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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF PHYSICAL SCIENCE AND ENGINEERING
SCHOOL OF ELECTRONICS AND COMPUTER SCIENCE

Doctor of Philosophy

by Longtao Dong

This thesis presents the development of low power electrodeposited PANi-Si Schot-
tky barrier hydrogen sensors with the purpose of enabling distributed sensor net-
works allowing the further development of hydrogen as a renewable alternative to
carbon-based fuels. In this work a Schottky barrier based PdNi-Si hydrogen sensor
is introduced which can compete with available sensors in terms of sensitivity and
selectivity, while at the same time having extremely low power consumption. It
is shown that variation of the electrodeposition potential is capable of creating
PdNi alloys with the ratio of Pd to Ni spanning almost the entire range. Based on
this possibility we present a new technique of composition-modulated PdNi films,
in which each part of the PdNi film is separately optimized within a single elec-
trodeposition process for use in a Schottky barrier hydrogen sensor. Back to back
PdNi-Si Schottky barrier hydrogen sensor have been fabricated. The Current-
Voltage characteristic of back to back Pd-Si Schottky barrier in both hydrogen
and nitrogen ambient clearly demonstrate that the back to back Schottky bar-
rier have a good sensitivity to hydrogen. The sensors have been integrated in a
printed circuit board (PCB) for aqueous measurement to take advantage of the low
power consumption of the hydrogen sensors to allow the fabrication of ubiquitous

distributed unpowered sensor network.

It is shown that the pure Ni films do not show evidence of response to hydrogen
and that adding a thin layer of Pd on top allows those sensors to function, but that
an alloy of both materials is required to prevent the formation of the destructive 8
Pd phase. The increase in current with hydrogen can be explained by a decrease
of the Schottky barrier height. The sensors have full selectivity with respect to
nitrogen and oxygen. It is shown that sensitivity is optimum for Pd;_,Ni, with x
around 0.4 whereas time response is optimum for x around 0.1. This conundrum
is solved by the composition-modulated technique. The time response results for

the Pd;_,Ni, composition modulated surface layer and constant Pd-Ni ratio in
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the bulk layer prove that the speed of hydrogen dissociation at the surface scales
near exponential with an increase of Pd concentration indicating that as high Pd
concentration in the surface layer should be selected which is compatible with the
prevention of the S-phase during cycling. The sensitivity response results for the
composition modulated barrier layer with constant Pd-Ni ratio in the bulk layer
and 10% Ni in the surface layer agrees with the previous results on uniform films
with x=0.4 giving the highest sensitivity. It is hence concluded that a Pd;_,Ni,
film with x=0.1, 0.3, 0.4 for the surface, bulk, and barrier layer, respectively, is

the optimum composition.

The relation between response time and hydrogen concentration was tested and
showed a drastically fall with increasing hydrogen concentration. The quickest
time response was achieved as the concentration reach to 5000ppm and a power
law relation of -0.76 was found. A dissociation limited rate equation would follow
Sievert’s law and result in a slope of -0.5 while limitation in number of trap states
at the PdNi-Si interface would result in a slope of -1.0. Our results on response
time versus hydrogen concentration indicate that both dissociation and number of
traps state at the Schottky barrier interface are of importance in the determination

of the sensitivity of the sensor.

Temperature dependent measurements show that these sensors function properly
at both slightly elevated and below zero temperature. The temperature depen-
dence characteristic of the Schottky barrier height shows that the sensor have a
good fit with the equation describing the current as function of temperature in
terms of spatial variation of the barrier height. Minimizing this spatial variation

is essential for reliable operation of the sensor.
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Chapter 1

Introduction

1.1 Hydrogen Sensor

Oil based fuels are finite and environmentally hazardous, and the search for alter-
natives is driven by increasing concern about the negative effects of CO5 emissions
on climate change. Liquid Hydrogen already has been utilized in rockets as a pow-
erful fuel. Furthermore, in the industrialized sectors such as the chemical-, food-,
semiconductor- and transportation-sector, hydrogen has turned out to be one of
the most useful gases. For the next generation of conversion from fossil fuel energy
source to renewable energy, a clean source of hydrogen will be paramount in the
utilization of hydrogen as an alternative source of raw material or fuel. The key
property of hydrogen as renewable alternative to carbon-based fuels, is its clean

combustion without harmful emission.

Hydrogen sensors are critical to insure the safety of hydrogen systems due to

hydrogen’s combustion characteristics which include

e Low minimum ignition energy:0.015mJ

High heat of combustion:147kJ/g Hy

Wide flammable range:4-75%

High diffusivity:0.61 cm2s™!

lightest element:0.08988 g/L

Autoignition temperature:500°C
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The other special properties of hydrogen are its absence of colour, odour and taste,
so hydrogen gas can not be discovered by the human sense function. In 1937, the
airship Hindenburg, powered by hydrogen gas, flew from Germany to USA, caught
fire and exploded resulting in 36 fatalities. An urgent need of hydrogen safety
sensor was commissioned as a result of this accident and other similar explosions,
but even though this accident is more than 75 years ago, the safety of hydrogen

gas has not recovered in the human mind.

Currently, people use natural gas fuels boilers and cooking stoves in their homes.
Hydrogen as an end use fuel could replace natural gas, as well as the fuel cell based
micro-CHP (combined heat and power) boilers which fueled by the hydrogen can
also produce volumes of decentralized electricity during peak demand time [1].
With the developing hydrogen fuel cell industry, the consumption of hydrogen gas
has a drastic potential to expand. Due to hydrogen gas having the characteristic
of low mass, high diffusivity, and extremely low liquefaction point, the storage of
hydrogen gas is not easy. Meanwhile, the dimension of a hydrogen molecule is very
small which makes it difficult to seal any container hermetically and prevent leaks.
So, with the continuous research and development in hydrogen technology both
as an energy carrier and for other industrial uses, there is clear need for advanced
hydrogen sensors for the measurement and monitoring of hydrogen concentration
during production, storage, and transport. Furthermore, accurate measurement
of gas composition and in-situ monitoring of hydrogen is of great economic value
for the energy industry. For a hydrogen fuel cell, the mixture and distribution
of hydrogen gas are vital for the efficiency of the fuel cell. Therefore, a highly

sensitive hydrogen detecting technology becomes even more crucial.

1.2 PdNi-Si Hydrogen Sensor

Hydrogen sensors are needed that can be operated at temperatures from -30 to
1000 °C, and this results in the use of unique designs and new sensor materials.
For many widespread applications, a sensor with simplicity and low cost as well
as small size and minimal power consumption is desired. The fundamentals of
palladium based sensor technology for sensing applications is its independence
from the local environment as well as its small size and ability to be used at high
pressures. Electrochemical approaches to sensing hydrogen can provide one of
the lowest power approaches for gas monitoring combined with good analytical

performance.
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In the last years, many hydrogen sensors use palladium as transducer. Most solid
state hydrogen sensors measure the resistance change in Pd/Pd-alloy films and
current changes in Pt/Pd-semiconductor Schottky barriers on exposure to hydro-
gen [2]. Palladium catalyzes the dissociation of hydrogen molecules and exhibits
changes in its properties on hydrogen absorption. The effect of alloying with Nickel
is making the Palladium film more robust in handling multiple hydrogen exposures.
The low reverse bias current of PdNi-Si Schottky barrier is used to fabricate low
power hydrogen sensor. Recent research in Southampton, has resulted in PdNi-
Si Schottky barrier sensors in which the critical process is the electro-deposition
of the metal on Si. These electrodeposited Ni-Si Schottky diodes presented low
reverse bias current and higher on/off ratios compared to evaporated Schottky
diode. The sensor was designed as a back to back Schottky diode pair which can
draw very low idle current and exhibit large percentage increases in current on
hydrogen exposure. However, these sensors respond much too slow to be of any
practical use. It is the object of the research presented in this thesis to understand
the time response of this sensor and improve the structure such that the response

time is significantly improved.

1.3 Thesis Outline

In this PhD thesis the work is presented as follows:

e In chapter 2, a review of current hydrogen sensing technologies is introduced.
This chapter not only lists the advantages and disadvantages of particular
hydrogen sensors, but explains the use metal semiconductor Schottky barrier

structures as object of our research.

e Chapter 3 describes the fundamentals of electrodeposition as well as the
process to deposit PdNi alloys with desirable concentrations. The concept
of the Schottky barrier is also introduced in this chapter. Basic theory of
the current-voltage (I-V) and capacitance-voltage (C-V) characteristics of

Schottky diodes is explained in terms of ideality factor and barrier height.

e Chapter 4 introduces the design and fabrication process of the Schottky
barrier hydrogen sensor. The sensor was designed as a back to back Schottky

diode which results in very low idle current.

e In Chapter 5, hydrogen sensors with uniform PdNi alloy composition were

characterized by full of C-V and I-V technique both at room temperature
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and as function of temperature. Using a combination of measurement, the

best alloy composition was found to be used as the bulk of the thin film.

In Chapter 6, the sensor is further improved by using an innovative electro-
deposition process to create surface and interface layers of different alloy
composition than the bulk. This techniques allows individual parts of the
thin film to be optimized for response time, sensitivity and cyclability. The
optimized sensor is subsequently tested in different hydrogen concentrations

and at different temperatures to fully characterize the response.



Chapter 2

Hydrogen Sensor Reviews

2.1 Sensor Specifications

Currently, there exists a broad range of hydrogen sensing technologies and it is
therefore complicated to select an appropriate sensing technology for a proper
application. There are numerous different types of hydrogen safety sensors com-
mercially available and new technologies continue to be developed and are expected
to be commercialized successfully. In the following sections, some hydrogen sen-
sor which are already commercially available will be described together with the
most promising research activities. The current mature and commercial available

hydrogen sensor technologies include the following different types [3].

e Electrochemical sensors

e "Pellistor’-type combustible sensors

e Thermal conductivity sensors

e Semiconductive metal-oxide sensors

e MEMS type and acoustic sensors

e Resistive Pd-film and Pd-alloy films sensors
e Metal Oxide Semiconductor sensors

e Schottky barrier hydrogen sensors

5
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The gas sensor sensitivity is the key characteristic to describe the performance.
Generally, sensitivity for a gas sensor is expressed as the ratio of current change or
resistance change between nitrogen and hydrogen ambient at a certain hydrogen
concentration, but this generates different values for each hydrogen concentration
[4]. In order to have a reasonable fair comparison between different sensor tech-
niques, we define two sensitivities for the PANi Schottky barrier hydrogen sensor;
the high hydrogen concentration was defined as concentration above 1% and the

low concentration as between 0 to 1%. The equations are 2.1, 2.2, respectively.

I o I 0
Shigh = —WIW & (2.1)
] m I m
Slow = 2000pp Opp (22)
IOppm

The gas selectivity aap is defined as the ratio of the permeability coefficient of the
gas A (P4) to the permeability coefficient of the gas B (Pg). Normally, A is the
most permeable gas resulting in aqp > 1. This value of the selectivity is unit-less
[5]. This value also can be interpreted as that the gas sensor is more sensitive to
gas A than to gas B by a factor of asp . Therefore, the selectivity of a hydrogen

sensor can be expressed as Eq. 2.3.

Aly,/No

AT (2.3)

&g,B =

For response time of the hydrogen sensor, the widely accepted definition is the
time it takes to reach 90% of the difference in steady-state current from nitrogen

or vacuum ambient to the hydrogen ambient [6, 7].

2.2 Electrochemical Sensors

For the electrochemical hydrogen sensor, hydrogen is oxidized at a sensing elec-
trode surface which is coated with a platinum catalyst. The oxidation reaction
at the electrode surface results in a potential difference between the sensing elec-
trode and the reference electrode [8]. Electrochemical sensors are classified into

two categories of sensors: amperometric and potentiometric.

The basic schematic of an amperometric sensor is illustrated in Fig. 2.1. The

electrolyte in this figure is sandwiched between the sensing electrode and another
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Membrane

!:: ! iffusion barrier’)
2e” _

Sensing
electrode

Reference electrode

FIGURE 2.1: Schematic of a 3-electrode amperometric sensor [9].

electrode called the counter electrode. The electrolyte normally is a solid form
of Hydrogen Uranyl Phosphate (HUO,PO,4.4H50) which is a good conductor for
H* ions. Operationally, the electrochemical hydrogen sensor undergoes an electro-
chemical reaction when subjected to hydrogen gas, resulting in an electrical current
that is proportion to the hydrogen gas concentration. The hydrogen molecules ex-
perience a variation in oxidation state which lead to a transition from the molecule
as displayed in Eq. 2.4 in which the hydrogen gas after the catalytic process is
changed to hydrogen ions. Two electrons are freed during this process. The re-
duction of oxygen takes place at the counter electrode simultaneously as displayed
in Eq. 2.5 .

Hy — 2H" 4 2e” (2.4)

1/205 + 2H* 4 2¢~ — Hy0 (2.5)

When the sensor senses the hydrogen gas in the actual situation, the hydrogen gas
diffuses through a permeable hydrophobic gas barrier (membrane) and reaches the
surface of the electrode. This barrier is utilized to control the amount of gas which
will react at the sensing electrode. The barrier not only controls the amount of
gas to achieve a sufficient electrical signal, but can also prevent the electrolyte to

leak out of the sensor [10].

As Fig. 2.1 shows, these sensors are typically managed by an external electronic
circuit or a potentiostat. The potentiostat does not only control the electro-
chemical conditions of the sensor but also provides stable ambient to measure the

current. The applied potential between working and reference electrode set by the
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potentiostat fixes the thermodynamic operating potential for the working reaction
[11]. Tt is critical for both the observed sensitivity and the selectivity of the sen-
sor. Moreover, a selection of operating potential is an effective way to change or
optimize the performance of the sensor. Amperometric gas sensors have a good
sensitivity with wide linear range. Amperometric sensors exhibit cross sensitivity
to various species, including some hydrocarbons and a number of approaches have
been investigated to improve this. As mentioned above, the gas permeable barrier
was adapted to improve the selectivity by filtering other gases and prevent them

from diffusing into the sensor.

In order to achieve a good selectivity, Chao.Y et al. [12] mounted a FEP (fluori-
nated ethylene propylene) membrane at the gas inlet of the sensor. The hydrogen
can rapidly pass through the FEP membrane and react with Pt at the working
electrode. The cross sensitivity to gases such as carbon monoxide, ammonia and
hydrogen sulphide was eliminated with nearly 100% efficiency in the short term.
Also Sakthivel and Weppner reported a sensor with Pd diffusion barrier to freeze
the CO and CO, contaminated electrode [13]. A hydrogen sensor combining the
working principles of amperometric and field effect transistors was developed by
Huck.C [14]. This type of combination provide a more accurate and more reliable
sensor which gives a warning at the early stage of hydrogen dissolving. The sensor
shows a good detection of high concentration in the range from 0.1 to 3%, and
good sensitivity of 198 + 14 nA /1% hydrogen.

The difference between potentiometric sensors and amperometric sensors is that
the potentiometric sensor works at zero current, and the measured quantity is
related to the potential between the sensing and the reference electrode [15]. The
hydrogen concentration though has a non-linear relationship to the potential differ-
ence. In potentiometric sensors, the open circuit potential is typically proportional
to the logarithm of the concentration of analyte [16]. The relationship expressed

from the Nernst equation is shown in Eq. 2.6,

E—E'+ [%} in(2) (2.6)

where E is the electrode potential, E? is standard electrode potential, R is univer-
sal gas constant, T is absolute temperature, F is Faraday constant, z is number
of electrons taking part in the reaction, a is chemical activity of the analytes, and
ag is the activity of the reference. A potentiometric sensor can measure analyte

concentration over a range of more than 10 decades. The sensing principle is
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thermodynamic, it assumes that all reactions relating to the sensing are at equi-
librium [16]. In potentiometry, the process of diffusion and reaction must be at
equilibrium conditions in the sensor for a thermodynamically accurate signal to
be observed. Potentiometric sensors have a similar structure as the amperometric
sensor which consists of two electrodes and contact with an electrolyte on both
side. The electrodes are often made of noble elements such as Pd, Pt, Au or Ag
[17].

The detection signal from a potentiometric sensor is not dependent on the size
and geometry of the sensor. This leads to an advantage from the standpoint of
sensor miniaturization. However, the response of potentiometric sensor shows a
logarithmic relationship with hydrogen concentration, which results in a lower ac-
curacy at higher hydrogen concentration compared with the linear response of
amperometric sensors [18]. Both potentiometric and amperometric sensors have a
numbers of merits and demerits: they can work at low temperature environment,
low power consumption, high selectivity and sensitivity. However, the concentra-
tion of electrolytes between the electrodes can change with the humidity of the
environment. Electrochemical sensors are used to measure the hydrogen in the
range of 100 to 1000 ppm. Response time can be as quick as several seconds.
Electrochemical sensor offers the advantage of low power consumption and per-
form well at room temperature. Nowadays, electrochemical hydrogen sensors are

one of the commercial sensors in the market.

2.3 Pellistor-type Combustible Gas Sensor

Pellistor type combustible gas sensor are ultimately assembled by two coils, which
are inserted in a ceramic bead and provide a catalytic surface for hydrogen gas
in air combustion [15]. Physically, the coil has two functions. Firstly, the coil
act as a heater and secondly as a resistive thermometer in the system while the
surface of one bead is activated with a metal catalyst such as platinum or Pd.
The other surface of inactive bead without catalyst has the responsibility to act
as a compensating element. The coated surface catalyzes combustion during the
device exposure to hydrogen or other combustible vapours. The air combustion
taking place on the surface of coils leads to a certain temperature increase on the
combustible gas sensor. This type of sensor detects the hydrogen gas concentration
by the difference of the resistance of coil surface where the gas combustion take

place.
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Inactive bead
Platinum wire

AN

Heating current
—
/ Wheatstone

/ bridge

membrane

Active bead with catalyst Amperometer

FIGURE 2.2: Pellistor consists of an active bead and inactive bead which con-
necting with a Wheatstone bridge circuit.

