crystallites. Annealing at a higher temperature or for a longer time could perhaps
eliminate the present SnO in order to increase the purity of SnO, nanoparticles. A second annealing step
of 2 hours at 500 °C is applied on the sample to test this. A similar XRD result is obtained after the second
annealing process as the one shown in figure 6.5, where the SnO phase is still present and the crystallinity
is not improved further. It is concluded from this that a single annealing process at 500 °C for 2 hours is



6.4. Conductance Measurement 33

sufficient for having stable Sn O, nanoparticles and that no further oxidation will take place during operation
at temperatures lower than 500 °C.

40
2Theta (Offset coupled TwoTheta/Theta (2D mode combined)) WL=1.54060

Figure 6.5: XRD results of a tin/tin oxide sample after annealing at 500 °C for 2 hours.

6.4. Conductance Measurement

Now that it is known that with the chosen printing settings and annealing process, nanoparticles can be ob-
tained that have no cracks, high coverage, and stability at high temperatures until 500 °C (at least for SnO5),
conductance measurements are performed in this chapter to test if further adjustments to the settings are
required. Nanoparticles are first deposited on a test sample that is suitable for four-point measurements to
eliminate contact resistance. Then they are deposited on a couple of chemiresistors that were designed in
chapter 4. From this it will become clear whether the current approach of generation nanoparticles is appli-
cable on actual devices.

Figure 6.6a shows the test sample with deposited zinc oxide (lines 1-5) and tin oxide (lines 6 and 7) nanopar-
ticle lines. The printing conditions are provided in table 6.5. This time the layer thicknesses, measured using
the Dektak 150, are also provided. There is a clear difference in thickness between zinc oxide and tin oxide
layer for similar printing settings. Layer 2 was even too thin to be able to be measured by the equipment. At
the same time, tin is deposited on five chemiresistors, of which three are shown in figure 6.6b. The printing
settings are similar for all of the five devices (1kV, 3mA, 40mm/s, 40 cycles, 0.1mm spacings). However, there
are clear differences in uniformity between devices that can be attributed to stability issues of the genera-
tor that were mentioned in the beginning of the chapter. Absolute numbers of conductance obtained from
these measurements are therefore not useful. However, the devices are useful for examining the effect of gate
biasing and temperature differences on them.
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(a) Test die with zinc oxide (top 5 lines) and tin oxide
(bottom 2 lines). Printing settings in table 6.5. (b) Three of the five devices that is printed on (W05G10, W10G10, W15G10).

Figure 6.6: Samples used for conductance tests.
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Table 6.5: Printing settings for the zinc and tin nanoparticle layers on the test die in figure 6.6a

Deposit | Electrode | Voltage | Current Movement Thickness
Number | Material | (kV) | (mA) Speed | Cycles | = )
(mm/min)

1 Zinc 1 3 40 40 180

2 Zinc 1 3 40 20 N/A

3 Zinc 1 3 40 60 220

4 Zinc 1 3 60 40 140

5 Zinc 1 3 60 60 300

6 Tin 1.3 3 40 20 580

7 Tin 1.3 3 40 40 1350

6.4.1. Effect of Annealing

For the Zn depositions (lines 1 to 5), conductance measurements do not provide I-V curves at all, presumably
because there is barely conductance. This could be because of a lack of available current paths through the
layers. It was mentioned previously in section 6.2 that the microstructure of ZnO nanoparticles is likely to
affect the conductivity negatively. For the Sn depositions however, clear results are obtained regarding their
conductivity. Figure 6.7 shows the I-V curves of the tin depositions on the test die in figure 6.6a before and
after annealing once. It can be seen that annealing improves the conductance of the Sn layers significantly.
Despite the fact that pure tin has a higher conductivity than tin oxide, the additional connectivity between
particles caused by annealing appears to be dominating. It is worth noting that for line 6, the measurements
after annealing suffer from nonlinearity. This indicates that the printing settings used for line 6 might not be
suitable for stable conductance, while those used for line 7 are.
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(a) Line 6. (b) Line 7.

Figure 6.7: Measured conductance data of lines 6 and 7 (Sn) on the test die in figure 6.6a, before and after annealing at 500 °C for 2 hours.

6.4.2. Effect of Operating Temperature

Since metal oxide gas sensors are operated at higher temperatures (~200 °C), conductivity measurements are
performed at different temperatures between 25 °C and 200 °C on the tin samples on the test die and on the
devices. It is expected that the elevated temperatures do not cause physical changes in the layers as annealing
is done previously at 500 °C. Figure 6.8a shows I-V curves of line 7 of the test die at different temperatures,
and it clearly shows that the conductance is largely dependent on the operating temperature. Temperature
coefficient of resistance (TCR) calculations are performed as shown in figure 6.9. The TCR is found to be in
the range between -0.028 /°C and -0.0057 /°C for temperatures between 25 °C and 200 °C.

Similar measurements at different temperatures are performed on one of the chemiresistors without gate
biasing to test if there is any difference in temperature dependence between a single line and a chemiresistor.
Figure 6.8b shows the operation of a device at different temperatures. It shows that the resistance of the
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Figure 6.8: Conductance data of SnO; at temperatures between 25 °C and 200 °C, showing that the conductance of the nanoparticles

highly depends on the operating temperature.
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Figure 6.9: Resistance versus temperature (a) and temperature coefficient of resistance (TCR) versus temperature (b) of the 7th line (Sn)

on the test die shown in figure 6.6a.

device drops to values close to 100 Q at higher temperatures. Such low resistances being achieved can be
attributed to the large contact area of the interdigitated electrodes. Despite the large difference in resistance
between the single line and the chemiresistor, the TCR for the chemiresistor seems to be very similar to what
is calculated for the line in figure 6.9b. It is concluded from this fact that nanoparticle coverage and electrode
geometry have no influence on the temperature dependency of metal oxides. However, it will be important
during gas sensing measurements to keep the operating temperature constant, as it seems here that even
small variations of temperature can affect the resistance and therefore the gas sensing behavior.