Although pellistors have been developed for a long period and are commercially
available, they still have drawbacks. The basic pellistor type sensor is not exclusive
selective to hydrogen but can also respond to other gases such as hydrocarbons and
CO,. A filter or molecular sieve can be used to improve the selectivity. Pellistor
type hydrogen sensors offers high power consumption from 0.5 to 3W, because of
the pellistor need to heat up to its operating temperature. Furthermore, oxygen

concentration from 5% to 10% is required for the oxidation process.

As with other solid state sensors, improvement in power requirement and response
time is possible with miniaturized thin film structures that use modern MEMS
technology for fabrication. A planar catalytic combustion hydrogen sensor has
been fabricated based on MEMS technology [19]. The size of chip is 5.76 mm?
and the sensor showed a high response to hydrogen at 1V operating voltage. The
response time and recovery time to 1000 ppm hydrogen is 0.36s and 1.29s, respec-
tively. Katti et al. also developed a catalytic type hydrogen sensor with a Pd film
deposit on alumina which can operate at temperatures of 120°C with enlarged
area of catalytic surface [20]. This type of sensor consists of a glass encapsulated
Pt-heater coated with the catalytic thick film and a compensating element without
the active film. The sensor also uses a Polytetrafluoroethylene (PTFE) thin film
on the active element to improve the resistance of the sensor against poisoning
with HDMS and iodine etc. The sensor shows linear response up to 10% of hydro-
gen in 40 standard cm?®/min air flow with response time of 30s and recovery time
of 50s.
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2.4 Thermal Conductivity Sensors

A thermal conductivity sensor senses gas composition by comparing the conduc-
tivity of a sample gas with that of either a flowing or stationary reference gas [21].
In thermal conductivity sensors, thermal conductivity of the gas is measured from
monitoring the temperature of heated elements in both measurement cell and a
reference cell in a similar way as pellistors. These heated elements form part of
a Wheatstone bridge with changes in sample gas thermal conductivity yielding
a change in resistance of the sample cell heated element. The resistance change
signal can be correlated to the composition of the sample gas. These detectors
can operate from 100 ppm to 100% Hs in most of considered applications. Ther-
mal conductivity sensor requires a lower power consumption than the combustion
sensor. However, the production signal from thermal conductivity under hydrogen
ambient is not independent of the environment gas and may be affected by the
flow rate. Miniaturization of thermal conductivity sensors also results in rapid

response time, being significantly smaller than 1 second [22].

Measurement cell

Carrier gas and
probe Wheatstone

Vand

Carrier_) — N
gas y EaE Exhaust

T=CONST

Reference cell

F1GURE 2.3: A thermal conductivity sensor connected with a Wheatstone
bridge circuit.

2.5 Semiconducting Metal Oxide Sensors

Metal oxide sensors are fabricated with a wide band gap semiconductor material
as the active element of the sensor [23]. Currently, doped tin dioxide (SnO,)
being an n-type semiconductor is the most widely accepted and most completely
characterized sensing material. Typically a metal oxide film is deposited on an

insulating substrate material and connected to two electrodes.
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FIGURE 2.4: Model of Semiconducting metal oxide sensor. (a) Without hydro-
gen (b) with hydrogen [24].

The metal oxide crystal is heated to 300 to 500 °C when oxygen will be adsorbed
on the crystal surface to give a negative charge. The oxygen creates a potential
barrier at the grain boundaries which prevents the flow of electrons and results in
an increase of surface resistance [24]. When hydrogen gas arrive at the sensor, it
will be adsorbed and merge with the negatively charged oxygen with the reaction
between hydrogen and adsorbed oxygen expressed as Eq. 2.7, 2.8. As a result, the

barrier height in the grain boundary is reduced, which decrease the resistance.

Oy + 2e~ — 20~ (27)

Hy + 0O — HQO + e (28)

Semiconducting oxide sensors offer a good sensitivity that is as lower even lower
than 50 ppm and the time response can be reduced to less than 10 seconds. How-
ever, semiconducting oxide sensors have a major problem in the aspect of selec-
tivity. The method of doping with a noble metal such as Pd and Pt in SnO, does
improve the selectivity. The test results exhibits a 2 seconds response time and
10 seconds of recovery time, as well as good sensitivity to hydrogen at 100°C [25].

Currently, the widest hydrogen concentration range that can be detected by the
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semiconducting metal oxide sensor is from 300 ppm to 1500 ppm at a temperature
of 250°C by a design of single wall carbon nanotube reinforced nanocrystalline
tin oxide [26]. Due to the required heating, the sensor consumes a considerable

amount of power.

2.6 Mass sensitive sensors

2.6.1 Acoustic sensor

Acoustic hydrogen sensor use surface acoustic wave (SAW) which travel through
the surface of a piezoelectric substrate such as LiNbO3 and LiTaOs. The piezo-
electric substrate possesses high electromechanical coupling coefficient [27]. As the
(hydrogen) molecules are absorbed into a Pd layer coated on a SAW material, this
leads to a perturbation of the surface acoustic waves. As a consequence, hydrogen
gas can be monitored by the variation in frequency, amplitude as well as phase
of the transmitted waves of the SAW [28]. Recently, Phan et al. investigated a
SAW hydrogen sensor by incorporating ZnO nanoparticles with a Pt catalyst for
hydrogen gas detection [29]. The sensor demonstrated that by using Pt and ZnO
as sensing layer, the sensor can detect 1% Hy concentration with frequency shift
of 55kHz. SAW hydrogen sensors are compatible with microelectronic fabrication
and array integration. On the other hand, the sensitivity is limited by baseline

noise and the sensor has a poor temperature stability.

2.6.2 MEMS type sensor

In MEMS type hydrogen sensor, the hydrogen gas exposure to a thin Pd layer
deposited on surface of quartz crystal leads to a decrease in resonance frequency
[30]. Alternatively, an optical fiber is coated with essentially a Pd Layer. While
the hydrogen is absorbed on the Pd layer, the optical properties will be changed.
The optical properties normally include absorbance, reflectance, or scattering [31].
Optical fiber sensors have developing rapidly and are divided into several kinds
of technologies, for instance evanescent, micromirror, surface plasmon resonance,
and fiber Bragg grating sensor [32]. Wester waal et al. demonstrate a Pd-Au
alloy thin film as hydrogen sensitive layer in a fiber optic sensor [33]. The sensor

presents a 15 seconds time response during absorption and desorption.
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2.7 Pd-film and Pd-alloy Films Hydrogen Sensor

The simplest hydrogen sensors are Pd films in which the resistivity or volume
change due to hydrogen absorption is measured. Palladium is a noble metal and
has already been used as catalyst in hydrogen production and hydrogen fuel cells.
The hydrogen absorption by Pd during electrolysis was first found by Graham
T in 1868 [34]. Hydrogen molecules dissociated on their surface followed by the
atomic hydrogen which gets absorbed into the metal. Palladium can absorbed
large volumes of hydrogen gas equal to many times its own volume [35]. For
this absorption from the gas phase to occur, the surface of the metals should be

sufficiently clean for the Hy — 2H reaction readily to happen.

Pd hydride systems is one of the most well studied metal-hydride. Despite its
name, it is not an ionic hydride but rather an alloy of palladium with metallic hy-
drogen(see also fig. 6.14. The phase diagram of Pd-H is shown in Fig. 2.5. Pd has
a face centered cubic (FCC) structure at room temperature with a lattice param-
eter of 0.3890 nm; with hydrogen absorption, the lattice undergoes an isotropic
expansion but retains its FCC structure. In the dilute a-phase, the lattice pa-
rameter of PdH, is 0.3894 nm, corresponding to the ratio of the hydrogen to Pd
atoms of 0.0015. For the hydrogen Pd ratio larger than 0.7, the lattice is in the
phase with a lattice parameter of 0.4040nm. As the H/Pd ratio is between 0.0015
and 0.7, the a phase and 8 phased co-exist. The volume expansion from the « to
the § phase is 10.4% [36]. This large expansion stresses the Pd film causes film
embrittlement and fracture during hydrogen absorption. Theoretically, after re-
moval of the Pd from the hydrogen ambient the film should recover to the original
situation. However, the Pd film can be easily physical damaged by the volume

change which lead to the phase change being irreversible.

2.7.1 Volume Change Related Pd-film Sensors

Thin Pd films coated on a micro-cantilever based hydrogen sensor have demon-
strated high selectivity and sensitivity. By using the quartz crystal micro-balance
and volumetric technology, it was observed that when the Pd thickness was below
70 nm the onset of the Pd 3 phase due to hydrogen pressure, increased the thick-
ness of the film [37] (for explanation see the next section). Ollaginer et al. utilize
silicon cantilevers with dimensions of 250 ym x 35um width, and 1pm thickness.
Either 10 or 30nm Pd was deposited on the cantilever by using thermal evapo-

ration [38]. As the hydrogen molecules were introduced into the device chamber,
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FIGURE 2.5: Phase diagram of Pd-H(D) showing the miscibility gap « + 5 and
the low temperature ordered phase [35].

hydrogen absorbed in the Pd films will lead to a physical change such as swelling
or heating during the hydride formation and subsequent mechanical stress of the
film. Generally, the stresses that are produced by thin Pd films are more than

result from bulk material.

Fig. 2.6 gives the information of the Pd-coated cantilever hydrogen sensor which
behaves excellent in the a phase. From Sievert’s law, hydrogen absorption and
concentration within the metal varies in proportion to the square root of the hy-
drogen pressure. This figure shows that the change in the kinetic of the deflection
are reversible and ultimately demonstrates that the volume recovers since the hy-
drogen was removed in 1000 seconds. Fig. 2.7 illustrates cantilever deflection A Z
versus v/P. In this phase a sensitivity of nearly 3.5mm/ Vbar is calculated from
the slope of A/,/p as shown in the figure. A thickness for Pd film from 10nm to

40nm is suitable for monitoring the phase change.

2.7.2 Resistive Pd-film Sensors

The electrical characteristic of Pd hydride system has been studied by incorpo-
rating hydrogen into the Pd film electro catalytically via solution as well as via a
gas phase [39]. The resistance of the Pd hydride depends on its phase at the time
of measurement and therefore on the hydrogen concentration in the Pd lattice.
The resistance of the film increases linearly withe increasing hydrogen content

throughout the o and a+f phase with a higher rate of increase in the o phase
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FI1GURE 2.6: Kinetic of the deflection A Z induced by hydrogen absorption from

0 to 1000 seconds with hydrogen pressure varying from 10~7 to 10~° bar. From

1000 to 2500 seconds the hydrogen was removed by vacuum pumping down.
Reproduced from [38].

14 1250

12

200
K :
E 150 5
= o
N / -
“'-'-:] 100 'g-.
<]

50

.............. é i " P é — " P T — .12. PR .1.4 " M .1g

VP [x1073y/ BEr]
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ments both for absorption and desorption of Hy in palladium [38].
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FIGURE 2.8: Atomic ratio H/Pd as function of hydrogen pressure[40].

concentration range compared to the o + 3 phase. When the -phase of the hy-
dride is reached, the rate of change decreases further and for some samples, a
decrease of resistance is observed with increasing hydrogen concentration at this
point. The hysteretic variation of hydrogen content with hydrogen pressure as
shown in Fig. 2.8 results in the resistance characteristics also showing hysteresis
as the hydrogen desorbs from the Pd film. This hysteresis in the electrical char-
acteristic is due to large volume changes in the a-PdH to S-PdH phase change
which leads to film embrittlement and restricts the pressure range in which pure

Pd sensors can function.

shows how Pd changes with the introduction of hydrogen [35].

2.7.3 Pd Alloy Films

The utilization of alloys of Pd with metals, such as silver or nickel can resolve
the limitation of limited reversibility by stabilising the a-PdH phase. Alloy met-
als have specific effects on the Pd lattice due to their different atomic sizes and
electronic configurations. Elements like silver and lead possesses larger atomic
sizes compared to Pd, which causes the Pd lattice to expand and particularly the
size of the octahedral interstices. All of the alloys have greater terminal hydrogen
solubility than does pure Pd. For instance, the hydrogen solubility at which the
hydride phase first forms at a given temperature, is shifted to higher concentra-

tion. Elements like Nickel have smaller atomic sizes compared to Pd, and cause a
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FiGURE 2.9: Diffusion coefficient of hydrogen at 298K vs. Ni content in Pd-
Ni alloys. circle: as cold rolled, triangle: annealed at 773K for 3.6ks, square:
annealed at 1123k for 7.2ks [41].

contraction of the lattice which favours lower solubility at low hydrogen content

and higher solubility at higher hydrogen content compared to pure Pd.

The hydrogen diffusivity vs. Ni content at room temperature is illustrated in
Fig. 2.9. Sakamoto et al. have used an electrochemical permeation method to
determine the variation of the diffusivity of hydrogen through annealed and cold
rolled PANi membranes in the temperature range of 279 to 335K and of Ni com-
position from 1—100% [41]. The diffusivity in the annealed Pd-Ni alloys decreases
in an almost logarithmic fashion with the increasing Ni content. Atomic diffusion
process is a totally random thermally activated movement of atoms in a solid re-
sulting in the net transport of atoms. For a single atom in a defect free crystal
the movement can be described by random walk model; if the diffusion coefficient
is given by D and time is given by t, the average distance of the atom from its

initial position 1 is proportional to the square root of Dt, as Eq. 2.9 shows.

| =Dt (2.9)
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FIGURE 2.10: Relative volume change vs Ni concentration [42].

Based on Eq. 2.9 the time of hydrogen atoms diffusion through a 50nm PdNi
alloy can be calculated. The diffusion time, for example, for the hydrogen atoms
diffusion through a 50nm pure Pd film is 0.25ms. The diffusion time for a 50nm
pure Ni film is 0.25s. As most sensors have response time of at least multiple
seconds and often more, these two diffusion time indicate that the atomic diffusion
time through the film is not a limiting factor in PdNi-Si Schottky barrier hydrogen
sensors. The rate limiting steps are how fast the hydrogen atom can dissociate at

the Pd/air interface and can be trapped at the Metal/Semiconductor interface.

With an increase of Ni content, the diffusivity in the PdNi alloys decreases in
an almost logarithmic fashion. Nitrogen inclusion also affects the relative volume
change, the ratio of volume expanded by hydrogen absorption to the initial volume.
Fig. 2.10 displays the relative volume change as a function of Ni concentration [42].
It is well known that hydrogen atoms occupy interstitial sites in metal and produce

an expansion of the surrounding lattice.

In this context, increased concentration of Ni leads to the corresponding increase
in the relative volume change. The increased AV /2 value allows the alloy film to
expand further when absorbing the same amount of hydrogen atoms. Lee et al.
demonstrated a Pd-Ni alloy thin film hydrogen gas sensor, which shows an almost
linear relationship between the sensitivity and hydrogen concentration. The sensor
was able to detect low concentration down to 0.01% [43]. The sensitivities of pure
Pd film and Pdg¢3Nig g7 films were 5.1% and 3.1% for 1% hydrogen, respectively.
The response time for the sensors was defined as the time for the electric resistance
change to reach 36.8% of the total change, with the resulting numbers being 49
and 5 seconds of Pd and PdNi, respectively.
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FIGURE 2.11: Time response to 1% Hsy versus the Ni content in PdNi alloy
films [43].

Fig. 2.11 illustrates the time response for various Pd-Ni alloys under exposure to
1% hydrogen gas. With increasing Ni concentration, the response time decreases

significantly to 7 seconds.

Fig. 2.12 shows the sensitivity changes for pure Pd and PdNi alloy sensors versus
the Hy concentration. For pure Pd film, when the hydrogen concentration reaches
2% a hysteresis mechanism was observed: the phase transition was from « phase
to B phase and return to the a phase. In the alloy films no hysteresis behaviour
happens during the absorption and desorption process up to 2% hydrogen. In
the aspect of the sensitivity, PdNi alloys show a linear increase below the 2%

concentration hydrogen.

2.8 Metal Oxide Semiconductor Sensor

Hydrogen sensors based on a metal-oxide-semiconductor (MOS) layout has been
investigated for several decades since the first report was published in 1975 [44].
Since then, enormous amount of literature related to this subject has been pub-
lished. Over these years, different MOS sensors with catalytic metal gates have
been fabricated and measured. Generally, MOS type of hydrogen sensors can
be divided into two categories: metal oxide semiconductor field effect transistor
(MOSFET), metal oxide semiconductor capacitor, as well as MOS Schottky diode.
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FIGURE 2.12: Hysteresis curve of various PdNi alloys sensitivity during the
absorption and desorption as a function of hydrogen concentration [43].

2.8.1 Metal-Oxide-Semiconductor Field Effect Transistor

A MOSFET type hydrogen sensor is a specific form of a chemically sensitive field
effect transistor in which the gate metal has been replaced with Pd. Fig. 2.13 il-
lustrates the basic schematic of MOSFET transistor sensor. Normally, in a MOS-
FET transistor, the conductivity between the source and drain is manipulated
by the voltage from the gate. When the MOSFET hydrogen sensor is working
under a hydrogen-mixture ambient, the hydrogen molecules will be adsorbed on
the Pd-gate surface and dissociate into hydrogen atoms. Then hydrogen atoms
will continue to diffuse through the gate and reach the Pd-SiOs interface. The
hydrogen atoms at the metal insulator interface are polarized and form a dipole
layer that change the work function of the metal resulting in a threshold voltage
change of the transistor. The threshold voltage drift signal measured by the sensor
corresponds to the hydrogen concentration [45] according to the langmuir isotherm
in Eq. 2.10:

AV = AVpas Oy Piz/ Fo, (2.10)
1—|—C\/PH2/P02

A V4, is the maximum observable voltage shift, C is a constant, Py, and Pp, are

the partial pressure of hydrogen and oxygen respectively [46]. Hydrogen sensors
based on the MOSFET structures have been developed in a variety of directions.
Kim et al. have developed a dual-MOSFET device which can operate at an ele-
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FI1GURE 2.13: Cross section view of a basic MOSFET hydrogen sensor, a dipole
layer formed as the hydrogen atoms accumulated at the metal/oxide interface
creates a work function change.

vated temperature of 150°C with 18s response and recovery time for 5000ppm [47].
A MOSFET sensor with a unique gate structure which has Ti and oxygen accumu-
lated region surrounding Pt grains has been presented by Usagawa et al. [48]. The
hydrogen concentration that can be detected in this structure ranges from 100ppm
to 1%. MOSFET hydrogen sensor not only exhibits a good selectivity compared
to other sensing techniques, they also demonstrate cross-sensitivity to only a few
hydrogen compounds such as NHs and HsS. Nevertheless the main flaws of MOS
sensors are their instability which leads to issues such as hydrogen-induced drift,

and their slow response after been stored for a long time.

2.8.2 Metal-Insulator-Semiconductor Capacitor

The metal-oxide-semiconductor capacitor hydrogen sensor is considered as the
simplest MOS device [49]. Typically, the structure consists of a thin oxide layer
in the middle of a metal layer and silicon substrate. A charge accumulation layer
forms on both sides of oxide layer. MOS capacitor hydrogen sensor use Pd or other

noble metals as the top metal electrode as shown in Fig. 2.14(a). The hydrogen



Chapter 2 Hydrogen Sensor Reviews 23

Gate Connection C

Meta] H2 oA~

Without
[ H2

Substrate — v >
Connection Av
(a) (b)

FIGURE 2.14: (a)Cross-section view of a basic MOS-capacitor sensor. (b) C-V
curves explicit the effects of the hydrogen dipole layer: a negative flat band
voltage shift [53].

sensitivity arises primarily though the hydrogen dipole layer at the interface be-
tween the Pd and oxide. This dipole layer leads to a flat band voltage shift, which
is a measure corresponding to the hydrogen concentration on the surface of Pd
electrode [50].

The first MOS capacitor using a thin Pd film as the metal electrode was developed
by Steele et al. [51]. They observed a flat band shift of up to 1V in the capacitance-
voltage (C-V) curves when 4% hydrogen was introduced at room temperature with
a 50 ppm detect limit. The sensor has a 10s and 60s response and recovery time,
respectively. Recently, several novel metals have been developed as a catalytic
metal for gate electrode in MOS capacitor. A Ni-SiO,-Si capacitor can operate
at 140°C' to detect hydrogen between 50 ppm and 1000 ppm in nitrogen with a
response time of 20-50s. Lu et al. fabricated a MOS capacitor hydrogen sensor
with a Ni-SiO,-Si structures with only a 2.4 nm Si oxide [52].

At 150°C this sensor illustrates fast time response (4 s for 1% hydrogen) compared
with the other thick oxide MOS capacitor sensor. A 30nm Pd layer was deposited
on the gate by a Nd:YAG (Nd:Y3Al502) high power pulsed layer for a MOS
capacitor [54]. This device can detect hydrogen concentrations down to 24 ppm
with 3 orders of sensitivity. It was reported that Pd is an ideal material for the
catalytic electrode in a MOS capacitor hydrogen sensor, which can detect less than
1% hydrogen in the air ambient. Pt-MOS capacitor hydrogen sensor can operate

at a higher hydrogen concentration where the Pd-MOS capacitor sensor meets the
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saturation point.

2.9 Schottky Barrier Hydrogen Sensor

Schottky barriers function as a diode which is made of a metal contact with a semi-
conducting material. The basic Schottky barrier hydrogen sensor sensing mecha-
nism is again hydrogen dissociation to H* by the noble metal such as Pd, which
will continuously diffusing to the metal-semiconductor interface. The ions will be
trapped on the interface and form a dipole layer which decreases the Schottky bar-
rier height and lead to larger electron flow across the barrier. The Schottky diode
structure was chosen for our thesis and the specific mechanism will be discussed

in Chapter 3 (see fig. 3.18).

Recently, Pd and Pt was extensively used in Schottky barrier based hydrogen
sensor [55, 4, 56]. For semiconducting material, Si, GaN are the most popular
materials to fabricate the Schottky barrier [57]. The reason to choose GaN as the
semiconducting material is due to its wide bandgap (3.4 eV), high electron sat-
uration velocity, good thermal and chemical stability, so it could work at higher
temperature for hydrogen sensing [58]. Karl et al. fabricated a hydrogen sensor
which is based on a Pd/nanowire Schottky barrier and contact with SiOs/Si sub-
strate [59]. This sensor demonstrates a detecting range of hydrogen concentration

from 3 ppm to 5000 ppm and a sensitivity of 6.9% at 100 ppm.
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FIGURE 2.15: I-V characteristic of Pd/nanowire Schottky barrier hydrogen
sensor at various of hydrogen concentration [59].

Fig. 2.15 reveals the current-voltage (I-V) characteristic of the nanowire sensor for
various hydrogen concentrations.The time response is 60 minutes at lower concen-

trations, and at the higher concentration (10,000) ppm the response time is less
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FIGURE 2.16: I-V curves of a Pd/GaN Schottky barrier in air and 1% Hz[60].

than 1 minute. Zhong et al. developed a Schottky barrier hydrogen sensor on a
porous planar GaN film with the GaN film epitaxially grown on a Si substrate
[60]. At room temperature, the detecting range of this sensor was from 320 to
10000 ppm. The response time for this sensor is 60 seconds. The I-V curve of this

sensor in air and hydrogen is illustrated in Fig. 2.16.

Kiziroglou et al. compared the transport characteristics of evaporated Ni-Si Schot-
tky barriers with that of the electrodeposited Ni/Si Schottky barriers of the same
structure [61]. They have observed that the electrodeposited Ni/Si Schottky barri-
ers exhibit better rectifying behaviour than the evaporated one. The poor rectify-
ing of the evaporated Schottky barrier was caused by the formation of an interfacial
layer at the Ni-Si interface due to the intermixing of the high energy Ni atoms
with Si during evaporation. The interfacial layer will lower the Schottky barrier
height leading to an increase of the reverse current density. This, in turn, will lead

to a significantly reduced sensitivity to hydrogen.

2.10 Conclusion and Comparison

A market survey related to hydrogen sensor has been performed to identify the
commercially available options [3]. The number of commercial sensors manufac-
turers marketing is increasing every year. A total of 53 different models from
21 different manufactures were found. The different working principles and the

number of models of each individual type are summarized in Table 2.1.

Typical characteristics of different sensor types are summarized in Table 2.2. Each
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TABLE 2.1: The number of each type of commercial hydrogen sensor surveyed
and the manufacturers for each type [3].

Working principle models manufacturers
Catalytic 9 6
Thermal conductivity 4 3
Optical 2 1
Electrochemical 19 9
MOS Capacitor and MOSFET 1 1
Semiconducting metal oxide 11 6
Total 53 21

of the technologies discussed in this chapter is a good sensor platform with strong
performance in at least one aspect of operation, and many of them are commer-
cially successful. However, none if these type of sensors is ideally suited for every
application. Customers therefore must compromise and choose the most appro-
priate technology that will best meet their application requirement. A summary

of the ability of each type of technology to meet these performances is given in
table 2.3.

In table 2.2, the requirement in specific areas is highlighted for further research
and development. The upper limit of the hydrogen sensor working temperature
is primarily based on the location of the sensor, and the limit of 125°C is used
in some application areas, for example nearby an engine [3]. Vacuum operation
would be advantageous as well. Both the response and recovery time need to be

reduced for all different type of sensing technology.

In comparison with other hydrogen sensing technologies, metal-semiconductor
Schottky barrier devices based on hydrogen sensitive Pd films have advantages
such as high sensitivity and selectivity as well as low cost. MOS and semiconduct-
ing metal-oxide can be deployed to detect hydrogen during a catalytic reaction on
the sensor’s surface. They can also measure low surface concentration compared

with other conventional sensitive techniques.

The particular aim of this thesis is to produce a low cost, small size, and low
power consumption hydrogen sensor. Considering the above, electrodeposition
technology to produce metal semiconductor Schottky barrier hydrogen sensor is a
very promising approach when the slow time response can be addressed. Therefore,
the following research will focus on fabricating and improving the response time
of the Schottky barrier hydrogen sensor to reach a level of less than 1 minute.

Work is carried out to find the best PdNi alloy composition, which has lead to
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TABLE 2.2: Characteristics of hydrogen sensor, modified from [15].

Sensor type Advantages Disadvantages
Catalytic Linear signal result High power consumption
Stable Not hydrogen selective
Wide operation range limited sensitivity
Simple circuit design Room temperature operation
Thermal Wide measuring range Higher /lower detection limit
conduction Long term stability Cross-sensitive to He
Low cost Slow time response
Optical No source of ignition in safety Interference with Light
Unaffected by Magnetic Interference
Wide area monitoring
Acoustic High sensitivity Interference from humidity
Suitable for Unable at higher temperature
Multi-sensor array
Electrochemical Low power consumption Narrow temperature range
Resistant to poisoning Using some electrolytes
Restricted lifetime
MOS High sensitivity and selectivity Dependence on temperature
Capacitor Rapid response, Low power consumption initial insensitivity to hydrogen
MOSFET High sensitivity Susceptible drift

and selectivity
Small size
Mass production possible

Sluggish response after
storage in air

Metal Oxide

High sensitivity
Fast response
Low cost

Poor selectivity
Limited detection range

a sensor with the fastest time response reported so far, as well as extremely low

power consumption.
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TABLE 2.3: Characteristics of hydrogen sensor, data from [15] [28] [52],[62, 63,

64, 65].
Performance

Sensor type Measuring range(%) Response time(s) Power (mW)  Sensitivity
Pellistor 0-4 < 30 1000 >50mV /1%
Thermal 0-100 < 10 < 500 1.3 mV/K
conductivity
Electrochemical — 0.02- 25 <90 2-700 < £ 2%

of measured value
Semiconducting  0-2 < 20 < 800 4.5%/10ppm
Metal-oxide
MOS field effect 0-4.4 <2 700 0.112mA /5000ppm
transistor
Optical 0.1-100 < 60 1000 26%/4% Hs for micro-mirror

14 pm for FBG
Schottky 0.025-0.5 > 1000 <1073 6.9%/ppm for Pd/nanowire
Diode 16%/1% Hy for PdNi




Chapter 3

Electrodeposition of PdNi-Si
Schottky Barrier

3.1 Introduction

In this chapter, we will introduce the basic theory behind the two key chosen

processes applied in this thesis.

e The co-electrodeposition of metals onto semiconductors

e The modification of the Schottky barrier under the influence of interface

states

We will illustrate the Schottky barrier theory with results on basic Pd-Si or Ni-
Si electrodeposited Schottky contacts. Electrodeposition is a very simple, quick
and cost effective method which does not require any vacuum chamber unlike the
conventional material deposition techniques such as evaporation and sputtering.
It only deposits on exposed regions of the device and does not waste any material
in the process. It is hence very suitable for the deposition of expensive materi-
als such as Pd and Au. Electrodeposition requires a conductive cathode and is
usually associated with deposition on semiconductors. However, Kiziroglou et al.
[61] showed that even relatively lowly doped Si is sufficiently conductive to act as
cathode. The formation of the Schottky barrier upon metal deposition will limit
the conduction through the barrier. It will be shown though in the next sections

that on an n-type substrate the Schottky barrier is forward biased during elec-

29
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trodeposition and that the electrodeposition process can be carried out with good

control.

3.2 Theory of Electrodeposition

3.2.1 Introduction

The fundamentals of electrochemical deposition are described in detail in Ref. [66].
The most important aspects are highlighted in the next few sections. The basic
process during electrodeposition is the reduction of a metal ion to metallic solid on
the cathode material as represented by Eq. 3.1. Eq. 3.1 can describe different pro-
cesses. Electrodeposition and electroless deposition constitute the electrochemical
deposition. The first situation is an electrodeposition process in which Z electrons
are provided by an external power supply. Secondly, electroless deposition process
in which reducing agent in the solution is the electron source. In most situations
the electrodeposition process dominates the electrochemical deposition. Fig. 3.1
shows that the metal salt MA dissociates in the solution into positively charged
metal cations M"" and negatively charged anions A"". The cathode electrode,
which is negatively charged will attract the positively charged M"* cations and
is used for the plating. Meanwhile the negatively charged A"~ anions migrate to
the anode electrode, which is positively charged. There is an external circuitry
used to complete the loop which reduces the M™* cations to the metallic form M
while the electrons which are removed from the metal M form the current through
the circuit. Since the number of ions in the solution that contains the metal salt
MA is constant, it follows that the anode slowly dissolves. If there is no external

circuit connected, then the speed of the two reactions may not be the same.

Mj:l_ution + Ze - Mlattice (31)
The potential difference cannot be directly measured as it requires two terminals.
In order to measure the potential difference of an interface, a connection should be
made to another interface to form an electrochemical cell as shown in Fig. 3.1. The
cell reaction can only happen naturally if the free energy change AG is negative.

Free energy change as a function of concentration of the reactants is given by:

AG = AG° + RTInQ (3.2)



Chapter 3 Electrodeposition of PdNi-Si Schottky Barrier 31

|
i
EEKt

(V)

I Pt Mesh
(Anode)

Si substrate L|_r

(cathode) Electrolyte
vl Reference electrode

FIGURE 3.1: Schematic of a typical set up for electrodeposition of Ni and/or
Pd, with an external potential driving the metal ions to the cathode, where they
are deposited as thin metallic films.

Where R is the gas constant, T is the absolute temperature, Q is the ratio of
concentrations of product and reactant. For standard states, when activities of
the reactants and products equal 1, the standard free energy change A G° is
equal to AG. The free energy is proportional to the potential E between the two
interfaces. As long as the concentration of solution is below around 0.01 mole per
liter, activity is equal to concentration, and Eq. 3.2 converts into the well known
Nernst Eq. 3.3.

~0.0592

E=FE" log[M"™] (3.3)

3.2.2 Thickness Control

A specific thickness of thin metal film can be deposited by electrodeposition. The
thickness is controlled in real time straightforwardly by the total current. The

total charge transferred in the process can be calculated by

Q:/Idt:n*q*a (3.4)

Where n is the number of electrons involved in electrodepositing, q is the electrical
charge per electron and a is the number of atoms deposited. This atom number a
is related to the deposited film thickness t. The mass of the metal film deposited

1S
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TABLE 3.1: PdNi electrodeposition rates.
Substances Deposition rate (nm/mC/cm?)

Ni 0.34
Pd 0.41
Nig5Pdg 5 0.38
. = x*x Axt (3.5)
m = mw _—= .
N, ”

m,, is the atomic weight of species M, N, is Avogadro’s constant number, A is the
contact area for electrodeposition and p is the density of metal. Thus the relation

between thickness and charge is now established by combining those equations to

o om,Q

t= 3.6
nApgN, (3.6)

Using Eq. 3.6, the deposition rates can also be calculated. Table 3.3 lists elec-
trodeposition rates for pure Nickel, Palladium and PdgsNips in nm per mC per
cm?. Normally the rate of electrolysis is considered to depend on the kinetic of the
two electrode reactions. Therefore, an expression for overpotential is introduced.
As a non-equilibrium electrochemical cell, the potential difference 1 between the
electrode as a result of current flowing E(I) and the equilibrium potential of this

same electrode E. is defined as overpotential 3.7.

n=E()-E. (3.7)

This overpotential is used as the power source to drive the overall electrode re-
action. A basic current-overpotential relationship for the electrodeposition is de-
scribed by the Butler-Volmer Eq. 3.8 in which jj is the exchange current density

(when n=0) and « is the transfer coefficient.

(1 — Oé)n77> . exp((_a)nn)] (3.8)

When the overpotential is small, the current density varies linearly with the over-

potential, and behaves as in Eq. 3.9

J = Jo— (3.9)
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FIGURE 3.2: Four regions of basic current-potential relationship of electrode-
position [67].

With the overpotential increasing the cathodic current density is dominant if 7 is

negative and the current density is given by:

J = —jeeomn/Vr (3.10)

If the potential is very high, mass transport will restrict the current to a maximum

value and the value is given by Eq. 3.11.

. nVpD
= A1
= SR (3.11)
in which D is the diffusion coefficent for M"™*, § is the diffusion layer thickness and

C, the bulk concentration of M"" in the solution.

3.2.3 Cyclic and direct current (DC) Voltammetry

There are two different types of transient techniques to explain the electrode-
position behaviour. In the first one, an instantaneous variation of the electrode
potential or current is applied and the system is monitored when it approaches its

new steady state. Chronoamperometry or chronopotentiometry is dependent on
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whether potential or current is perturbed respectively. The second type is when a
periodically variation of current or potential is offered to the system, the response
is measured as a function of the frequency of the variation. This method is called

cyclic or ac voltammetry.

Cyclic voltammetry is one of the most popular electrochemical technique when
researching a system for the first time. Several electrode kinetic and electrodepo-
sition processes can be studied in detail from the analysis of cyclic voltammograms
recorded as the rate of mass transport varies with time. The cell current is recorded
as a function of the applied potential. The working electrode potential is ramped
as a linear function versus time at a fixed scan rate. The applied potential is varied

as a triangular waveform between two switching values, as shown in Fig. 3.3.

FIGURE 3.3: Variation of applied potential with time during cyclic voltammetry.
The switching potentials V; and V, the rate of the potential change r and the
start time of the ramp t(y are process parameters [68].