6.4.3. Gate Biasing

Since very low values for resistance (~100 Q) on a particular device (W05G05) with SnO, are measured in the
previous section, the question remains whether gate biasing will reduce it further. It was explained in chapter
2 that a higher gas response could be achieved if that is the case. A bias is applied to the gate of device W05G10
at three different temperatures in figure 6.10. For each I-V curve the bias is first incremented from 0V to 50V
and then decremented from 50V to 0V with steps of 5V. This gives multiple results per value and helps to see
if the conductance is affected by the measurement itself. If the difference between two curves with the same
biasing voltage is large, self-heating is likely involved. Only the results of biasing with 0V and 50V are plotted

for simplicity.

In figure 6.10a, it can be seen that applying a gate bias on the device operating at room temperature gives
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Figure 6.10: Biasing of the gate of device W05G10 at different temperatures. The biasing voltage is incremented with steps of 5V between
0V-50V and decremented again from 50V to 0V. Only results of 0V and 50V biasing are given for simplicity.

a slightly higher conductance. The asymmetry of the curves at positive and negative drain voltages and the
difference in curves with the same biasing voltages do suggest that self-heating is involved. Figures 6.10b and
6.10c show that biasing has less influence at higher temperatures for this device. This shows that perhaps
gate biasing does not improve the performance of sensing devices with SnO, as sensing material. To test if
biasing could have a bigger influence on p-type semiconductors, CuO nanoparticles have been printed on
two devices. It is found that the deposition rate of copper nanoparticles is around six times lower relative to
the deposition rate of tin nanoparticles. Therefore, copper has been deposited in 240 cycles and with a spark
current of 5 mA, while all other settings are kept similar to those which are used for tin. The results are shown
in figure 6.11, where the two CuO devices are operated at room temperature. Biasing seems to barely cause
any difference in conductance for the two CuO devices, even at room temperature. Since it is only proven so
far during these tests that biasing causes a measurable difference for an SnO, device at room temperature, it
is not applied during the gas sensing measurements in chapter 7.

6.4.4. Self-heating Damage

Significant damage has been observed on two SnO, devices after conductance tests. Figure 6.12a shows the
device with the most severe damage. It is likely the case that the damaged pattern follows a current path
through the semiconductor layer. The damage occurred after the application of drain-source voltages of up
to 20 V. Considering that resistances were reached with these devices as low as around 100 Q, the applied
power is 4 W, highly likely to cause damage due to local heating. Figure 6.12b shows an SEM image of what is
assumed to be melted SnO- in the destroyed area. SEM inspection of other areas on the device suggests that
those areas are not damaged at all. This could mean that there are no current paths there, or that not enough
time has passed for damage to occur at those areas. After the damage has occurred, remaining measurements
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Figure 6.11: Two devices with CuO at room temperature with gate bias applied between -20 V and 20 V.

have been performed with drain-source voltages not higher than 5 V.
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Figure 6.12: Damaged device due to heat caused by applied power.

6.5. Conclusion

Starting with a trial-and-error approach, printing settings have been chosen for generating nanoparticles
with high coverage, uniformity and without the presence of cracks through the layers. Sn0O, is deposited with
a variety of settings for coverage comparisons, followed by ZnO depositions that allow for basic uniformity
checks due to their transparency. The chosen settings for tin and zinc are as follows: 1 kV spark voltage, 3 mA
spark current, 40 cycles, 40 mm/min printing speed, 1 mm nozzle height, and 0.32 1/min nozzle through flow.
It is observed that the deposition rate of copper is relatively low, and therefore the spark current is increased
to 5 mA and depositions are performed in 120 cycles, while other settings are kept similar. Melting of tin
being observed during microstructure inspection due to the electron beam of the SEM suggested that tin
nanoparticles do not oxidize at room temperature in air, since there is a large difference between the melting
points of Sn and SnO,. Measurements on the material composition using EDX and XRD confirmed that this
was indeed the case, and that annealing stimulates the oxidation. The conductance of nanoparticles seems
to be temperature dependent and has a TCR between -0.028 /°C and -0.0057 /°C, but this dependence is not
influenced by coverage area or device geometry. Gate biasing only resulted in a notable difference for SnO;
at room temperature, and did not cause any increase in conductance at temperatures at which metal oxide
gas sensors are usually operated at. Working with ZnO devices is discontinued as no conductance is detected
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during measurements.



Results & Discussion

This chapter presents and discusses experimental results obtained during gas sensing tests. Due to limited
time and availability of the setup and the lab, only one metal oxide semiconductor is chosen for these tests,
which is SnO; as it is the most extensively characterized material in chapter 6 and is therefore the material
with the most information regarding microstructure, material composition, and conductance data at differ-
ent temperatures. In this chapter, the response of an (n-type) SnO, device is defined as R”};gRg -100% for

reducing gases and Rg}; uRa -100% for oxidizing gases, where Ra is the resistance measured without the target

gas (usually in air, but nitrogen in this study) and Rg is the resistance measured during exposure to the target
gas.

It should be noted that for some of the measurements in this chapter, the operating temperature is 250°C,
while for other measurements it is 200°C. The reason for this is that initially the choice is made to operate the
devices at 250°C to stimulate device recovery, but eventually damage is found in the test setup that may be
caused by heat. Therefore the chosen operating temperature is reduced to 200°C.

The gas sensing setup described in section 3.4 that consists of three gas vapor generators (target gas, hu-
midity and pure nitrogen), a sensing chamber with a hotplate and 50 probe needles, a sourcemeter and a
multiplexer, is used to obtain the results in this chapter. Setting bias values and switching between devices
is controlled using a modified version of a LabVIEW script provided by Hanxing Meng [68]. The setup and
the fabricated samples allow for simultaneous two-point measurements of up to 24 devices. However, due
to needles of the setup not aligning properly with the contact pads of the samples, the initial tests are only
done on single devices. The alignment is fixed during maintenance right before ethanol tests, after which
tests are done on multiple devices simultaneously with all devices operating under similar conditions. The
switching frequency of the multiplexer is 2 Hz, and therefore the density of data points per device depends
on the number of channels used. Gate biasing is not applied for the tests in this chapter as it was clear from
chapter 6 that it barely has an influence on the conductivity at elevated temperatures.

7.1. Humidity Test

As mentioned in chapter 2, n-type metal oxide semiconductors, which includes SnO,, tend to be sensitive
towards humidity. This is undesirable for practical gas sensing as variations in humidity can disturb the se-
lectivity towards a desired target gas. However, if the response towards humidity is significant, it can provide
an indication of the response and recovery time of a device in general. Humidity is provided by the OHG-4
humidity generator that was described in chapter 3, and is carried by nitrogen. For the recovery of devices,
the humidity generator is disconnected and the OFC-1 flow controller is connected to provide pure nitrogen
gas onto the devices as a drying method. In this section, the sensitivity of devices with SnO, towards various
concentrations of relative humidity is tested.

Figure 7.1 shows the responses of an SnO; device to three cycles of 35% relative humidity. The figure clearly
shows that humidity causes a significant drop in resistance when it reacts with SnO,. This means that water

acts as a reducing agent in this particular reaction (since SnO; is an n-type semiconductor). Despite sensi-
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tivity towards humidity is generally undesirable for gas sensors, this result confirms that the devices are able
to sense. The three cycles in the figure have a response of 1300%, 1150% and 1000% from left to right respec-
tively. These numbers are significantly higher than the responses of any of the sensors from literature with
SnO, towards various target gases in table 2.1. It is therefore very likely that the sensitivity towards humidity
of this sensor will affect its selectivity towards target gases, if the response is smaller towards those gases.

WO05G15 humidity test 35% at 200C
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Figure 7.1: Humidity testing on a 1xX1mm SrnO> gas sensor with electrode widths of 5pm and gaps of 5um at 200°C. Pulses of 35% relative
humidity are applied in order to test repeatability. The cycles show a response of 1300%, 1150% and 1000% from left to right respectively.

There does seem to be a shift present in the baseline of the resistance in figure 7.1. After every recovery phase,
the value at which the resistance settles is larger than before, and the resistance during exposure also seems
shift to some extent. It is unlikely that further oxidation of the tin into tin oxide is causing this shift, as the
XRD results in chapter 6 show that further annealing of SnO, has no effect on its composition. A possible
explanation for this behavior is that a change occurs to the path of the current flowing through the semicon-
ductor layer. The visible damage to a device shown previously in figure 6.12 in chapter 6 shows what seems to
be a burnt current path. A change in the resistance of the layer is expected as soon as such a path ceases to be
available, and the current flows through an alternative path. According to literature, drift in metal oxides can
be the result of either reorganization of the sensor surface due to aging, or irreversible binding of measured
gases or contamination [69].

Another phenomenon that can be observed from the resistance curve in figure 7.1 is the time it takes for
the device to recover and stabilize, which is significantly longer than what is practical for real-world gas sens-
ing. Initially after reaching the operating temperature of 200°C while flushing with nitrogen, it takes around
160 minutes for the resistance to stabilize. After the first exposure to humidity, it takes around 80 minutes
to stabilize. Not enough time is given for full recovery after the second and third sensing phase due to the
closing time of the laboratory. The long recovery time is associated with the surface reactions being slow [70],
and is the reason for elevating the operating temperature as specified in chapter 2.

Now that the effect of a certain concentration of humidity on the resistance of SnO, nanoparticles is known,
a second humidity test is performed. Different percentages between 30% and 97% of relative humidity are
tested in this case and the results are shown in figure 7.2. Four concentrations for the humidity are prede-
termined and it is increased and decreased in steps. Because the humidity concentration is set using two
manual knobs for wet and dry flow instead of a digital interface like for the target gas concentration (shown
in figure 3.6), the transition between humidity levels does not happen abruptly and it can take a longer time
to reach the desired level. This test is therefore not suitable for finding the response time of the sensor for
humidity level transitions, but it is useful for finding the values the resistance settles at for certain humidity
levels.

At around minute 50 with the relative humidity set to 50%, the resistance seems to either experience a drift
similar to the previous humidity test, or the actual humidity in the chamber has not settled yet. After the
first transition, the resistance seems to be stabilize at each humidity level until around 160 minutes in with
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Figure 7.2: Humidity testing on a 4x1mm gas sensor with electrode widths of 15 um and gaps of 5 um at 250 °C.

the exception of when the relative humidity is set to 97%. However, it is realized after this measurement is
done that the humidity generator can only accurately (+1%) generate a relative humidity between 1% and
90% according to its datasheet [63]. The instability of the resistance at minute 70 is therefore likely caused
by variations in humidity during that period. Until 160 minutes in, the resistance settles at similar values
for similar humidity levels at different times, suggesting that the sensor has repeatability within the time
interval between minutes 55-160. After that time interval, the resistance experiences a sudden drift that may
be caused by the same reason that caused the drift during the previous humidity measurement in figure 7.1.

7.2.NO2 Sensing

NO, is an oxidizing agent, which means that the exposure of SnO, to NO- gas is expected to increase its resis-
tance as explained in chapter 2. A first attempt to sense NO; gas using a sensor with SnO- is shown in figure
7.3. Surprisingly, the resistance of the device reduces as soon as NO; is admitted. However, it becomes clear
that it is not the exposure to NO, that is causing the drop in resistance as the drop also occurs at 160 minutes
in when there is 0 ppm of NO, being admitted. In this particular experiment, the flow during admittance of
NO; carried by nitrogen is set to 100 mL/min, while during the recovery phase the flow of pure nitrogen gas
is set to 1000 mL/min. As around minute 160 there is no NO, and the only difference between the sensing
phase and the previous recovery phase is the flowrate, it is clear that this is causing the response. As seen
in the previous section, Sn0, nanoparticles have a high sensitivity towards humidity. It can be concluded
from this experiment that the flowrate used for providing the target is insufficient to eliminate humidity and
therefore an increase in humidity is experienced after flushing during recovery.