This has the advantage that the product of the electron transfer reaction that
happened in the forward scan can be probed again in the reverse scan. The
dependence of current on applied potential during cyclic voltammetry is shown in

Fig. 3.4 for a 50nm Pdg 7Nig 3 Schottky barrier hydrogen sensor.

The cathodic and anodic peaks are formed due to imbalances between the con-
sumption and replenishment of ions near the cathode and anode respectively. The
locations and magnitudes of the anode and cathodic peaks can be used to char-
acterize the electrical system. In the beginning of the redox reaction, only the
oxidized species M"" exist, presumably. Therefore, for the first half cycle, a neg-

ative potential is applied chosen resulting in a cathodic current. During this scan
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FIGURE 3.4: Variation of current with applied potential during cyclic voltam-
metry for a 50nm Pdg 7Nig 3 Schottky barrier hydrogen sensor.

the product is generated on the surface of the electrode. The reverse scan results

in an anodic current and dissolution.

In my work, cyclic voltammetry is only used to obtain the potentials at which
Nickel and Palladium deposition starts to allow the determination of the depo-
sition potential where the desired current density is achieved. To ensure good
nucleation, it is advisable to start the process with a few high potential and short
duration pretreatment pulses. The critical number of atoms require to form a
cluster while depositing is inversely dependent on the overpotential [66]. A high
negative pulse potential was therefore chosen to facilitate formation of a large
number of small clusters on the electrode surface while the short duration of the
pulses ensures the clusters do not grow and form a continuous film. DC amper-
ometry is the final step to deposit the film, which involves the application of a
constant deposition potential to the cell. The deposited charge is measured in
real time via the deposition current and the amperometry will be stopped when

it reaches the required charge.

3.2.4 Electrochemical Deposition Equipment Setup

The basic setup of the electrodeposition experiment is shown in Fig. 3.5. This
three-electrode electrodeposition Autolab PGSTAT12 system with potentiostat
controls the equilibrium electrode potentials by using a saturated calomel reference

electrode (SCE, Radiometer analytical model). The anode consists of large area
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platinum gauze, which connects to the positive pole of the potentiostat. This anode
functions as a counter electrode and the silicon wafer as the cathode connects to the
negative pole of the potentiostat. There is a laptop connected to the potentiostat

to monitor the electrodeposition process with a potentiostat current-time transient

Potentiostat
W.E Ref C.E.
[=] [=] ? [« ]

P.C
‘ §| Computer
L

curve.

L

- Pt Mesh
Ni® [ " (Ancde)
-—
P~
AN

| Ay L d

%I substrate L

(cathode) Electrolyte
Reference electrode

FIGURE 3.5: Schematic of experimental setup for PdNi electrodeposition on
Si,and the system was controlled and monitored by a PC computer.

Fig. 3.6 shows a SCE which contains calomel, a mercury chloride solution: Hg—HgyCly,—CI17;
The overall electrode reaction in the calomel electrode is He—Hgy Clo+2e< Hg+2Cl1™,
and the electrode potential is as displayed in Eq. 3.12 [66],

RT

E=FE"—
2gN,

In[C1] (3.12)

where R is the gas constant, T is the absolute temperature, and Cl~ is the con-
centration of Cl anion in mol/L. The most frequently used calomel electrode is the
saturated calomel electrode, in which the concentration of KCI is at saturation.
The potential of the SCE, at 25°C is 0.242V versus normal hydrogen electrode.
SCE has a large temperature coefficient [66], making it inappropriate in some

applications.

E[V] =0.242 — 7.6 x 10~4(T — 298) (3.13)

According to the literature [69] we found a recipe for the electrochemical PdNi

bath used in our work, shown in Table 3.2. Removing either the palladium and
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FIGURE 3.6: Saturated calomel electrode [66].

TABLE 3.2: PdNi electrodeposition constituents.
Chemical ~ Pd Bath (g/L) Ni Bath(g/L) PdNi Bath(g/L)

PdCl, 16.7 0 16.7

NiSO, 0 33.3 33.3
(NHy)250, 16.7 16.7 16.7
NH; (35%) 45ml/L 45ml/L 45ml/L

nickel salts in the PdNi bath will obtain the pure nickel and pure palladium bath,
respectively. Nickel sulphate (NiSO,4) and palladium ethylenediamine dichloride
(PdCly) are prepared as the Nickel and Palladium ion sources. The role of ammonia
in the solution gives homogeneity and brightness (as in the case with C1?) which
decreases the anodic corrosion by avoiding the oxidation [70]. DI water was chose
as the solvent and the pH value of the solution was adjusted between 7 and 7.5 by

using sulfuric acid and ammonia.

3.3 Electrodeposition of Pd-Ni Alloys

In order to deposit an alloy on the wafer instead of a single metal, the electro-
chemical solution must contain salts of all metals to be alloyed. The potentials
differences caused by the applied overpotential will affect the alloy deposited at
clearly different rates. Fig. 3.7 depicts typical polarization curves, with the depo-
sition potential as a function of current density for two metals separately. From

these curves, it is inferred that a deposition bath that contains both metal ions
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will co-deposit the two metals A and B in the ratio J3/J4 at a potential of Vj.

Cathode potential

Current density

FIGURE 3.7: Polarization curves for the deposition of alloys [66].

In case of a deposited alloy, the density and effective atomic weight need to follow
the rules on the fractions of the constituent metals. Therefore, the effective density
and atomic weight of the alloy can be expressed by assuming the mass and volume
of the individual elements are conserved in the alloying process. The equations for

the alloy density and atomic weight are Eq. 3.14 and Eq. 3.15.

1 rNi T
=T (3.14)
PAlloy PNi  PPd

1 TN Tpq
= + 3.15
MAlloy MN'L' MPd ( )

3.3.1 Energy Dispersive X-Ray

Energy dispersive X-Ray (EDX) spectroscopy is an analytical technique used to
study the chemical composition of a material. It is usually used in conjunction
with scanning electron microscopy and therefore allows elemental analysis with
resolution on the nanoscale. During the EDX analysis, the sample is bombarded
with a collimated, high energy electron beam, which excites some of the inner shell
electrons in the atoms of the material. The vacancies left behind in the inner shells
are ultimately filled by outer shell electrons. The energy lost by the outer shell

electrons in this transition is released as X-Ray which is collected by a detector
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and transformed into a voltage proportional to the X-Ray energy. These energies
are dependent on the energy difference between the atomic orbitals and provide a
unique signature for each element. The number and energy of the X-Ray emitted

from a specimen can be measured by an energy-dispersive spectrometer.
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FIGURE 3.8: (a)Principle of EDX. (b) Dependence of the fraction of ionization
events that produce characteristic X-Rays [71].

By studying the number of emitted X-Rays of each energy, it is possible to find
the relative proportions of the elements present in the material. The electronic
transitions between different energy levels in the atom after bombardment by
an electron beam is shown in Fig. 3.8(a). The L, M, and N orbitals are in fact
composed of sub shells with finer energy separations. The large number of possible
transitions give rise to a number of line series, which are classified on the basis of
the energy orbital the electron is moving to [72]. Fig. 3.8(b) shows that the low
atomic number element predominantly emit X-rays in the K series while elements
with higher atomic numbers emit lines in the L and M series [71]. Electronic
transitions to the K orbitals also produce the highest percentage of characteristic
X- Rays compared to the L and M series. The rest of electrons emitted are
called Auger electrons. Fig. 3.9 gives the EDX spectrum for the standard PdNi-
Si Schottky barrier hydrogen sensor. This type of Pd-Ni alloy composition was
achieved by electrodeposition at a potential of -0.8V. The EDX result for this film
shows the material of the film to be simply Pd and Ni with a large Si peak due
to the substrate. Discarding the Si, the atomic concentrations for Ni and Pd are
31% and 69%, respectively.
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ixed

FiGURE 3.9: EDX spectrum for the PdNi film electrodeposited at a potential
of -0.8V

3.3.2 Deposition of Uniform PdNi Alloys

Based upon the explanation of Fig. 3.7, different compositions of PdNi alloys can
be fabricated by electrodeposition through variation of the potential. The results
are given in Fig. 3.10 and Table 3.3. These data show that by varying the elec-
trodeposition potential, one can reproducible achieve alloy compositions ranging
from 100% Pd at -0.2V to 30% Pd at -2.0V. Further increase of the (negative)
potential might lead to even larger Ni concentrations in the alloy, but this process
would also lead to hydrogen evolution (reduction of hydrogen ions to hydrogen gas
in the reversed process of Eq. 2.4) resulting in non-homogeneous films. Further-

more, for our application such a high Ni concentration is not beneficial.

The relation between the concentration of the individual elements in the Pd;_,Ni,
alloy at the electrodeposition potential is approximate linear over the entire range
and can be fitted with the phenomenological Eq. 3.16. The large range of validity
of this relation is surprising and shows that the Pd-Ni system is extremely suitable

for the electrodepostion of alloys.

z=a(Vo—V) Vo=0.03V anda=036/V (3.16)

Fig. 3.10 shows that a wide range of Ni concentrations can be achieved from a PdNi
solution simply by varying the deposition potentials. The concentration ratios of

the elements are determined by the electrodeposition potential with larger negative
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FIGURE 3.10: EDX analysis of Pd, Ni atomic fraction in films deposited at
different potentials from a PdNi solution.

TABLE 3.3: EDX result for PANi alloy composition from different deposition
potentials.

Potential Ni Pd
(At%) (At%)

-2.0 68 32
-1.8 62 38
-1.6 52 48
-1.4 55 46
-1.2 42 o8
-1.0 36 65
-0.9 37 63
-0.8 30 70
-0.6 19 8
-0.4 14 86
-0.2 2 98

voltages leading to high Pd concentration. The linear fit for the Ni content in the
co-alloy deposition is also shows in Fig. 3.10. When a voltage of -0.8V is applied the
alloy film contains nearly 30% Ni (as table 3.3 shows as well). The higher negative
deposition potential is applied the higher the Ni concentration is achieved, and

vice versa.

There have been previous occasions in which the effect of potential or current on
the composition of the alloy has been studied. Xiao et al. [73] developed a Pd-Ni
alloy nanowire on highly oriented pyrolytic graphite surface by electrodeposition,

the EDX results displayed Ni content in the nanowire increases when the growth
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The effect of growth parameters on Ni content of alloy

Samples Egrow (Vare ) fgrow (min) MNi content in alloy {wt.5)
A —0.3, 120 1065

B —0.4, &0 12.4

C —(.43, 40 15.5

] —0.5, 30 18.3

F1GUuRrE 3.11: The Ni fraction in PdNi films deposited at different potentials
from Xiao et al. [73].
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FIGURE 3.12: The dependence of Pd atomic content in the PdNi alloy on the
electrodeposition potential [74].

potential is more negatively as Fig. 3.11 shows. Our data in table 3.3 are in
agreement with this trend. However, the increase in Ni concentration in the Pd-

Ni alloy can be extended massively by further increasing the negative potential.

Huang et al. has studied a co-deposited PdNi alloy based on PdCly; and NiCl,
by using electrodeposition [74]. Fig. 3.12 depicts the Pd atomic concentration in
the PdNi alloys in a range of -1.4 to -2 V. The ratio of PdCl, and NiCl, of 1:2 is
identical to our Ni-Pd ratio in the solution (see table 3.2) but our substitution of
NiCly by NiSO, allows us to vary the composition in a controlled way, in contrast
to those authors do not see much dependency of alloy composition on deposition

potential.

Apart from the PdNi alloy electrodeposition, other co-metal electrodeposition
techniques including Co, Fe, Ni, Au, Zn have been developed in recent years
[76, 75, 77, 78]. Dolati et al. have reported a electrodeposition of the Au-Ni al-

loy from cyanide-citrate electrolytes with the composition of the alloy shown in
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Potential Ni Potential Ni Potential Ni
V) (%) V) (o) V) (%)
—0.45 0.65 —0.70 0.24 —0.95 0.14
—0.50 0.63 —0.75 0.21 —1.00 0.14
—0.55 0.53 —0.80 0.20 —1.05 0.11
—0.60 0.42 —0.85 0.17 —1.10 0.11
—0.65 0.30 —0.90 0.14

FIGURE 3.13: Au-Ni composition as a function of potential [75].

Fig. 3.13 [75]. With the potential range from -0.45V to -1.10V the Ni content in
the alloy can be varied from 65% down to 11%. Lu et al. demonstrated that with
the variation of deposition potentials from -0.5 to 0.3 V the fraction of Au in the
alloy of Au-Fe, Au-Co can be tuned in the range of 75% to 97% [77].

3.3.3 Deposition of Composition-Modulated PdNi Alloys

By changing the potential or deposition current during the deposition it is possible
to vary the alloy concentration during the electrodeposition. Such techniques for
electrodeposition of composition-modulated alloys in single-bath plating has been
described in detail by Leisner [79]. Single bath composition-modulated electrode-
position have been described in materials term by numerous authors [80, 81, 82].
An example is the composition modulated Fe,Pd;_, nanowire by Jeon et al. [81].
The Fe content in the alloy is varied by pulsed electrodeposition as is shown in
Fig. 3.14. As far as aware, no-one has every used the method of composition-

modulation to improve functional electrical properties of sensors or devices.

The excellent control of the alloy composition with potential allows us the grow
Pd-Ni alloys with gradual or step-wise change of the alloy composition in a single
bath electrodeposition run. By changing the potential during the electrodeposi-
tion, the relative rates of Pd and Ni electrodeposition can be changed as well. If
change the potential continuously a concentration gradient will be established and
if the potential was changed step-wise, a number of layers of PANi with different
concentration will grow as illustrated in Fig. 3.15. By controlling the total amount
of charge that passes through the system, the thickness of each layer is exactly
determined in Eq. 3.6. In the example given in Fig. 3.15, the total deposition pro-
cess was divided into three steps for a total PANi film thickness of 50nm. Initially,
the electrodeposition potential was set to -1.2V to create a 40% Ni concentration

at the Schottky barrier interface with the Si. To create the appropriate thickness
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FIGURE 3.14: The Fe content in the Fe,Pd;_, alloy corresponding EDS result
[81].

of 17nm, the total charge during the deposition process should be equal to 20mC.
This charge was reached after 7 seconds for this barrier layer at this potential.
The potential was then reduced to -0.8V for the 30% Ni on the middle ”bulk layer
film. At this lower potential, the current flow is significantly lower and the time to
reach an additional 20mC is increased. To create the surface layer, the potential
is further decreased to -0.5V for 10% Ni in the surface layer of the film. The
final process ends when the total charge reaches 60mC, which means the thickness
of the PdNi film is 50nm. Structures similar to above will be used in the PdNi
hydrogen sensors as will be detailed in Chapter 6.

3.4 Operation of Schottky Barrier

The Schottky barrier height is one of the most characteristic properties of a met-
al/semiconductor interface. The Schottky barrier height reflects the energy level
mismatch since the majority carriers flow through the metal-semiconductor inter-
face. The Schottky barrier height hence controls the electronic properties across
metal-semiconductor interface and plays a vital role in the successful operation of

a metal-semiconductor device [83].



Chapter 3 Electrodeposition of PdNi-Si Schottky Barrier 45

05
o8l Q3=60mC
a7t

2 08}

ﬁ 28

o

£ 41} _

x=01
.2 x =103
13 x=04
“4f

-5

0 x4 ® W W W W
Timels]
FIGURE 3.15: The potential variation during the electro-deposition with three

steps. Each step corresponds to 20mC of charge. The corner schematic corre-
spond to the steps of electrodeposition.

3.4.1 Schottky Barrier Height

Metals and semiconductors have different work function and when the metal con-
tacts an n-type semiconductor, the Fermi levels in these two materials must be
equal at thermal equilibrium under the continuous vacuum level condition. The
flat-band diagram is not at thermal equilibrium if the Fermi energy in the metal
is lower than in the semiconductor. When the metal and semiconductor are phys-
ically connected, electrons will diffuse from the semiconductor, leaving behind
positively charged ionized donor atoms, forming the depletion region. The charge
creates a negative field which lowers the band edges of the semiconductor. Elec-
trons flow into the metal until equilibrium is reached between the diffusion of the
electrons from the semiconductor into the metal and the drift due to the electric
field. The band diagram is shown in Fig. 3.16 and the equilibrium is characterized
by a constant Fermi energy throughout the structure. The barrier height ¢p is
equal to the difference between the metal work function ¢,, and the semiconduc-
tor electron affinity y is. The built-in potential Vy; is the difference of the barrier
height ¢ and the distance between the bottom of the conduction band and the
Fermi level Vy; as shown in Eq. 3.17.

%i=¢m—X—T=¢B—X—— (3.17)
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FIGURE 3.16: Energy band diagram of a metal-semiconductor contact in ther-
mal equilibrium [84].

3.4.2 Current-Voltage Characteristics of Schottky Barrier

A Schottky barrier works similar to a one side abrupt p-n junction. However,
the vital difference is that the majority carriers induce the current transport in a
Schottky barrier while the minority carriers induce the current transport in a p-n
junction. Schottky barrier have four basic transport processes under forward bias
[85], as shown in Fig. 3.17.

1. Diffusion and thermionic emission current: Electrons cross the potential

barrier and escape from the semiconductor into the metal.
2. Tunnelling current: Electrons tunnel through the barrier.
3. Minority carriers are injected from the metal into the semiconductor.

4. Carriers recombine in the space charge region

Diffusion current and thermionic emission current are described by very similar
equations. For Si with relatively high doping concentration of more than 10'7cm =3,
such as in our devices, the thermionic emission current is dominant and the current
flow will be explained using this theory as illustrated in Fig. 3.18. In equilibrium
(Fig. 3.18(a), the current is zero and the electron flow from the semiconductor into
the metal is equal to the electron flow from the metal into semiconductor. When
the device is under forward bias condition (Fig. 3.18(b)), a positive bias is applied
to the metal. The Semiconductor remains at the same potential, but the metal

Fermi-level shifts to lower energies because of the applied voltage. This change
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FIGURE 3.17: Four basic transport process under forward bias [84].

will lead to a decrease in the barrier potential. Therefore, the current density J©
from the semiconductor to the metal will increase significantly. Meanwhile, the
electron current density J~ from the metal to the semiconductor will still be very
low due to a high and constant barrier between the metal and the semiconductor.
When negative bias is applied on the metal, the device will be under reverse bias
condition (Fig. 3.18(c)). The current density J* is low because of the large barrier
potential. The reverse bias current remains very low, resulting in a rectifying

behaviour.

The current density of a homogeneous Schottky barrier is given by [85, 86],
J(V) = Js(ewt — 1) (3.18)
,where the saturation current density Jg is defined as

_a¢p

Jg = A*T?(e” *1) (3.19)

In this equation, V is the applied voltage, q the electron charge, k the Boltzman
constant, T the absolute temperature, n the ideality factor and ¢p the electron

Schottky barrier height. A* is the Richardson constant, which is expressed as

A* = drm*qk*/h? (3.20)
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FIGURE 3.18: Current transport by the thermionic emission process. (a)

Equilibrium band diagram without bias. (b) Band diagram of a forward biased

Schottky barrier when the positive bias V is applied to the metal. JT is the

current density from the semiconductor to the metal. (¢) Band diagram of a

reverse biased Schottky barrier when a negative bias V is applied to the metal

and J~ is the current density from the metal to the semiconductor. Modified
from [84].
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TABLE 3.4: The I-V characteristic parameters of Pd;_,Ni,-Si Schottky barrier.
X Js ®Bn M
(Afem?®) (V)
0 5.12x10° 0.725 1.71
0.3 7.12x1077 0.74 1.39
0.55 3.91x10°% 0.74 1.21
1 1.39 x 1077 0.65 1.07

where h is the Plank constant (6.63 x 1073J-s), and m* is the semiconductor

3KT
q

part of Eq. 3.18 dominates and the equation can be expressed as

effective mass. When the applied bias V is much greater than , the exponential

qV

J = Jgent (3.21)

The intercept of the straight line equation gives the value of In Jg when In J is
plotted on log axis as a function of V as shown in Eq. 3.22. Therefore, the ideality
factor n can be calculated from the slope (Eq. 3.23) and the barrier height from
the intercept (Eq. 3.24)

InJ =InJs+ nkiT (3.22)
_q dVv
"= T dm D) (3:23)
In(Js/A*T2)kT
¢B _ ( S/q ) (3‘24)

The variation of current with applied potential for Pd;_,Ni,-Si Schottky barrier
is shown in the Fig. 3.19. In this figure it is obviously that the PdNi-Si device
exhibits Schottky barrier behaviour with a very low reverse bias current and high
on and off current ratios with the forward bias current at least four orders of
magnitude higher than the reverse bias current. The reverse bias current of the
Schottky barriers are in the range of 0.1-10 nA and there is no breakdown observed

until the negative bias reaches -2V.

Table 3.4 shows the I-V characteristic parameters of Pd;_,Ni, Schottky barrier
hydrogen sensors which extracted from Fig. 3.19. The ideality factor value in
the thermionic emission theory is between 1 and 2. Since the value is close to
1, that indicates a good fit of the I-V data to the thermionic emission model.

Therefore the thermionic emission is the dominant current conduction mechanism
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FIGURE 3.19: I-V characteristics of electrodeposited Pd;_,Ni,-Si Schottky bar-
rier.

in the Schottky barrier. The Schottky barrier height for both the Ni-Si and Pd-Si
barriers are in line with previous experimental results [61, 87]. Kiziroglou et al.
have had fabricated a Ni-Si Schottky barrier by electrodeposition, the J-V curves
was showed in the Fig. 4.5 and a SBH of ¢p=0.78V is obtained. A palladium
on porous silicon Schottky barrier was fabricated by sputtering from Rahim et al.
[87], compare with the conventional Pd-Ni Schottky barrier with a SBH ¢5=0.75V,
the Pd/Si is equal to 0.88V. With the comparison of Ni-Si, Pd-Si and table 3.4
the Schottky barrier height does not show a strong correlation with Ni content
in the PdNi alloy film. Ni (5.15eV) [88] and Pd (5.12eV) [89] possess similar
workfunctions, which means that the SBH could not change significantly with the
variation of film composition. Difference in Fermi level pinning might explain the

lower barrier and higher current for the pure Pd film.

3.4.3 Capacitance-Voltage Characteristics of Schottky Bar-

riers

C-V measurement are employed to determine important diode parameters, such
as Schottky barrier height, substrate resistivity, and doping concentration. The
depletion region of a Schottky barrier behaves in some respects like a parallel -plate
capacitor. When a small AC voltage is superimposed upon a DC bias, charges of
one sign are induced on the metal surface and charges of the opposite sign in the
semiconductor. The theoretical analysis of C-V curves as illustrated by the ideal

curve in Fig. 3.20 will be described below.
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FIGURE 3.20: Ideal C-V characteristic of Schottky barrier [84].

Neglecting the minority carriers, the capacitance C of a Schottky barrier formed
by a metal and an n-type semiconductor is given by the derivative of the positive
charge due to the uncompensated donors in the depletion region Q4 with respect to
applied voltage V.., where Qg is the positive charge caused by the a compensated
donors in depletion region. Therefore the Eq. 3.25 can be expressed as Eq. 3.27
Plotting C~2 as a function of V, allows extraction of both the donor doping con-
centration which is given by the slope of the curve, as well as Schottky barrier

height ¢p from the intercept V; which is equal to V,; — %.

C = 53‘1 (3.25)

1/2 kT —1/2
Qa = (2q€sNa) (Vi — ” + V) (3.26)

) es IV, kT .
€= St = (5 (Vi 4V, = £ (3.27)

2 1
M= e {W] (3.28)
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Schottky diode. (b)1/C2-V characteristic of the same device.

kT

%=w+n=m+7+m (3.29)

V,, is the distance of the Fermi energy below the conduction band given by

(3.30)

Fig. 3.21 illustrates C—V curve and the dependence of 1/C? on applied voltage
of Schottky contacts made on the medium resistivity (1-2 {2-cm) silicon wafer by
PdNi electrodeposition. The graph shows the predicted linear behaviour in the
1/C?% -V curve as described in this section. Based on the slope and intercept, the
various parameters are extracted. Table 3.5 lists the doping concentration of the
silicon substrates and the barrier heights of Schottky barrier based on the C-V

measurement results (more results were listed in Chapter 5).

TABLE 3.5: The C-V characteristic parameters of Schottky barrier, the Schot-
tky contacts were made in the medium resistivity silicon wafer.
Structure  Side Area Ny V. Vi Vi o8 p
(cm)  (cm?) (m™) (V) (V) (V) (V) (Qcm)
Pdy-Nigs 0.04 1.6x10"3 3.30 x 10 0.234 0.70 0.72 0.93 1.24

As explained in Eq. 3.28, the slope of the 1/C2-V curves in Fig. 3.21(b) is propor-

tional to the doping concentration in the semiconductor. The extracted doping
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FIGURE 3.22: Mobility and diffusivity in Si at 300K as a function of impurity
concentration [90].

3

concentration of n is (34 0.2)x 10cm®. As the resistivity of n-type silicon is

determined by electrons solely, the resistivity p can be expressed as

1
P qNapir,

(3.31)

Where Ny is the electron concentration and g, is the electron mobility. The bulk
mobility of silicon is retained from the Fig. 3.22 [90]. At the same dopant con-
centration, impurity scattering does not reduce mobility. Therefore the electron
mobility u, can be chosen as its bulk value of 1405 cm?/V.s. The extracted dop-
ing concentration hence corresponds to a resistivity of 1.24 (2-cm which fits within
the range of the nominal specification of 1-2 Q-cm. Those results indicate that
the fabricated devices and analysis are of a good standard, and it also shows that
C-V measurements is a method for determining doping concentration or resistivity
which can compete with the four point probe method [90]. The extracted Schot-
tky barrier height will be analysed and discussed in more detail in the following

chapters.

3.5 Conclusion

In this Chapter the working principle of electrodeposition was introduced as the

key step to form the metal alloy-semiconductor interface in the Schottky barrier
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hydrogen sensor. It is shown that with the right choice of solution, by properly
adjusting the electro-deposition potential, it is possible to create PANi alloys with
the ratio of Pd to Ni spanning almost the entire range. Based on this possibility
we present in the next chapter a new technique of composition-modulated PdNi
films, in which each part of the PdNi film is separately optimized within a sin-
gle electro-deposition process for use in a Schottky barrier hydrogen sensor. The
rectifying properties of the electrodeposited PANi-Si Schottky barriers are anal-
ysed and compared with the theory of thermionic emission. These C-V and I-V
measurement results reveals that the electrodeposited PdNi-Si Schottky barrier
possesses excellent rectifying characteristics with high Schottky barrier height,
low ideality factor, and most importantly, low reversed bias leakage which makes

them extremely suitable for low power sensors.



Chapter 4

Design and Fabrication of

Hydrogen Sensor

4.1 Introduction

In this chapter, the device design will be explained together with the fabrication
steps that are necessary to realize a functional hydrogen sensor. The Schottky
barrier hydrogen sensor consists of a pair of back to back PdANi-Si Schottky diodes
as fig. 4.1 shows. The reason we choose the back to back structure is because it
restricts the current consumption during a two terminal measurement to low values
by always maintaining one of the Schottky diode in reverse bias. The benefit of
the electrodeposition technology for PANi Schottky barrier has been confirmed
with extremely low reverse bias current, that provide low power consumption in
the idle state. The equipment that is used to measure the response in hydrogen
and in other gases is explained. Finally, the fabrication of sensors for aqueous

measurements is described together with its test measurements.

Probe tip 1 Probe tip 2

a| "L‘

FI1GURE 4.1: Block diagram of back to back Schottky barrier.

%)
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FIGURE 4.2: The first mask for forming the PdNi film.

4.2 Mask Design

The fabrication of all devices is done using photolithography and the mask design
is the key important step for this. The sensor is fabricated using a two step process
allowing for relatively cheap fabrication. The basic unit sample size of each of our
hydrogen sensors is a 1.7mm x 1.7mm which is patterned with windows for PdNi
growth and Al contact pads. The first photolithograhy step is used to define the
electrodeposition area (PdNi) , the first mask design is shown in Fig. 4.2.

A single PdNi area is 20 x 80um? and the separation between the PANi electrodes is
80pm. The orange coloured crosses in the Fig 4.2 are the alignment marks, which
are used to align the sample to the mask during the photolithography process.
The structure of the PANi film area is used to form back to back Schottky barrier
sensors with the Si substrate acting as a key component. The back-to-back set-
up restricts the current consumption during a two terminal measurement to low

values by always maintaining one of the Schottky diode in reverse bias. The Fig
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FIGURE 4.3: Layout of the structure for hydrogen sensor unit. The blue line

and blue square is covered by Al.

4.3 shows both the first masks for the PdNi (red) and the second mask for the Al

evaporation contact pads (blue), which form an integrated hydrogen sensor unit.

The Al pad sizes are 100 pum x 100 pm with the Al lines connecting the pads to

the PdNi. The total area of the structures on the basic sample are roughly equal

to a 2-inch wafer. A typical wafer contains 224 hydrogen sensor units allowing for

efficient fabrication. The mask is designed for use with a positive resist.

4.3 Fabrication Process

In the following subsections, the key fabrication processes are discussed and the

design considerations are explained. A schematic of the fabrication process is give

in Fig. 4.4.
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FIGURE 4.4: The fabrication process of PdANi Schottky barrier hydrogen sensor.

4.3.1 Si Wafer and Thermal Oxide Growth

The Silicon wafer used to fabricate the Schottky diode pairs is 6-inch, n-type,
1 — 2Q.cm with < 100 > orientation. Low resistivity of the wafer is beneficial
for the electrodeposition process of PANi films as otherwise part of the electrode-
position potential will drop over the Si wafer. However, low Si resistivity gives
a high reverse bias as Fig. 4.5 shows, because it leads to the electrons tunnelling
through the Schottky barrier (thermionic field emission). This process does not
depend strongly on the barrier height and is hence not sensitive to hydrogen gas.
Moreover, the large reverse bias current also leads to a massive increase in power
consumption. A compromise between these conflicting requirements is needed. It

turns out that a resistivity of a few {2.cm is sufficient resistive to prevent tunneling
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FIGURE 4.5: J-V curves of electrodeposited Ni-Si contacts for Si resistivity of
1-20hm.cm and 0.01-0.02 Ohm.cm [91].

and sufficiently conductive to prevent the ohmic voltage drop over the Si from the
literature[91].

As illustrated in Fig 4.4, the first step is to clean the new wafers with fuming
nitride acid for 15 minutes and with 20:1 HF for 1 minute, and store them in an
uncontaminated single wafer holder. If the surface of wafer is insufficient cleaned
by the preparation step, the result of thermal oxidation will result in the appear-
ance of some black dots on the wafer surface. Then we use the Furnace "A1 507
DRYOX” option and update the WetOX work time to 56min 30s for a 50nm silicon
thermal oxide on the Silicon surface. After the thermal oxide growth process is
finished, the thickness of thermal oxide is measured by the ellipsometer to ensure
the correct thickness. As wet oxide thickness growth is not linearly with time, we

required several experiments to determine the appropriate time.

4.3.2 Thin Film Al Evaporation

The Al thin film is deposited by evaporation, for which we choose the BAK600
evaporator. Some of factors which will influence the uniformity of metal film are
soak power, time, vacuum level, as well as material settings. Soak power and
soak time controls the melting point of the Al material. The vacuum pressure for
the evaporator has to be as high as possible. With small features, any impurity
could lead to an influence on both the strength of the film and the electrical
behaviour. The Fig 4.4(C) is the evaporation of Al on the backside of the silicon
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TABLE 4.1: Photolithograpgy process

Procedures Steps
Mask Lithography for wafer dehydration for 2 hours
electrodeposition Put S1813 at room temperature for 30 minutes
and Al wiring Spinning 5000rpm 1.2um

Hot plate 95°C' for 2min
Exposure 620TB 2.2s
Developer MF 319 30-32s
Water rinse 30s

wafer. This layer will not be used as electrode in the final hydrogen sensor but is
a necessity for the subsequent electrodeposition to reduce the series resistance. It
also allows measurements of individual Schottky barriers. In order to deposit Al on
the backside of wafer, first use fuming nitride acid to clean the wafer; secondly spin
coat photoresist on the front side of wafer to avoid the Al deposit to contaminate
the front side and to ensure the integrity of the thermal oxide during the next
cleaning step; Thirdly, the wafer back side is etched in a 20:1 HF solution for 40s
to 60s; Then, the wafer is rinsed and moved quickly into the evaporation chamber,
which is rapidly evacuated. Once, the vacuum pressure is sufficiently low, we
evaporate 300nm Al. The thickness of the film is calibrated using a quartz crystal.

Afterwards, the resist on the front side is stripped away by acetone.

4.3.3 Photolithography for Electrodeposition

Photolithography is an important step in Si technology, and is used to remove
a certain pattern of the resist of the wafer for the following fabrication process.
There are two types of photoresist used for photolithography, positive and negative
photoresist. Each of photoresist requires different masks, exposure time, develop-
ing time and the result of features with different characteristics. In our work,
positive resist was chosen for both photolithography steps. In case of a positive
resist, the exposed areas are removed during development; in case of a negative
resist the exposed areas are crosslinked and difficult to removed during the devel-
opment. Therefore, the unexposed areas will be developed easily. The exposed
positive resist is removed by the the developer. The process is outlined in Fig. 4.6
and table. 4.1. Fig. 4.4(D) shows the positive photoresist of the lithography.
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FIGURE 4.6: Photolithography of positive photoresist.

etching for under cut structure

$1813 -
Si02 =3
Substrate

FIGURE 4.7: Wet etching for electrodeposition.

4.3.4 Wet Etch

Wet etching is a typical process used in Si technology, to isotropically remove
a silicon dioxide layer (HF) or doing anisotropy etching on a silicon substrate
(KOH), for example. In our work, wet etch is used to remove SiO, and leave
the Si exposed for electrodeposition. The process of wet etch of thermal oxide is
illustrated in Fig. 4.7. The thermal oxide (SiO3) in the area which is defined by
the photolithography, was etched away by a 20:1 HF as shown in the Fig. 4.4(D).
Normally the 20:1 HF etches thermal oxide at a rate of 30nm, so the etch time for

50nm thermal oxide can be chosen to be 2.5min-3min.
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FIGURE 4.8: Mask for hydrogen sensor and final hydrogen unit by microscope,
the sensor with a 2mm long and width.

4.3.5 Electrodeposition

Typically, 50nm thick PdNi films were deposited into the etched oxide patterns
by electrochemical deposition, using the remaining oxide and the photoresist as
a mask. There is one matter that needs attention; when electrodepositing the
PdN,i the back side of wafer should be coated by photoresist to avoid the PdNi
film depositing on the back side of the wafer. When the total charge reaches 60
mC, the deposition process is finished. As mentioned before, in order to control
the thickness of PdNi film in electrochemical deposition, one should calculate the
total deposition charge first. Eq. 3.6 demonstrates that the deposition charge is
the preferred method to control the thickness, requiring the deposition area on
the wafer to be calculated in advance. As is shown in Fig. 4.8, the orange part in
the unit is the position where PdNi film should be deposited. Using the atomic
weight of the species M, Avogadro’s number N, and the density of the metal, it
is calculated that 60mC of charge corresponds to 50nm PdNi film.