Despite no meaningful data regarding NO, sensing being provided by this experiment, it has made it clear
that the approach is prone to be affected by changes in humidity. Therefore the methodology for sensing tar-
get gases has been adapted for the rest of the measurements as follows: using the three vapor generators, the
total flow entering the chamber is set to be equal throughout entire measurements. The humidity generator
is set to 2000 mL/min for both sensing and recovery phases in order to maintain an equal concentration of
humidity during both phases. The flow of the pure nitrogen source is set to 1000 mL/min during recovery to
promote dilution more. When sensing a target gas, the flow of the nitrogen is reduced by the same rate that
the target gas source flow is increased. This way the total flowrate is stays at 3000 mL/min, the humidity is
constant, and the only change between sensing and recovery is the concentration of the target gas.

The improved methodology has been applied during the NO, experiment shown in figure 7.4. The relative
humidity is maintained at 45% in order to prevent abrupt changes in humidity during measurements as was
seen before, and to promote the freeing of oxygen vacancies for NO; to react, as humidity acts as a reducing
gas here. There is an increase and a decrease in resistance during every sensing and recovery phase respec-
tively, just as expected. This means that the new approach has been successful in detecting target gases.
During the third admittance of NO, between minutes 25-40, it seems that sensing happens in two phases,
where there is a steeper increase during the first phase (~27 minutes) and a milder increase during the second
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Figure 7.3: First attempt to sense NO» where actually change in humidity is being sensed instead. Despite the fact that no meaningful
result regarding N O is obtained here, this experiment plays an essential role in this project leading to an improved methodology for the
gas sensing experiments hereafter.

phase (minutes 28-40). This suggests that most of the reactions take place on the surface of the semiconduc-
tor initially, after which most reactions take place deeper underneath the surface as the gas diffuses through
the porous surface. It can be seen that the milder increase has not settled, and it is unclear how long it would
take for that to happen. Due to the limited availability of the laboratory, the sensing phase is not continued
for that to be observed. The settling point after recovery for the resistance also seems to shift over time, sim-
ilar to what was observed during the humidity tests in section 7.1. The reason for this shift is expected to
be similar to what caused it during the humidity tests, presumably because of changes in the current paths
through the nanoparticle layer during operation. Due to these shifts and the fact that the resistance has not
settled during the sensing phases, it is not straightforward to obtain a value for the gas response form this
experiment. However, it can be concluded that the steeper increase at around minute 27 presumably due
to surface reactions has a response of 5%. Because the response is relatively small, the settling time during
sensing is relatively long, and the laboratory access is limited, NO tests are discontinued here, and more
extensive experiments are performed in the rest of the chapter with ethanol instead.
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Figure 7.4: NOy testing on an SnO; device with the new measurement approach where the total flow and humidity level is maintained
throughout the entire measurement. The expected increase and decrease in resistance is finally observed during the sensing and recov-
ery phases.

7.3. Ethanol Sensing

Ethanol is a reducing gas and is therefore expected to make the resistance of SnO, decrease. As it was ob-
served in 7.1, humidity also acts as a reducing gas when it reacts with SnO, nanoparticles. It is expected
therefore that the presence of humidity is expected to reduce the response when performing ethanol tests, as
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both gases behave similarly by removing oxygen atoms from the semiconductor. For this reason, the humidity
level for ethanol is maintained at 35%, lower compared to what was used for NO; sensing. This way the focus
of the measurements can be more on the response of ethanol with less noise caused by humidity reactions.
As mentioned in the beginning of this chapter, alignment issues with the probe needles are experienced and
the number of usable needles is limited. Therefore this section begins with ethanol experiments performed
on single devices only, where information is obtained on the stability, response and recovery of SnO, de-
vices. Simultaneous ethanol experiments on multiple devices have been performed after repair work has
been done on the chamber, of which the results can be used to compare the sensing performance of devices
with different electrode geometries.

7.3.1. Single Device Tests

Figure 7.5 shows the first test with ethanol gas on a device operating at 250 °C. A continuous downwards drift
in the resistance is present throughout the experiment, most notably during the first 120 minutes of it. Pre-
sumably this is caused by more current paths becoming available or contaminants are present that increase
the conductivity. Similar to the NO, test, gas exposure causes an abrupt change in resistance due to surface
reactions, followed by a milder change caused by reactions deeper underneath the surface. The abrupt drop
seems to be somewhat consistent for both exposure cycles (~25-30Q2). The decrease in resistance afterwards
is faster for the first exposure compared to the second, but this is likely due to the fact that more drift is in-
volved during the first exposure. The data between minutes 135-170 shows a full cycle where the resistance
approaches stability during both the sensing phase and recovery phase. The response here is around 39%.
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Figure 7.5: Ethanol gas sensing experiment with repeated admittance of 20 ppm ethanol. A drift in resistance is present as can be seen
from the beginning until around minute 113, but also from the values that the resistance seems to settle during recovery after every
exposure. Ethanol exposure causes an abrupt resistance change, followed by a milder decrease similar to the NO; experiment in figure
7.4. The response during the full cycle (minutes 135-170) is 39%.

Now that it is clear that ethanol can be sensed by devices with SnO, with a relatively large response, a second
experiment is done in which different concentrations of ethanol are admitted as shown in figure 7.6. The
operating temperature is reduced to 200 °C as damage due to heat is observed in the sensing chamber after
the previous measurements. Interestingly, there is less drift in resistance during this experiment than the
ones before, with a shift of only 1 Q between minutes 36-142 (right before admittance of ethanol). This is
likely due to a large amount of available current paths (hence the low resistance). Both concentrations cause
a similar initial drop in resistance (~10 Q), suggesting that both concentrations are sufficient for all oxygen
atoms on the surface to react. 20 ppm of ethanol appears to react with atoms that are deeper underneath the
surface, hence the further decrease in resistance at minute 40, with a total response of about 28%. Exposure
of the device to 5 ppm of ethanol does not seem to cause reactions underneath the surface, as the resistance
dwells around the value it ended up at after the sudden drop.