A =226 x (0.13cm*40.04cm?) 4226 x (3.6 x 10~ *em? +1.28 x 10 *cm?) ~ 0.53cm?
(4.1)

The deposition potential was chosen from a range of potentials corresponding to

2. If the current density is lower, films

current densities between 3 to 5 mA/cm
will be growing slowly, discontinuously, and grainy. If the current density exceeds

the values, the film will be powdery and brittle as shown in Fig. 4.9(b)[68].
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FIGURE 4.9: (a) Microscope image of Electrodeposited of PdANi films with
a current density of 3-5mA /cm?. (b) Electrodeposited of PdNi films with a
current density of more than 5mA /cm?)
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4.3.6 Metal Lift-off

After the electrodeposition process is finished, the resist is washed away and a
second photolithography step was introduced to define the Al wiring and contact
pads. Before the second photolithograhy, a heating step is introduced to enhance
the palladium adherence to the Si [92]. The wafer is annealed in the air at 200°C,
and this protocol always results in functional devices. A lift-off process is used to
strip the layer that is covering the photoresist and give the final features of the
device. The front side of the wafer is coated by 1 pum thick S1813 positive resist.
After the photolithography, 100 nm Al is evaporated on the photoresist. After
the evaporation, the wafer will be transferred into the acetone for 8 minutes to
dissolve the resist. The areas which are not defined in the mask will be lift off by
dissolved resist. The right side of Fig. 4.8 shows a microscopy image of the final

hydrogen sensor.

4.4 The Characterization Equipment for Hydro-

gen Sensor

A Lakeshore EMTTP 4 probe station (see Fig. 4.10) is used. In order to measure
the electrical characteristic of hydrogen sensor in hydrogen ambient. The cryogenic
probe station has a vacuum chamber which allows for the insertion of hydrogen
gas in an oxygen free atmosphere. Both nitrogen and a bottle of a mixture of 5%

hydrogen in nitrogen were attached to the system.

FIGURE 4.10: Picture of the EMTTP 4 probe station.
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FIGURE 4.11: The Schematic of EMTTP4 system used to created hydrogen
ambient in the vacuum chamber. V1-V4 are the Valves at the different points
on the system.

The Fig. 4.11 shows a schematic of the probe station system. The probe station
chamber can be pumped with either pure Nitrogen by opening valves V2, V3, and
V4. Alternatively, the 5% hydrogen-Nitrogen mixture is pumped in the vacuum
chamber by opening valves V1, V3, and V4. In this probe station, the small-
est pressure increase is equivalent to the volume of one line between V3 and V4
("tube”). For the hydrogen-nitrogen mixture this corresponds to a pressure of

around Hmbar, which is equal to a hydrogen partial pressure of 250 ubar = 250
ppm.
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FIGURE 4.12: I-V characteristic of back to back Pd-Si Schottky barrier in both
hydrogen and nitrogen ambient.

A typical approach to electrically characterize the hydrogen gas sensors is as fol-

lows: The chamber is evacuated and subsequently filled with nitrogen gas to a
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pressure of 0.3 bar. Around 20 "tubes” of the hydrogen-nitrogen mixture are
added to the chamber which results in an increase of the pressure to 0.4 bar with
a hydrogen partial pressure of bmbar. Once the hydrogen ambient was created, the
device is contacted with the probes and electrical measurements are performed by
using an Agilent B1500 parameter analyser. Typical I-V characteristic of a PdNi-
Si Schottky barrier hydrogen sensor are illustrated in Fig. 4.12. Detailed analysis

and explanation will follow in the subsequent chapters.

4.4.1 Measurement strategy

As Fig. 4.3 shows, the hydrogen sensor unit consists of twelve parallel back to back
Schottky barrier hydrogen sensors. Initially, all twelve of the hydrogen sensors
will be tested by generating the I-V characteristic in hydrogen ambient. After
optimization of the fabrication process, all of sensors are generally functional and
provide good reproducibility. The sensors with the most symmetric I-V curve and
lowest reverse bias are chosen for the more detailed measurements, such as [-V-t,
temperature dependent I-V, and various hydrogen concentration measurements,

and C-V measurements.

4.5 Sensors for Aqueous Measurement

As part of the current project, we have established a collaboration with the Geo-
sciences Environmental Institute (GET) in Toulouse, France for the performance
of aqueous measurements. In this section, we show the preparation of a printed
circuit board (PCB) board for aqueous measurement. As is shown in the above
section and will be shown in the following chapters, the electrodeposited PdNi-
Si Schottky barrier hydrogen sensor has robust sensor characteristic such as low
power consumption and low cost to be considered for ubiquitous sensing. One
particularly attractive application is deep sea distributive sensing. In such mea-
surements, many sensors need to be employed to cover a large area of sea, while

the sensors need to be autonomous for a significant time.

The layout of the PCB board with and without PDMS is illustrated in Fig. 4.13.
The board has 3 pin holes at each side and a small square in the middle, thus the
single hydrogen sensor unit (piece of Si) can be attached to the board by silver

paste on the back resulting in a lay-out as shown in Fig. 4.13(a). To be able
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FIGURE 4.13: (a) Schematic of PCB board with Si substrate with PdNi-Si

hydrogen sensor. Each PCB board has three back to back sensors, being a

connection between electrode F and 1 (F1), G and 2 (G2), and H and 3 (H3).

(b) Schematic of PCB board with Si substrate with PdNi-Si hydrogen sensor
which covered by PDMS.

to operate in an aqueous environment, the sensor needs to be waterproof as the
electrodes would otherwise be shorted, but permeable to hydrogen. The solidified
resist Polydimethylsiloxane (PDMS) possesses very suitable characteristics such as
being hydrophobic, durable, cold tolerant, gas permeable, vapour selective [93, 94]

and has been employed as a permeable barrier for gas measurement [95].

The elastomer and curing agent are mixed at a ratio of 10/1 and steered vigorously
for a few minutes until filled with bubbles. The next step is to place the container
of PDMS in a dessicator to degas for 5 minutes. The PDMS will be poured slowly
on the surface of the device which is wired bonded at the PCB board. After the
device is evenly covered by the PDMS, the device needs to be placed in an oven
and be cured at 70°C for 2 hours.

[-V-T measurement in both nitrogen and 5% hydrogen-nitrogen mixture ambient
were taken to test the gas permeability of PDMS. Fig. 4.14 shows I-V-T (time
response) of two nominally identical Pd;_,Ni, x=0.3 Schottky barrier hydrogen
sensors which are covered by PDMS. This figure shows that the sensors show
similar sensitivity and time response as before the addition of PDMS. Once the
hydrogen-nitrogen mixture gas is pumped into the chamber, the current increases
almost immediately and keeps increasing with time before saturating. This con-
firms that the PDMS has good hydrogen permeability and the hydrogen molecules

diffuse rapidly through the PDMS membrane. The future measurements in France
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FIGURE 4.14: I-V-t (time response) of two nominally identical Pd;_,Ni; x=0.3

hydrogen sensor covered by PDMS; hydrogen (0.1bar 5% hydrogen-nitrogen

mixture) is added after100s,and removed at 800s by pumping down the chamber.

A new hydrogen ambient was re-established after 2000s for G2 (red curve) and
2700s for F1 (blue curve) ( see also Fig 4.13).

will have to show whether hydrogen ions in water will be able to diffuse (either
as atomic species or molecular species) and what the sensitivity of such aqueous

sensor will be.

4.6 Conclusion

Back to back PdNi-Si Schottky barrier hydrogen sensor have been fabricated ac-
cording to the process and mask design outlined in this chapter in which a uniform
layer of 50 nm PdNi alloy film was deposited on the Si at current density between
3-5mA /cm?. The EMTTP4 probe station provides the controlled environment
to measure the Schottky barrier hydrogen sensor in both nitrogen and hydrogen
ambient. The Current-Voltage characteristic of back to back Pd-Si Schottky bar-
rier in both hydrogen and nitrogen ambient clearly demonstrate that the back
to back Schottky barrier have a good sensitivity to hydrogen. The sensors have
been integrated in a printed circuit board (PCB) for aqueous measurement to cre-
ate in future a ubiquitous distributed unpowered sensor network. The sensors on
the PCB board have been covered by Polydimethylsiloxane (PDMS) and Current-
Voltage-Time measurements in hydrogen ambient show that the PDMS provided
an electrically insulating gas permeable membrane to allow aqueous operation.

The aqueous measurements are currently being performed at the Geosciences En-
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vironnement Toulouse laboratories in France.






Chapter 5

Effect of Uniform PdNi Alloy
Composition on Sensor

Sensitivity

5.1 PdNi-Si Hydrogen Sensor Mechanism

A PdNi-Si hydrogen sensor is based upon the reduction of Schottky barrier height
at the Pd-Si interface. The reduction in barrier height can be measured either using
capacitance-voltage (C-V) characteristics or current-voltage (I-V) characteristics.
A number of key parameters have to be adjusted for the sensor to function satis-
factory. The catalytic properties of the noble metal Pd are used to dissociate the
hydrogen gas, which leads to formation of atomic hydrogen. The hydrogen has to
be able to diffuse rapidly through the film to the metal-semiconductor interface
[96]. At the metal-semiconductor interface, the Schottky barrier height (SBH) is
lowered due to the formation of interface dipoles. Specifically, such model contains

the following processes as shown in Fig. 5.2 and listed below.

1. Hydrogen molecules adsorb on the Pd layer and subsequently dissociate into

atomic hydrogen.

2. Atomic hydrogen diffuses through the Pd layer towards the Si interface; an

equilibrium atomic hydrogen concentration is established in the Pd film.

3. The positive atomic hydrogen ions lead to the formation of dipoles at the Si

interface decreasing the Pd-Si Schottky barrier height.
71
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b

FiGURE 5.1: STM image showing the formation and annihilation of a four

vacancy (4V) cluster. The bright sites are the H vacancies and the correspond-

ing schematic diagram shows the H atoms and vacancies in the Pd substrate.

The 4V cluster has been annihilated by absorption of Hydrogen, leaving two
vacancies. Modified from[97]

4. Due to the Schottky barrier height reduction both reverse and forward cur-

rents increase, while the capacitance-voltage curve shifts.

The hydrogen molecule adsorption and dissociation under Pd presence is not well
understood. The transient formation of active sites for the dissociative adsorption
of hydrogen molecules on the Pd surface has been observed by the scanning tun-
nelling microscopy by Mitsui et al.. Fig. 5.1 illustrates this phenomenon; vacancy
clusters decay via hydrogen adsorption and two of the vacancies are isolated al-
lowing for hydrogen molecules to dissociate and to continue he adsorption process
[97].

In Chapter 4, the method to develop hydrogen sensors with different PANi com-

position has been described in detail. In order to improve the time response
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FIGURE 5.2: (a)Schematic diagram of hydrogen sensing process. (b) Corre-
sponding schematic energy band diagram for the PANi Schottky barrier under
exposure to hydrogen gas or nitrogen.

Pd,_,Ni,

FIGURE 5.3: The different uniform 50nm Pd;_.Ni, film compositions of the
PdNi-Si Schottky barrier hydrogen sensor, x=0 represents a 10nm Pd cap.

of the PdNi-Si Schottky barrier hydrogen sensor, we are firstly concentrating on
the variation of the Ni concentration in the PdNi alloy film. In this chapter the
measurement and analysis will focus on this group of uniform Pd;_,Ni, Schottky
barrier hydrogen sensor to optimize the bulk structure of this thin film. In the
subsequent chapter, we will introduce variations in the surface and barrier layer to
optimize these components separately by the method as explained in Chapter 3.
As a pure Ni surface is not expected to have any catalytic properties, an additional
film is fabricated with a thin Pd layer on top of Ni film. The particular PdNi films
fabricated for this purpose is listed in Fig. 5.3.
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5.2 C-V Characteristics of Pd;_,Ni,-Si Schottky

Barrier

In the previous section, the theory of how hydrogen exposure can change the SBH
was briefly discussed. In order to confirm the formation of dipoles at the interface,
C-V measurements were performed in 0.3bar nitrogen and 0.1 bar 5% hydrogen-
nitrogen mixture gas. Steady-state C-V curves for 50nm Pd;_,Ni, hydrogen sensor
at 1IMHz in nitrogen and 5% hydrogen-nitrogen mixture are shown in Fig. 5.4 and
5.5. The hydrogen C-V curves were measured 15 min after the introduction of
the hydrogen. Before the introduction of hydrogen, a standard C-V curve for the
metal-Si Schottky diode capacitor is seen. When the sensor is exposed to hydrogen,
the C-V curve basically keeps the same curve shape but shifts to higher voltage.
This shift is due to SBH lowering. The results hence simultaneously confirms that
introduction of hydrogen causes SBH lowering without changing other electronic

properties of the system such as the semiconductor doping concentration.

According to Eq. 3.28 to 3.30, the parameter extraction from C-V curves is best
done from 1/C? versus V graphs in which the slope is proportional to the Si carrier
concentration and the intersection with the abscissa gives the Schottky barrier
height. We have shown in Ch.3 that the carrier concentration derived from such
C-V graphs in nitrogen is indeed equal to the nominal concentration. The addition
of hydrogen does not alter the slope significantly. Parallel slope of 1/C? versus
voltage means the doping concentration of the Si remains constant as expected in
the range of the nominal concentration of 1-10 £2/cm. The intersection with the
axis does change significantly though. Table. 5.1 lists the results of the barrier
height in hydrogen and nitrogen of the Schottky barrier sensors as extracted from

these curves.

It is evident that within the margin of error, the pure Ni film does not lead to a
shift in barrier height while the pure Ni film with Pd cap gives a significant change.
This proves that Pd is an essential component of the surface layer to provide the
catalytic decomposition of the hydrogen gas into atomic hydrogen. Without Pd,
the Ni film does not generate any atomic hydrogen and subsequently there is no
diffusion of hydrogen to the semiconductor interface. The barrier height of the
other films will be discussed later in this chapter together with the data extracted

from the I-V measurements.
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5.3 I-V Characteristics of Pd;_,Ni,-Si Schottky

Barrier

In Chapter 3 the I-V characteristics of a PANi Schottky barrier has been described.
Using the Al back contact as electrode, I-V characteristics of individual Schottky
barriers are measured and displayed in Fig. 5.7(a) to Fig. 5.7(f).

Using, the saturation current and the methods described in Chapter 3, the vari-
ation of the barrier height in nitrogen and hydrogen can be obtained. Table 5.1
lists the barrier height in nitrogen and 5% hydrogen-nitrogen mixture ambient as
extracted from the I-V measurements together with the data from the C-V mea-
surements. The I-V results for the pure Ni film show no difference between nitrogen
and 5% hydrogen-nitrogen mixture due to the lack of catalytic decomposition as

explained before.

Comparing the Schottky barrier height in hydrogen and nitrogen for the structures
between C-V and I-V measurement except for the pure Pd, the barrier height
extracted from the I-V measurement is significantly smaller than from the C-V

measurements. The reason for this is the spatial variation in barrier height and
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TABLE 5.1: The I-V characteristic parameters of uniform Pd;_,Ni,-Si Schot-
tky barrier hydrogen sensor in nitrogen and 5% hydrogen-nitrogen mixture am-
bient and below the I-V results shows the C-V results for comparison.
Pdy_,Ni, x=0 x=0.3 x=04 x=0.55 x=1 x=1 (Pd)

¢p (N2) 0.73 0.71 0.81 0.74 0.65 0.71
¢p (H2) 0.63 0.62 0.78 0.67 0.66 0.57

Aop 0.09 0.09 0.03 0.07  -0.01 0.14
¢p (N2) 0.64 0.93 1.01 1.08 0.77 0.76
¢p (H2) 038 0.61 0.60 0.81 0.81 0.44
Aop 0.26 0.33 0.41 0.27  -0.04 0.35

the different response of capacitance and current measurement to this. Short
range potential fluctuations between the interface layer and Si filtered at the edge
of the space-charge region. The capacitance will hence be insensitive to potential
fluctuations on a length scale which is less than the width of the space charge.
Therefore, capacitance reflects the mean value of V,; and ¢. However, the current
I across the interface layer depends exponentially on ¢g. Any spatial variation in
the Schottky barriers lead to the current to pass through the minimum value of
the barrier [98]. The exposure to hydrogen leads consistently to a decrease in
Schottky barrier height in both I-V and C-V measurements for all concentrations
of PdNi alloy ranging from pure Pd to pure Ni (with Pd cap). The decrease is
largest in the C-V measurements for Pd;_,Ni, with x=0.4 but this is the exact
alloy concentration for which the barrier height is smallest. Optimization of the
device structures does hence require a more systematic approach in which each
component that contributes to the sensitivity is carefully separated and in which

sufficient data is taken for a minimum of statistical analysis.

5.4 Back to Back Pd;_,Ni,-Si Schottky Barrier

Hydrogen Sensors

As explained in Chapter 4, the preferential configuration for a current based hy-
drogen sensor is the back to back Schottky barrier configuration in which either
of the diodes is in reversed bias. The consequence of such a configuration is that
the current is always limited to the saturation current in reverse bias resulting
in ultra-low power consumption in nitrogen. In the next chapters, the hydrogen
concentration is either expresses in bar or parts per million (ppm), with 1ubar

equivalent to 1 ppm.
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5.4.1 Sensitivity and Selectivity

The steady state I-V characteristics of back to back uniform PdNi-Si Schottky
barrier on exposure to bmbar hydrogen partial pressure (0.1 bar 5% hydrogen-
nitrogen mixture,) are illustrated in Fig. 5.8. The first thing to remark is that in
nitrogen atmosphere the current is at most a few nA at any voltage. This shows
that the power consumption of these sensors in the idle state is extremely low.
When hydrogen is added to the system, the sensors respond with an increase in
current of at least one order of magnitude. The dependency of the sensitivity on
the Pd-Ni ratio is again not evident and will be analysed in more detail in the
next chapter where sensitivity and time response are explicitly decoupled. Again,
as in the case of the individual Schottky barriers, the sensor with only Ni does not

show a response to hydrogen.

The steady state I-V characteristics of back to back uniform PdNi-Si Schottky
barrier as function of hydrogen partial pressure is shown in Fig. 5.9. The sensors
show a monotonous increase in current with increasing hydrogen partial pressure.
The increase saturates at high values of hydrogen concentration. The theoretical

dependence is discussed in more detail in the next chapter.

5.4.2 Response Time

The time response is one of the most important properties of any gas sensor.
Time response of all Schottky barrier hydrogen sensors is measured in the same
EMTTP4 probe station. Fig. 5.10 demonstrates the behaviour of a uniform Schot-
tky barrier hydrogen sensor exposed to air, vacuum, nitrogen as well as hydrogen
ambient. The figure shows the response firstly in air followed by subsequent evac-
uation, nitrogen inflow, and additional hydrogen inflow. This figure shows the
current is stable and identical in vacuum, nitrogen, and air, demonstrating that
the sensors are perfectly selective for hydrogen, and have also negligible response
to the trace gasses in air such as CO,. It is not before the inflow of hydrogen that
the sensor responds. The current of the hydrogen sensor then keeps on increasing
due to further diffusion of the hydrogen to the Schottky barrier interface until the

measurement is terminated.

Fig. 5.11 shows the current as function of time upon the inflow of hydrogen for
the uniform Pd;_,Ni, Schottky barrier hydrogen sensors. All measurements are

taken at 1V but similar conclusions would hold for other measurement voltages.
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FIGURE 5.8: I-V characteristics of back to back uniform Pd;_,Ni, Schottky
barrier in nitrogen and 5% hydrogen-nitrogen mixture ambient (5mbar Hg par-
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Pd cap.



82  Chapter 5 Effect of Uniform PdNi Alloy Composition on Sensor Sensitivity

LOE07 L0
L0608 10E-08
o~
~ LOE-08 < LOE09
< = —500ppm
- o
=—500ppm :
E L0610 é 1010 —— 1000ppm
5 ——1000ppm
1011 2000ppm 101 2000ppm
——5000ppm —5000ppm
10612 1012
2 1 0 1 1 2 15 1 405 0 05 1 15 2
Vbiﬂs(vl me(V]
(a) (b)
LEDT 1007

10E-08

L0E8
~
LOE-09 ~ 15
< - 7 L0E08 -
——500ppm
g L0E-10 —— 300ppm E LOE-10 ”
v —— 1000ppm é | —— 1000ppm
1.0F-11 2000ppm 1.0E-11 ' 2000ppm
——5000ppm ——5000ppm
LED L0E12
3 1 0 1 2 -2 -1 0 1 1
Vyiasl¥) Voias(V)
(c) (d)
LOE-07 1.0E-05
L0E-06
10E-08
. LOE07 (
-~ N
& 10808 g LEE
g 8 ——— T\
51.05-10 — 5 10e0 ——500ppm
106-10 ——1000ppm
1.0E-11 — i
L0E-1 2000ppm
—5000ppm
10E12 10E-12
2 . i L z 2 1 0 1 2
Viias(V) Vpias(¥)
(e) ®)

FIGURE 5.9: I-V characteristics of uniform Pd;_,Ni, Schottky barrier hydrogen

sensor in nitrogen and different hydrogen concentrations ranging from 0.5 mbar

to 5.0 mbar hydrogen partial pressure. (a) x=0, (b) x=0.3. (c) x=0.4. (d)
x=0.55. (e) x=1, (f) x=1 (Pd).
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Similar measurements are shown in Fig. 5.12 for three typical nominal identical
samples for each Pd-Ni ratio, now normalized to the current in nitrogen. For each
measurement, the sensors are exposed to hydrogen after 200s and the measurement
is continued for at least another 900s (15m). All sensors (excluding the pure
Ni) show current increase upon exposure to hydrogen followed by further slower

increase.

As explained in Chapter 2, the accepted definition of time response tgg is the
time required to reach 90% of the difference between the current in nitrogen and
the current in hydrogen in the steady state. For our faster response times, this
definition works well as the samples show clear saturation. For the slower response
times, the definition leads to some uncertainty but at least qualitatively correct
answers. The extracted values are listed in Table 5.2 and are graphically presented
in Fig. 5.13.

It can be seen that the response time increases monotonic for increasing Ni concen-
tration in the Pd;_,Ni, Schottky barrier hydrogen sensors. For x=0.4 and 0.55,
the response time is of the order of an hour while even for x=0.3 the response
time is a few minutes. Only the pure Pd film with a response time of 150s is
close to approximating the conditions for commercial sensor operation. However,

as mentioned before, pure Pd films suffer severely from a lack of cyclability due to
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FIGURE 5.11: I-V-t measurement of uniform Pd;_,Ni, Schottky barrier hy-
drogen sensor in nitrogen and 5% hydrogen-nitrogen mixture (5 mbar hydrogen
partial pressure) at 1V with (a) x=0. (b) x=0.3 (c) x=0.4 (d) x=0.55 (e) x=1,

(f) x=1 with Pd cap.
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FIGURE 5.12: Normalized I-V-t measurement of uniform Pd;_,Ni, Schottky

barrier hydrogen sensor in nitrogen and 5% hydrogen-nitrogen mixture (5 mbar
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TABLE 5.2: Time response tgyp and sensitivity of Pd;_,Ni, Schottky barrier
hydrogen sensor in 5 mbar partial pressure.
X Sensitivity too (s)
0 3.6£ 0.9 150+ 30
0.3 3.1+ 0.5 2594+ 121
0.4 5.1+ 0.5 3000+ 1000)
0.55 5.0+ 2.0 5000 £ 1000)
1 0 >10000
1 (Pd) 2.840.7 450+ 70
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FIGURE 5.13: Time response and sensitivity of uniform Pd;_,Ni, Schottky
barrier hydrogen sensor as a function of x. The time response result of x=1 is
a lower bound only, because pure Ni does not response to hydrogen.

the phase transition in the material upon the exposure of hydrogen which causes
physical destruction of the film. It can hence be concluded that hydrogen sensors

with uniform Pd;_,Ni, are not suitable for commercial operation.

The response time of the of the Ni film with Pd cover, although not great in itself,
does though suggest a solution to the problem. By decoupling the surface layer
on which the catalytic decomposition takes place from the bulk of the sample, it
should be possible to fabricate an optimized hydrogen sensor with fast catalytic
decomposition and structural integrity. In next chapter we will bring this to
practice by dividing the 50nm PdNi film into surface, bulk, barrier layers which
will be individually optimized. With different PANi composition in surface and
barrier layers, the best response time, structural integrity and sensitivity can be

achieved.
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5.4.3 Temperature Dependency of Sensitivity and Response

Time

Sensors would often need to work in extreme conditions with either low temper-
ature or high temperature. Like most other sensors, our hydrogen sensor perfor-
mance depends on the working temperature. To measure these properties, we used
the cryogenic extension to our probe station to control the temperature. A liquid
nitrogen dewar was connected through a cryo-protective pipe. Before the measure-
ment, a hair drier was utilized to blow the chamber to ensure the aridity followed
by establishment of a vacuum of 10~ bar to prevent moisture or ice forming on
the surface of the sensor. For temperature measurement above 292K the heating

system in the probe station can be used to set the required temperature.

The temperature measurement for the uniform Schottky barrier hydrogen sensor
(including 40nm Ni with 10nm Pd cover) in both hydrogen and nitrogen ambient
are shown in Fig. 5.14. The current through the back to back Schottky diode in-
creases dramatically with increasing temperature. This is expected as the current
is equal to the saturation current of an individual Schottky diode which has a
large temperature dependence according to Eq. 3.19. The in-depth analysis of the
temperature dependence of the Schottky barrier hydrogen sensor will be presented
in the next chapter. Nevertheless, it is already evident that the sensors function
properly for both low temperature and high temperature with a significant sensi-

tivity at both temperatures.

Using the saturation current equation, it is possible to extract the Schottky bar-
rier height of uniform Pd;_,Ni, Schottky barrier hydrogen sensor at the difference
temperatures in both nitrogen and hydrogen ambient. The results for low temper-
ature 252K, room temperature 292K, and high temperature 352K, are displayed in
Fig. 5.15. This figure shows that with the temperature rising from 252K to 352K
the Schottky barrier height decreases. When the sensor is exposed to hydrogen, the
Schottky barrier height will decrease further. At high temperatures, the decrease
in Schottky barrier height is roughly equal to the decrease at room temperature.
At low temperatures, the Schottky barrier height lowering is smaller, possibly due
to a reduction of catalytic decomposition at the surface or the diffusion which both

have strong dependency on temperature.



88

Chapter 5 Effect of Uniform PdNi Alloy Composition on Sensor Sensitivity

Current (A)

10E-06

LOE-07

1.0E-08

10E-09

Current (A)

10E-10

LOE-11

L0E-12

LOE-06
e
_____________ R
1{]
~ LOE-08 i x
g | i
EIDE-DB { .
E - : ----- N2
0 : H2
LOE-10 H
1]
L0E-11
LOE-12
1 1 0 1 2
ViaslV)
(a) (b)
10606
L1007
% LOEG8
i
£ LOE09
=
¢
106-10
1011
) : . 10512
(V) 1 1 0 1 1
bias
Viias(V)
(c) (d)
L0E-05
L0E-06
LOE-07
-
E
e
E L10E-08
| g
J L0009
L0E-10
L0E-11
H2
L0E-12
2 1 0 1 2
Vm‘asm
(e)

FIGURE 5.14: I-V characteristics of Pd;_,Ni, Schottky barrier hydrogen sensor
with in nitrogen and (5mbar partial pressure) 5% hydrogen-nitrogen mixture at
cryogenic (252K solid line)and high temperature (352K dashed line). (a-e) x=0,

x=0.3, x=0.4,x=0.55, x=1 (Pd).
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FI1GURE 5.15: 3-D plot of uniform Pd;_,Ni, Schottky barrier hydrogen sensor

as function of temperature and Schottky barrier height in nitrogen ambient and

hydrogen ambient. The narrow bar represents the Schottky barrier height in

nitrogen ambient at different temperatures, wide bar represents the Schottky
barrier height in hydrogen ambient.

5.5 Frequency Dependent C-V Characteristics
of Uniform Pd;_,Ni, Schottky Barriers

In this section the frequency dependence of capacitance-voltage characteristic of
Schottky barrier hydrogen sensors are investigated. When localized interface states
exist at the metal/semiconductor interface, the device behaviour is unlike the ideal
case. This behaviour is primarily observed at low and intermediate frequencies.
The surface states can easily follow the ac signal at low frequencies and yield an
excess capacitance, which depends on the relaxation time of the surface states
and the frequency of ac signal. At high frequency the charge at the surface states
cannot follow an ac signal. Interface state density usually causes a bias shift and
frequency dispersion of the C-V curves. Therefore, it is important to include the
effect of the frequency and examine in detail the frequency dispersion of capaci-

tance characteristic.

The frequency dependent C-V characteristic of 50nm Pd; ¢Nigy Schottky barrier
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hydrogen sensor in air at room temperature is shown in Fig. 5.16 with the data
for all other variations shown in the appendix A. Each C-V curve at a specific
frequency has three regimes: accumulation, depletion, inversion which verify a
typical Schottky barrier diode behaviour. The change in frequencies lead to the
capacitance variation in the depletion and accumulation regions. The C-V curve
shows an anomalous peak at low frequencies due to the existence of interface state
density and the thickness of interfacial oxide layer and series resistance. Under
low frequency operation the position of these peaks in the C-V plot shift toward
the forward bias region and the value of the capacitance decreases with increasing
frequency. At high frequency, trapped charges at the interface can not follow the
external ac signal which means they do not give any contribution to the capacitance

value.

It is also possible that the anomalous peak can be attributed to the series resis-
tance. Werner et al. made a systematic measurement of Schottky barrier devices
with ohmic and nonohmic back contacts. This investigation shows that devices
with poor back contacts exhibit a capacitance maximum in the C-V curve. Oppo-
sitely, no peak is present for the device with ohmic back contact [99]. The absence
of ohmic behaviour at the back contact resulted in a large series resistance leading
to the correlation of the anomalous C-V curve with series resistance effect [100].
Based on this work, it has been illustrated that in the presence of a series resis-
tance the C-V characteristics could exhibit a anomalous peak at the accumulation
region. The peak value of capacitance can be affected by some parameters such as,
doping, interface state density and the thickness of interfacial oxide layer, and the
frequency of ac signal. An idealized C-V characteristic is independent of frequency

and the capacitance will be increasing with increasing forward bias voltage.

It is widely accepted that a Schottky barrier diode possesses a very thin interfacial
deposited or native oxide layer between metal and semiconductor, even though
the semiconductor was over etched before the metal deposition. Therefore this
inevitable factor may have an influence on the electrical characteristic of the diode.
In order to obtain the series resistance in Schottky barrier hydrogen sensor, the
method of Nicollian and Goetzberger [101] has been employed. The real series
resistance of MIS structure can be subtracted from the measured capacitance
and conductance in strong accumulation region at high frequency [101]. Then
the admittance using the parallel RC circuit is equivalent to the total circuit

admittance Y in strong accumulation as Eq. 5.1.
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FIGURE 5.16: Frequency dependent C-V measurements of x=0 Pd;_,Ni,-Si
Schottky barrier hydrogen sensor and 1/C2-V characteristic of the same device.

Y =1/7Z =G+ jwC (5.1)
Comparing the real and imaginary parts, R, can be written as Eq. 5.2.

G

R = oy

(5.2)
Where C and G represent measured capacitance and conductance in strong accu-

mulation region. The capacitance of insulator layer C,, is obtained by substituting
Rs into the relation (Eq. 5.3):

COI
¢= (1+ w?R2C2) (5.3)

From this equation, the C,, can expressed as Eq. 5.4.

B G 5 €A
Cow - O[]- + (m) ] - dox (54)

The basic frequency dependent capacitance-voltage (C-V) and conductance-voltage
(G/w-V) characteristic of 50nm Pdg 7Nig 3 Schottky barrier hydrogen sensor in air
at room temperature are illustrated in Fig. 5.17. The sensor was measured at
a frequency range of 1kHz-1MHz. These two curves illustrates that both the C
and G/w varies from the inversion region to the accumulation region. The se-

ries resistance is achieved according to Eq. 5.2 and shown in Fig. 5.18 for various
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FIGURE 5.17: The frequency dependent plot of G/w-V of 50nm Pd;_,Ni,
Schottky barrier hydrogen sensor (x=0.3) at room temperature and air.
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FIGURE 5.18: The variation of the series resistance of 50nm Pd;_,Ni, Schot-
tky barrier hydrogen sensor (x=0.3) as a function of bias voltage for various
frequencies at air atmosphere.

frequencies. In this figure the series resistance gives two peaks, especially at low

frequency which are located in the inversion and accumulation regions.

As shown in Fig 5.18 the values of R, are independent of bias voltage at high
frequency. This behaviour explains that the trap charges have enough energy to
escape from the traps located at metal/semiconductor interface in the Si band
gap. The surface states (Nys) between Si/SiOs Si band gap are estimated from

the combination of various frequencies C-V and G/w-V characteristic according



Chapter 5 Effect of Uniform PdNi Alloy Composition on Sensor Sensitivity — 93

TABLE 5.3: The parameters of 50nm Pd;_,Ni, Schottky barrier hydrogen sen-
sor (x=0.3) achieved from C-V and G/w-V at various frequencies at air atmo-

sphere.
f(kHz) C(pF) G/w ( 10’9F) N35(10126V’1/6m2) Rs(Q)
1 2.25 12.1 378 45000
10 1.77 5.65 177 4060
100 1.70 0.44 13.7 77
1000 1.49 0.06 2.11 )

TABLE 5.4: The Schottky barrier of uniform Pd;_,Ni; hydrogen sensor in
nitrogen and hydrogen-nitrogen ambient (5mbar partial pressure) as well as the
difference of Schottky barrier height in corresponding frequency.

Hz(khz) OB x=0 x=0.3 x=04 x=055 x=1(Pd)
5 o5 (N2)  0.68 0.95 118 1.11 0.75
50 é5 (No)  0.62 095  1.32 1.10 0.73
500 65 (N2)  0.63 096  1.40 1.04 0.77

5000 ép (N2)  0.64 090  1.39 1.15 0.77
5 65 (Hy) 043 056  0.87  0.61 0.44
50 ¢ (Ha) 0.37 067  1.15 0.62 0.42
500 ép (Hy) 038 065  1.23 0.60 0.44

5000 ép (Hy) 046 0.63  1.24 0.61 0.43
5 o5 (No-Hy) 0.25 0.39  0.31 0.50 0.31
50 ¢p (No-Hs) 025 029  0.18 0.48 0.31
500  ¢p (No-Hy) 025 031 017 0.44 0.32

5000  ¢p (N2-Hz) 0.18 0.27  0.15 0.54 0.31

to Hill-Coleman [102] (Eq. 5.5), where A is the area of the diode, w is the angular
frequency, ((G,/W)maz) 18 measured maximum conductance in the G/w -V plot
with its corresponding measured capacitance C,, and C,, is the capacitance of
insulator layer. The extracted parameters for 50nm Pdg7Nig3 Schottky barrier
hydrogen sensor with thin interface layer achieved from C-V and G/ w-V at various

frequencies at room temperature are shown in Table 5.3.