7.3.2. Damage After Usage
It has become clear from the experiments that the gas sensors suffer from resistance drifts during operation.
In some cases the drift is as small as single ohms (figure 7.6), while in other cases it can render the device use-
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Figure 7.6: Ethanol testing with different concentrations on a 1x1mm gas sensor with electrode widths of 2um and gaps of 15um at 200
°C and 30% relative humidity. The response for 20 ppm ethanol is 28%.

less (figure 7.2). The presence of these drifts makes the baseline of the resistance unpredictable and therefore
affect the reliability of the sensors. Furthermore, if it is the case that the drifts are irreversible, they will have
an impact on the total lifetime of the sensors. Figure 7.7 shows a SEM image of cracks on a device on the die
that was used during the gas sensing measurements. The cracks were not present prior to the measurements
and may be caused by differences in thermal expansion of the materials underneath the nanoparticle layer
causing it to get deformed. Interestingly, this is the only device with visible cracks and no physical damage is
observed with the SEM on any of the other devices on the same die. However, damage might still be present
underneath the surface that is not detectable using the SEM, as the SEM only provides surface level informa-
tion as described in chapter 3.
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Figure 7.7: SEM image of cracks detected on device W02G10 after several gas sensing experiments have been performed on the die, likely
caused by differences in thermal expansion of the materials underneath (gold, silicon and silicon dioxide) resulting in deformations and
cracks.

As explained in chapter 2, annealing is known for increasing the conductivity of metal oxide nanoparticle
layers. Since one possibility is that the drifts in resistance during the experiments are caused by reduction in
the amount of current paths, an additional annealing process at 500 °C for 2 hours has been applied to the die
for which the drifts were detected. An experiment comparing device behavior before and after annealing has
not been performed due to the limited availability of the equipment, but the results in the following chapters
should be able to prove whether annealing can result in reduction of drifts or reversal of resistance shifts.

7.3.3. Geometry Comparison Experiments

As mentioned in the beginning of this chapter, most of the probe needles in the chamber had alignment is-
sues and required repair work. All previous experiments have therefore been performed on single devices by
shifting the die according to a pair of needles that did align properly. Repair work on the needles has been
performed, providing the opportunity to do experiments on multiple devices simultaneously. This method
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is expected to provide data that is more suitable for making comparisons between devices than single device
measurements, as all measured devices are exposed to similar conditions in terms of gas, temperature and
humidity at the same time. There is a downside of such simultaneous measurements, however, as the number
of data points obtained per device will be less compared to single device measurements. With the channel
switching frequency of 2 Hz of the multiplexer, an experiment with 20 devices would provide a measurement
frequency of 0.1 Hz for each device.

After the previously mentioned annealing process has been performed on the die that experienced resistance
drifts, and repair work has been performed on the probe needles in the chamber, an experiment with ethanol
gas has been performed on 13 devices simultaneously. The resistance curves obtained from this experiment
are shown in appendix D. The results of two devices among the 13, of which the electrode width and gap size
is equal but the sensing area is different, are shown in figure 7.8. There is a significant difference in response
towards 20 ppm of ethanol gas, which is 12% in figure 7.8a and 55% in 7.8b. There seems to be noise present
in both figures, with a period of around 13-15 minutes. Despite the dependence of the resistance of SnO, to
temperature (as observed in chapter 6), it is unlikely that this noise is caused by fluctuations in temperature,
as the period of temperature fluctuations is in seconds rather than minutes. Changes in target gas concentra-
tion can also not be the source of the shown noise, as it is also present during the absence of the gas during
recovery. A possible cause for the noise is variations in humidity. Despite the relative humidity being set to
30% throughout all ethanol experiments, the accuracy is defined as +1% according to the datasheet of the hu-
midity generator used in the setup [63]. The drift in resistance is present for both devices, and also for most
of the other 11 measured devices, suggesting that the annealing step might have not have reverted damage.
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Figure 7.8: 2 out of 13 devices (appendix D) which are exposed to ethanol gas simultaneously. Both devices have similar electrode widths
(10 um) and gap sizes (10 um). In terms of geometry the only difference between the devices is their sensing area (1 mm? vs 4 mm?). The
response of the 4 mm? device (55%) is significantly higher than the 1 mm? device (12%). An upwards drift is present for both devices.

Since it is assumed that devices have gotten damaged during operation and the annealing process may not
have reverted it, and therefore the obtained data might not be reliable for device comparisons, an additional
experiment has been performed with a new, previously unused set of devices. Two devices are exposed to
different concentrations of ethanol as shown in figure 7.9. Periodic fluctuations in resistance are also present
here, but the magnitude seems to differ here between the devices and suggests that there is difference in
sensitivity towards humidity between the devices. It is unclear what causes the spike at minute 25, but it is
likely setup related as it occurs for both devices. The spike makes it more difficult to obtain the response
towards 20 ppm of ethanol for these devices, but with interpolation a value for response is still obtained that
may give an indication regarding sensing performance. Because of the noise, it is not be confirmed whether
there is a resistance drift in figure 7.9b or not. However, it can be seen in figure 7.9a that the drift is less than
most of the results shown in appendix D, suggesting that the resistance drifts increase as devices are operated
over time.

To find a relation between electrode geometry and gas response, the responses obtained from all measure-
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Figure 7.9: Two previously unused devices operating at the same time, exposed to different concentrations of ethanol. There are sig-
nificant differences between the devices in terms of response and noise (presumably due to sensitivity towards humidity). The spike at

minute 25 is likely related to the setup itself as it occurs for both devices.

ments towards 20 ppm ethanol in this chapter have been compiled and plotted over electrode dimensions
in figure 7.10. The response values written in red are obtained from the single device measurements per-
formed right in section 7.3.1, the values in black are obtained from appendix D after the additional annealing
step, and the values in green belong to the new devices that were not operated before. While there are sig-
nificant differences in response between devices, no clear relation between electrode width or gap size and
response towards ethanol is observed. The differences in response per device are likely caused by variations
in nanoparticle layers, despite the printing settings being similar for all devices (chapter 6). Larger responses
are achieved for the values in red and green, meaning that devices that have been operated for a longer time
are less sensitive to ethanol. It can also be confirmed from the plots that larger devices (figure 7.10b) have on
average a higher sensitivity compared to the smaller devices (figure 7.10a) due to their larger specific surface

area allowing more gas molecules to cause a change in resistance.
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Figure 7.10: 20 ppm ethanol response data over electrode dimensions compiled from measurements in this chapter and in appendix D.

7.4. Discussion
The gas sensing experiments in this chapter showed that detection of humidity, NO, and ethanol has been

successful using most of the interdigitated geometries with SnO,. Despite sensitivity towards humidity being
regarded as a disadvantage for gas sensors in general, a very high sensitivity is observed for 35% humidity,
meaning that perhaps the devices fabricated in this thesis might be suitable for humidity sensing. Drift is
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observed during pretty much all measurements and the source of it is not clear. Some of the possible sources
according to literature are reorganization of the sensor surface over time or irreversible (or slowly reversible)
contamination. It is very unlikely that oxidation of the nanoparticles is still occurring during measurements,
as it became clear from chapter 6 that no changes in the material composition occurs during an additional
annealing step at 500 °C. As an attempt to restore the conductivity caused by these drifts, the devices were
annealed again after usage. It does not seem like the annealing step resulted in any reversal of these drifts as
the gas responses ended up to be lower compared to newly fabricated devices.

From the obtained results, there seems to be no relation between electrode geometry and gas response, sug-
gesting that the range within electrode widths and gap sizes are varied (2-15 um) is not sufficient to observe a
difference, or that variations in deposition between devices might be dominating. The gas sensitivity of some
of the devices, most notably the ones that have not experienced aging or contamination related drifts yet,
does not seem to be far off from those of similar devices in literature, and even seem to outperform some. For
example, Kennedy et al. [71] presented a 1x1 mm tin oxide nanoparticle sensor with interdigitated electrodes
with widths and gap sizes of 2 um with a sensitivity of 35% towards 100 ppm ethanol at 250 °C. A higher
sensitivity is achieved in this thesis using a device with a similar area and operating temperature towards an
even lower concentration of ethanol (20 ppm) as shown in figure 7.5. Lu et al. [17] cite the work of Kennedy et
al. and claim to have a higher sensitivity and faster response time due to smaller particle sizes and narrower
electrode gaps.

It is indeed known that smaller particles sizes provide a higher sensitivity and faster response time, since
the response depends on the number of reactions on the surface and smaller particles provide a larger spe-
cific surface area [72]. The results in this chapter show that the devices do suffer from long response times,
in some cases even hours long. From SEM inspection, the particle size in this work seems to be around 20
nm. Since the focus was on high nanoparticle coverage and uniformity when choosing printing parameters
in chapter 6, perhaps higher responses and smaller recovery times would have been achieved if particle size
would also have been taken into account. It is believed that the nanoparticle size is (one of) the limitation(s)
since no correlation is found in this chapter between electrode geometry and gas response. A higher operat-
ing temperature is also expected to improve the recovery time as recovery is a process known to be dependent
on temperature. However, this was not possible in this work as parts in the sensing chamber are not able to
withstand high temperatures without getting damaged.






Conclusion & Recommendations

Metal oxide semiconductor gas sensors are widely used for their various advantages, including their low costs,
low complexity, and high sensitivity towards a wide range of gases. SnO, ZnO and CuO are among the most
commonly used metal oxides for gas sensors and are used in the form of nanoparticles in order to maintain
a high specific surface area. There are various methods for generating such nanoparticles, with each having
their advantages and disadvantages. The focus of this study is on the gas sensing performance of metal oxide
nanoparticles generated using spark ablation. First chemFETs are designed and fabricated. Each designed
device has an interdigitated electrode structure with varying widths and gap sizes to test the effect of electrode
geometry on the gas sensing performance. The main difference between chemiresistors and the devices fab-
ricated in this thesis is the fact that a third terminal is added for gate biasing. Using a trial-and-error approach,
nanoparticle deposition settings are optimized for achieving high coverage, uniformity and conductance for
Sn0,, ZnO and CuO layers. Gas sensing experiments are performed using devices with Sn O only, as the lab
equipment has limited availability and SnO, showed the highest conductivity among the tested metal oxides.

Sensitivity values are obtained towards ethanol that are comparable to devices with similar sizes in litera-
ture, proving that spark ablated nanoparticles can be a viable alternative to other nanoparticle generation
methods. Towards 20 ppm of ethanol, a maximum sensitivity of 39% and 67% is achieved using a 1x1 mm
and 4x1 mm device respectively. There is no correlation found between different electrode widths and gaps
(varied between 2-15 um) and gas response, and it is assumed that differences in response are caused by dif-
ferences between nanoparticle depositions. The SnO, devices seem to have a very high sensitivity towards
changes in humidity (1300% for 35% RH). Drifts in resistance are also observed over time for a majority of
the devices, most likely caused by aging or irreversible contamination. The devices seem to suffer from long
recovery times, which can be reduced with a higher operating temperature if the measurement setup would
be able to withstand that. Smaller particle sizes also lead to higher responses and faster response times. As it
is observed that the particle sizes in this thesis are around 20 nm, perhaps different deposition settings would
have provided higher responses and faster recovery times. Gate biasing only resulted in an increase in con-
ductivity for devices with SnO, operated at room temperature. It did not result in any notable improvements
for elevated temperatures. However, since very low resistances are achieved at 200 °C (~100 (), potential
improvements caused by gate biasing are not expected to improve the gas sensing performance significantly.

This work proves that spark ablated nanoparticles can be a viable alternative to metal oxides generated using
other methods, and since the focus has been on pure, undoped or non-decorated metal oxides, there is room
for improvement for potential future work. It is proven in literature that the addition of dopants (usually no-
ble metals) to metal oxide nanoparticles can provide significant advantages in terms of gas response [6]. The
incorporation of two or more metal oxides to form so-called heterojunctions is a method that can provide
complementary advantages and can therefore improve both sensitivity and selectivity [14]. Since one of the
major issues with the devices fabricated in this work is the drift in resistance, and the source of this resistance
still remains unknown, perhaps fabricating and using similar devices in a cleaner environment could prove
if contamination is an influencing factor in the drift. Since the measurement setup in this work is limited in
achievable temperatures, the effect of operating temperature on recovery time can be studied with a setup
that is able to withstand higher temperatures. To find the correlation between electrode geometry and gas
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response, perhaps a larger range of electrode widths and gaps could be tested.



Flowchart

A.1. Part 1: Cleaning Step
A.1.1. Cleaning Procedure: HNO3 100% and 65%

Cleaning:
* 10 minutes in fuming nitric acid (Merck: HNO3 100%) at ambient temperature.
* Use wet bench "HNO3 (100%)" and the carrier with the red dot.
QDR:
¢ Rinse in the Quick Dump Rinser with the standard program until the resistivity is 5MQ.
Cleaning:
* 10 minutes in concentrated nitric acid (Merck: HNO3 65%) at 110 °C.
¢ Use wet bench "HNO3 (65%)" and the carrier with the red dot.
QDR:
¢ Rinse in the Quick Dump Rinser with the standard program until the resistivity is 5MQ
Drying:
* Use the Semitool "rinser/dryer" with the standard program, and the white carrier with a red dot.

A.2. Part 2: Creation of Zero Layer
A.2.1. Coating and Baking

Use the EVG 120 wafertrack to coat the wafers with resist, and follow the instructions specified for this equip-
ment.

The process consists of a treatment with HMDS (hexamethyldisilazane) vapor with nitrogen as a carrier gas,
spin coating with Shipley SPR3012 positive photoresist, and a soft bake at 95degC for 90 seconds.

Always check the temperature of the hotplate and the relative humidity (48 + 2 %) in the room first.
Use coating Co - SPR3012-1.4um - no-EBR (resist thickness: 1.400 um).
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A.2.2. Alignment and Exposure
Processing will be performed on the ASM PAS 5500/80 automatic waferstepper.

Follow the operating instructions from the manual when using this machine.

Use COMURK mask.
1st Job: litho/20-20 COMURKO0.0, 120 mJ/cm2
2nd Job: litho/fwamtoze, 120 mJ/cm2

A.2.3. Development

Use the EVG 120 wafertrack to develop the wafers, and follow the instructions specified for this equipment.
The process consists of a post-exposure bake at 115 degC for 90 seconds, followed by a development step
using

Shipley MF322 developer (single puddle process), and a hard bake at 100 degC for 90 seconds.

Always check the temperature of the hotplates first.

A.2.4. Inspection: Linewidth
Visually inspect the wafers through a microscope, and check the linewidth. No resist residues are allowed.

A.2.5. Plasma Etching of Alignment Marks
Use the Trikon Omega 201 plasma etcher and follow the operating instructions from the manual when using
this machine.

The process conditions of the etch program may not be changed!

Use sequence URKyPD and set the platen temperature to 20 °C to etch 1200 A deep ASM URK’s into the
silicon

A.2.6. Cleaning Procedure: Tepla + HNO3 100% + 65%

Plasma strip:
» Use the Tepla plasma system to remove the photoresist in an oxygen plasma.
¢ Follow the instructions specified for the Tepla stripper, and use the quartz carrier.
¢ Use program 1
Cleaning:
* 10 minutes in fuming nitric acid (Merck: HNO3 100%) at ambient temperature.
¢ Use wet bench "HNO3 (100%)" and the carrier with the red dot.
QDR:
¢ Rinse in the Quick Dump Rinser with the standard program until the resistivity is 5 MQ.
Cleaning:
¢ 10 minutes in concentrated nitric acid (Merck: HNO3 65% ) at 110 °C.
* Use wet bench "HNO3 (65%)" and the carrier with the red dot.
QDR:
¢ Rinse in the Quick Dump Rinser with the standard program until the resistivity is 5 MQ.
Drying:

* Use the Semitool "rinser/dryer" with the standard program, and the white carrier with a red dot.



A.3. Part 3: Oxidation
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A.3. Part 3: Oxidation

A.3.1. Oxidation
Furnace no: C1 or D1
Program name: WET1000

PROCESS TEMP.ERATURE GA.SETC‘ & FL(.)WS . TI.M E REMARKS
(in°C) (in liter/min) (in minutes)
boatin 600 nitrogen: 6.0 5
stabilize 600 nitrogen: 6.0 10
anneal 600 nitrogen: 6.0 15
heat up +10 °C/min nitrogen: 3.0 40
oxygen: 0.3
stabilize 1000 nitrogen: 3.0 2
oxygen: 0.3
o oxygen: 2.25 ) Target 100nm oxide
oxidation 1000 hydrogen: 3.85 10:04 thickness
e . oxygen: 2.25
cool down 7 °C/min hydrogen: 3.85 60
boat out 600 nitrogen: 3.0 5

A.3.2. Measurement: Oxide Thickness
Use the Leitz MPV-SP measurement system to measure the oxide thickness:

Program: Th. SiO2 on Si, >50nm auto5pts

Oxide thickness: 100 nm on the process wafers

A.4. Part 4: Substrate Contact
A.4.1. Coating and Baking

Use the EVG 120 wafertrack to coat the wafers with resist, and follow the instructions specified for this equip-
ment.

The process consists of a treatment with HMDS (hexamethyldisilazane) vapor with nitrogen as a carrier gas,
spin coating with Shipley SPR3012 positive photoresist, and a soft bake at 95degC for 90 seconds.

Always check the temperature of the hotplate and the relative humidity (48 + 2 %) in the room first.
Use coating Co -SPR3012-1,4um- no-EBR (resist thickness: 1.400 pum).

A.4.2. Alignment and Exposure
Processing will be performed on the MA8 and follow the operating instructions from the manual when using
this machine.

Mask: substrate contacts (foil mask)

Exposure time: check logbook (140 mJ equivalent)

A.4.3. Development

Use the EVG 120 wafertrack to develop the wafers, and follow the instructions specified for this equipment.
The process consists of a post-exposure bake at 115 degC for 90 seconds, followed by a development step
using Shipley MF322 developer (double puddle process), and a hard bake at 100 degC for 90 seconds. Always
check the temperature of the hotplates first.

Use development program Dev — SP
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A.4.4. Inspection
Visually inspect the wafers through a microscope, and check openings.

A.4.5. Plasma Etching of Substrate Contacts
Use the Drytek Triode 384T and follow the operating instructions from the manual when using this machine.

Use the recipe stdoxide and check the logbook for the etching rate, typ 8-10 mm/s

A.4.6. Cleaning Procedure: Tepla + HNO3 100% + 65%

Plasma strip:
¢ Use the Tepla plasma system to remove the photoresist in an oxygen plasma.
¢ Follow the instructions specified for the Tepla stripper, and use the quartz carrier.
¢ Use program 1
Cleaning:
¢ 10 minutes in fuming nitric acid (Merck: HNO3 100%) at ambient temperature.
¢ Use wet bench "HNO3 (100%)" and the carrier with the red dot.
QDR:
e Rinse in the Quick Dump Rinser with the standard program until the resistivity is 5 MQ.
Cleaning:
¢ 10 minutes in concentrated nitric acid (Merck: HNO3 65% ) at 110 °C.
¢ Use wet bench "HNO3 (65%)" and the carrier with the red dot.
QDR:
¢ Rinse in the Quick Dump Rinser with the standard program until the resistivity is 5 MQ.
Drying:

* Use the Semitool "rinser/dryer" with the standard program, and the white carrier with a red dot.

A.5. Part 5: Metalization
A.5.1. Coating and Baking

Use the EVG 120 wafertrack to coat the wafers with resist, and follow the instructions specified for this equip-
ment.

The process consists of a treatment with HMDS (hexamethyldisilazane) vapor with nitrogen as a carrier gas,
spin coating with AZ NLOF2020 negative photoresist, and a soft bake at 95degC for 90 seconds.

Always check the temperature of the hotplate and the relative humidity (48 + 2 %) in the room first.

Use coating Co —nlof2020 - 3,5um — no EBR (resist thickness: 3.500 pm).

A.5.2. Alignment and Exposure
Processing will be performed on the EVG420 and follow the operating instructions from the manual when
using this machine.

Mask: metal contacts (glass mask)

Exposure time: check logbook (55 m]J equivalent)
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A.5.3. Development
Use the EVG 120 wafertrack to develop the wafers, and follow the instructions specified for this equipment.

The process consists of a post-exposure bake at 115 degC for 90 seconds, followed by a development step
using Shipley MF322 developer (double puddle process), and a hard bake at 100 degC for 90 seconds.

Always check the temperature of the hotplates first.
Use development program Dev - Only X-link Bake

Use development program xDens-Dev-Lift-Off

A.5.4. Inspection
Visually inspect the wafers through a microscope, and check openings.

A.5.5. Native Oxide Removal: Triton X100 + HF
Dip the wafers in Triton X100 (Si Etching Line). Time: 60 sec.

Use 0.55% HF for 4 min to remove the native oxide.

Use the QDR and dry using the dryer in the etching line.

A.5.6. Cr/Au evaporation
This step should be performed within 30 min of the previous step!

Use the CHA evaporator in CR10000 to deposit 10/100 nm of Cr/Au. Contaminated after this step.

A.5.7. Lift-off

Perform lift-off in SAL using NMP heated bain-marie to 70°C in an ultrasonic bath. Apply ultrasonic till all
Au is removed from the areas it should be lifted off. Rinse in DI water for 5 min and dry the wafers using the
contaminated chuck.

Use dedicated beakers for lift-off

A.5.8. HNO3 Cleaning Procedure

Manually clean the wafers in SAL by using contaminated 99% HNO3 to remove organic residues. Rinse the
wafers with water for 5 minutes afterwards. Dry the wafers in the spinner using the contaminated chuck.

A.6. Part 6: Passivation Layer
A.6.1.S8i02 CVD

Location: Kavli Equipment: Plasmalab 80 Recipe:?

This will be done by PhD students who have access to Kavli Lab.

A.6.2. Manual Coating and Baking

Use the Convac Spinner MEMS in the Polymer Lab to manually coat the wafers with resist, and follow the
instructions specified for this equipment.

The coating is done with Shipley SPR3012 positive photoresist with a thickness of 2.1um, spin speed of 1500rpm,
and a spin time of 30-60 sec (online calculator http://www.laurell.com/support/spin-speed-calculator.php),

and a soft bake at 95 °C for 90 seconds.

Use the chuck for Cu contaminated samples and the hotplate for contaminated wafers
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A.6.3. Alignment and Exposure

Processing will be performed on the EVG420 and follow the operating instructions from the manual when
using this machine.

Use the contaminated chuck.

Mask: passivation (glass mask)

Exposure time: 300mj/cm2 (exposure time: check calibration log of Suss s) Always check the correspond-
ing exposure energy with the thickness of the photoresist.

A.6.4. Manual Development
Use a hotplate to manually develop the wafers.

Post-exposure bake: 115 °C for 60 seconds on hotplate for contaminated wafers.
Development: Shipley MF322 developer for 60 sec.

Hard bake: 100 °C for 90 seconds on hotplate for contaminated wafers.

A.6.5. Inspection
Visually inspect the wafers through a microscope, and check openings. Put a tissue underneath the wafer.

A.6.6. Wet Etching of Passivation Layer
Use the wet bench for red metals in SAL to etch SiO2 by using BHF(1:7). Rinse the wafers with water for 5
minutes afterwards. Dry the wafers in the spinner using the contaminated chuck.

A.6.7. Manual Cleaning Procedure
Manually clean the wafers in SAL by using acetone to strip the photoresist. Rinse the wafers with water for 5
minutes afterwards. Dry the wafers in the spinner using the contaminated chuck.



B.1. Design A with Sn02
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B.1. Design A with SnO2
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B. Conductance Data
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Lithography Mask Designs

MASK 1 - SI CONTACTS

Figure C.1: Mask 1: Bias Contacts.
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MASK 3 - PASSIVATION LAYER
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