. i (Gm/w)max
Nos = A (G mnCon e+ (1 = OO’ (5:5)

As can be seen in Table 5.3, when the frequency increases, the peak value of
the capacitance as well as the series resistance Ry decrease. Large R, can cause
a serious error in the electrical parameters. In this table the value of the Ry is
extremely small at high frequencies (500kHz, 1Mhz) justifying our approach to use
these frequencies to extract C-V parameters. Furthermore, the high frequencies C
and G values were corrected for the effect of Rs in the whole measured bias range
to obtain the real capacitance and conductance by the Nicollian and Goetzberger’s

method [101]. As has been shown in Fig. 5.16, the higher values of capacitance
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at low frequencies are due to excess capacitance (C,) resulting from the surface
states (Ngs) in equilibrium with Si. This means that the surface states can follow

the ac signal and consequently contribute to the MIS capacitance.

All Schottky barrier hydrogen sensors have also been measured both in nitrogen
and 5% hydrogen and nitrogen mixture ambient with variable frequencies. Table
5.4 shows all devices at various frequencies. The Schottky barrier heights have
no trend with ascending or descending frequency. The Schottky barrier height in
hydrogen ambient was reduced by varying amounts in the sensors. All the A¢pg
are basically the same and do not depend on frequency within the margin of error.

For the C-V measurement 1MHz is the most reliable frequency to measure.

5.6 Conclusion

A series of uniform Pd;_,Ni,-Si Schottky barrier hydrogen sensors were fabricated
and characterized using Capacitance-Voltage and Current-Voltage measurement.
It is shown that the pure Ni films do not show evidence of response to hydro-
gen and that adding a thin layer of Pd on top allows those sensors to function.
This clearly indicates that Ni is not a catalyst for hydrogen dissociation at room
temperature, some literature have prove this phenomenon [103, 104, 105] which
is in the disagreement with other literature who claim that Ni based sensor can
catalyse hydrogen at high temperature [106, 107]. It is shown that for all sen-
sors the increase in current with hydrogen can be explained by a decrease of the
Schottky barrier height due to the formation of interfacial dipoles. An increase
in hydrogen concentration in the gas leads to a concurrent decrease in Schottky
barrier height and an monotonous increase in current. It is shown that none of the
sensors response to nitrogen or air indicating excellent selectivity with respect to
these gases. It is shown that sensitivity is optimum for Pd;_,Ni, with x around
0.4 whereas time response is optimum for x around 0.1. This conundrum is solved
by the composition-modulated technique explained in the next chapter. Temper-
ature dependent measurements show that these sensors function properly at both

slightly elevated and below zero temperature.



Chapter 6

Effect of Composition-Modulated
PdNi Alloy Composition on
Sensor Sensitivity and Response

Time

6.1 Introduction

In Chapter 3, it was explained how we could change the Pd-Ni concentration in
a single film through variation of the potential during electro-deposition. In the
discussion of the operation of the hydrogen sensor in the last section, it was also
made clear that the major influencing parameters of the film are the surface layer
on which the decomposition of the hydrogen gas takes place, and the barrier layer
which determines the sensitivity of the device. In this chapter, we will use the
method introduced in Ch.3 to fabricate composition-modulated PdNi alloys with
varying Pd-Ni ratio throughout the PdNi film. We will continue to fabricate 50nm
PdNi alloy films which has been divided into three layers; a surface layer; a bulk
layer and a barrier layer. The bulk layer is held constant, being Pd;_,Ni, with
x=0.3 because it is shown in table. 5.2that x=0.3 gives the fastest response time
and provides good hydrogen diffusion through the bulk layer. The surface and
barrier layers are varied as shown schematically in Fig. 6.2 and Fig. 6.3, We will
first present the analysis the hydrogen sensors based upon Fig. 6.2 in the following
section, which will justify the choice of constant surface layer in the experiment is

shown in Fig. 6.3. Subsequently, the sensor with best specifications is analysed in

95
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surface layer (17nm)
bulk layer (17nm)

barrier layer(17nm)

FIGURE 6.1: Schematic of three layer composition modulated Schottky barrier
which include surface, bulk and barrier layer.

x; = 0.1 x, =05
x =103 x =023
x, =03 x: = 0.7
x =0 x =103

FIGURE 6.2: Schematic of Pd;_,Ni, alloys with x=0.3 for the bulk layer (34nm)
and the barrier layer and various concentration for the surface layer (17nm). We
will refer to these sample as surface layer x,=0.1, 0.3, 0.5, 0.7.

more detail.

6.2 Characteristics of Hydrogen Sensor with Var-

ious Surface Layer Compositions

6.2.1 Sensitivity

As discussed earlier, this series of composition-modulated composition hydrogen
sensors with various Ni concentration in the surface layer with constant compo-
sition of bulk and barrier layer was designed to explore whether the dissocia-
tion speed of hydrogen atoms at the surface of PdNi film can influence the time
response. Fig. 6.4 shows the back to back current-voltage characteristic of the
composition-modulated alloy with various Ni concentrations in the surface layer
of Schottky barrier hydrogen sensor (x,=0.1, 0.3, 0.5, and 0.7) in both nitrogen
ambient and exposure to the 0.1 bar 5% hydrogen-nitrogen mixture gas. The
current-voltage characteristics in hydrogen ambient were measured 800 seconds
after the 5% hydrogen-nitrogen mixture was introduced into the chamber such

that the response has saturated.
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Pd,_,Ni,

x, = 0.1 x, = 0.1 x; =01
x =03 x =03 x =03
x, =0.2 x, = 0.3 xp =04

x. = 0.1 x, =0.1

x =03 x =03

x, = 0.5 xp = 0.6

FIGURE 6.3: Schematic of Pd;_,Ni, alloys with x=0.1 for the surface layer

(17 nm), x=0.3 for the bulk layer (17 nm) and various concentration for the

barrier layer (17 nm). We will refer to these sample as barrier layer x,=0.2, 0.3,
0.4, 0.5, 0.6.

All of the samples with varying surface concentration exhibit the typical back
to back Schottky barrier current-voltage characteristic in nitrogen ambient. All
of these hydrogen sensors illustrate a good sensitivity to hydrogen ambient with
a current increase of nearly one order of magnitude with 0.1 bar 5% hydrogen.
A number of devices has been tested for each compositional range to prove the

reproducibility of this group of hydrogen sensors.

6.2.2 Response Time

The response time was measured in a very similar way as previously shown in
Ch.5. The hydrogen sensors are measured at fixed applied voltage in nitrogen
and after a certain time period (200s), the hydrogen gas is added to the chamber.
The current response is measured as function of time in a [-V-t measurement. A
number of devices was measured for each composition and the results are shown in
Fig. 6.5. The measurement is stopped after 1000s after which the curves presented

in Fig. 6.4 were taken.

We have previously defined the response time tgg as the time it takes to get 90%
of the full response to the hydrogen. If the sensor does not saturate in a reason-
able amount of time (as in this measurement:1000s), the response time cannot
be accurately determined. Anyway, for these samples, the response time is so
slow to be not commercially relevant, and an estimate is provided for response
time and sensitivity. The results are shown together with the sensitivity data in

Fig. 6.6. The I-V characteristic of all devices is very similar and, as expected, no
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FIGURE 6.4: I-V characteristic of composition-modulated Pd;_,Ni, Schottky

barrier hydrogen sensor with constant bulk layer x=0.3 and various Ni concen-
tration on surface layer at both nitrogen and 5% hydrogen-nitrogen mixture

(5mbar partial pressure) ambient. (a)xs=0.1,(b)xs=0.3,(c)xs=0.5,(d)xs=0.7.

dependency of sensitivity on surface concentration was observed. A very strong

dependency of the response time with Pd-Ni ratio in the surface layer is observed,

though. An almost exponential behaviour is seen in which the response time im-

proves dramatically with reduction of Ni concentration in the surface layer. The

speed of hydrogen dissociation in the Pd catalytic reaction at the surface is hence
strongly affected by the addition of Ni. The amount of Ni at the surface should

be minimized while keeping in mind the necessity to add Ni to prevent destructive

cycling to the g-Pd phase.
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FIGURE 6.5: I-V-t characteristic of of composition-modulated Pd;_,Ni, Schot-

tky barrier hydrogen sensor in nitrogen and 5% hydrogen (5mbar partial pres-

sure) after 200s with constant bulk layer(x=0.3) and various surface layer con-

centration where x,=0.1, 0.3, 0.5, and 0.7. The labels in these figures represent
the labeled devices during the measurement.

6.3 Characteristics of Hydrogen Sensor with Var-

ious Barrier Layer Compositions

6.3.1 Sensitivity

Based on the discussion on the hydrogen sensing mechanism, the performance of
the Schottky barrier hydrogen sensor does not only depend on the speed of hydro-
gen molecule dissociation, but also on the behaviour of the hydrogen atoms at the

Schottky barrier interface. Therefore, another group of composition-modulated
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FIGURE 6.6: Time response of composition-modulated alloy composition
Pd;_;Ni, (x=0.3) Schottky barrier hydrogen sensor as function of Ni concen-
tration x,=0.1, 0.3, 0.5, and 0.7 in surface layer.

Pd;_,Ni, Schottky barrier hydrogen sensor with various Ni concentration in the
barrier layer with a constant PANi composition in surface and bulk layer was de-
veloped to explore the best sensitivity and time response with a suitable Ni con-
centration in the barrier layer. Based on the results from the previous chapter and
section, the surface concentration was fixed at x,=0.1 and the bulk concentration

at x=0.3, as shown in Fig. 6.3.

Fig. 6.7 shows the back to back current-voltage characteristic of composition-
modulated alloy composition Schottky barrier hydrogen sensor with various Ni
concentration in barrier layer in the nitrogen ambient and under exposure to 0.1

bar 5% hydrogen-nitrogen mixture gas.

Fig. 6.9 shows that despite the obvious variation form sample to sample, the
sensitivity is clearly largest for 40 % Ni. The explanation for this is not straight
forward, but likely related to the number of dipole sites at the PdNi-Si interface
where hydrogen can be trapped. The consequence of the higher Ni concentration
in the barrier layer of the film is to expand the lattice which allows more hydrogen
atoms to diffuse to the silicon traps at the interface. This effect causes the time
response increase as compared to the other structures. This will be explained in

more detail in section 6.4.
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FIGURE 6.7: I-V characteristic of Pd;_,Ni, Schottky barrier hydrogen sensor

with x;=0.1, x=0.3, and various Ni concentration in the barrier layer in both

nitrogen and 5% hydrogen (5mbar partial pressure) ambient. (a) x,3=0.2, (b)
Xb:0.3, (C) Xb:0.4, (d)Xb:0.5, (e) Xb:0.6.
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FIGURE 6.8: I-V-t characteristic of Pd;_;Ni, (xs=0.1, x=0.3) Schottky bar-

rier hydrogen sensor with x,=0.2 (a), 0.3 (b), 0.4 (c) , 0.5 (d), and 0.6 (e) in

nitrogen and 5% hydrogen-nitrogen mixture (5mbar partial pressure) ambient

after 200s. The numbers in these figures represent the labeled devices during
the measurement.
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FIGURE 6.9: Time response and sensitivity of composition-modulated alloy

composition Pd;_,Ni, Schottky barrier hydrogen sensor with x;=0.1, x=0.3 as

function of Ni concentration x;=0.2,0.3,0.4,0.5,0.6 in barrier layer. The numbers
in figures denote to labeled sample.

6.3.2 Response Time

Fig. 6.8 shows the I-V-t characteristic of composition modulated Schottky barrier

hydrogen sensor with various Ni concentration in barrier layer to a 0.1 bar 5%

hydrogen-nitrogen mixture at room temperature corresponding to the I-V charac-

teristic. In order to explicitly observe the [-V-t curve among the same structures,
I

the data are normalized as 7—. The time response and sensitivity can be ex-

tracted from these figures.

In theory, it is expected that the more Pd is in the Pd-Ni alloy at the barrier layer,
the faster the hydrogen atoms will be trapped at the metal-semiconductor interface
resulting in a fast response. However Fig. 6.9 clearly shows that the time response
is slowest (tens of minutes) for the highest Pd concentration of 80% in the barrier
layer. The Schottky barrier hydrogen sensor with 30% and 40% Ni concentration
in the barrier layer possess the fastest time response (nearly 10 seconds) in this
group in agreement with the measurements in the previous section. With the
Pd concentration further decreasing in the PdNi barrier layer, the time response
increases again to more than 10 minutes although these sensors still operate faster
than those with 80% of Pd.
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6.4 In-depth Analysis of Optimum Schottky Bar-

rier Hydrogen Sensor

Based on the results of Chapter 5 and the preceding sections, it can be concluded
that the Pd;_,Ni, Schottky barrier hydrogen sensor requires as low as possible
Ni concentration at the surface to accelerate the hydrogen dissociation, and a
larger amount of Ni at the barrier layer to improve sensitivity. Based on those
observations, we have concluded that the Pd;_,Ni, Schottky barrier hydrogen
with x,=0.1, x=0.3, and x,=0.4 shows the best characteristics. The performance of
these sensors has hence be studied in more detail. Full details of the characteristics
of the Pd;_,Ni, Schottky barrier hydrogen sensor with x,=0.1, x=0.3, and x,=0.4
can be found in Appendix B.

6.4.1 Schottky barrier height

Table 6.1 shows the Schottky barrier height as extracted from C-V measurements
for the Pd;_,Ni, Schottky barrier hydrogen sensor with x,=0.1, x=0.3, and x,=0.4.
The Schottky barrier height decreases by approximately 0.40 V (from 0.9V to 0.5V)
for the high frequency measurements when the sensor is exposed to hydrogen.
This value is compared to the data from the I-V measurements on the sample
sensor in Table 6.2. It is evident that the Schottky barrier height in nitrogen
as extracted from the C-V curves is significantly larger than the value extracted
from the I-V curves. It has been explained at chapter 5 that the C-V value
relates to the average over the depletion layer while the I-V measurements are
determined by the part of the barrier where the Schottky barrier is at its lowest.
More importantly, it is observed here that the even though the change in average
barrier height (0.4V) is very large upon the exposure to hydrogen, the change
in the minimum barrier height (0.1V) is much smaller. The areas with lower
barrier height in nitrogen are hence less susceptible to hydrogen exposure than
the average of the film. This is a significant disadvantage in operation where the
extraction happens through a current measurement. The inhomogeneity in the
barrier height reduces the sensitivity of the device and leads to device to device
variation in sensitivity. To make the sensors of commercial value, it is required to
reduce this variation by further optimizing the initial growth stages, in particular

the pulsed electrodeposition process to create the nuclei.
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TABLE 6.1: Pd;_,Ni, Schottky barrier height as a function of frequency for
xs=0.1, x=0.3, and x,=0.4 in both nitrogen and 5% hydrogen (5 mbar partial
pressure) as extracted from C-V curves.

Hz(KHz) 5) 50 500 1000 5000
¢pn(N2) 097 0.95 0.96 0.93 0.92
¢pn(H2) 044 0.53 0.53 0.52 0.54
A ¢p 0.53 0.42 0.43 0.41 0.38

TABLE 6.2: Schottky barrier height extracted from I-V and 1MHz C-V charac-
teristic of Pd;_;Ni, Schottky barrier hydrogen sensor with x;=0.1, x=0.3, and

x3=0.4.
method p ¢B, (N2) ¢B, (H)) Ag¢p
(€2.cm) V) V) (V)
C-V 1.28 0.93 0.52 0.41
-V 0.73 0.62 0.11

6.4.2 Sensitivity and Response Time as function of Hydro-

gen Concentration

The sensitivity of a sensor is generally rather ill defined as it depends critically on
the concentration of target gas. The objective of the measurement described here
is to gauge the sensitivity of the sensor to different concentrations of hydrogen.
We place the sensor in the vacuum chamber (see Fig. 4.11), and hydrogen is
introduced into the chamber through a plastic pipe, with the lowest hydrogen
concentration flow through the pipe corresponding to 250 ppm. The results are
shown in Fig. 6.10. At low hydrogen concentration, the amount of hydrogen
molecules which dissolves in the Pd follows Sievert’s law. This law which predicts
that the hydrogen concentration in the bulk of the film is proportional to the
square root of the hydrogen partial pressure in the system [108]. The extracted
sensitivity, displayed in Fig. 6.11, does indeed agree with this relation.

6.4.3 Response Time as function of Hydrogen Concentra-

tion

Before measuring the time response as function of hydrogen concentration, the
statistical variation between different devices was tested. Table 6.3 shows the
time response of 19 individual devices. The time response of all devices is very

similar and the standard deviation is relatively small.
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FIGURE 6.10: I-V-t curves of Pd;_,Ni, sensor with x,=0.1, x=0.3 and x;=0.4
to hydrogen concentration from 250ppm to 3000 ppm.
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FIGURE 6.11: Sensitivity of Pd;_,Ni, sensor with x;=0.1, x=0.3 and x3=0.4

at various of hydrogen concentration.
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TABLE 6.3: Time response tgg of 19 individual Pd;_,Ni, Schottky barrier hy-
drogen sensor with x;=0.1, x=0.3 and x,=0.4.

Samples | Time response
(second)
1 14
2 18
3 16
4 22
5 10
6 10
7 14
8 14
9 15
10 9
11 18
12 19
13 29
14 19
15 10
16 15
17 14
18 13
19 16
average 15£ 5

The time response of the Schottky barrier hydrogen sensor to hydrogen and ni-
trogen mixture gas with hydrogen concentration is plotted in Fig. 6.12 with the
extracted response time given in Fig. 6.13. The time response to 5000 ppm is
rather fast (30s) and the current increases about a factor of 32 times with re-
spect to the current in the nitrogen. With increasing hydrogen concentration,
the response time decreases. From 250 ppm to 1500 ppm, the time response de-
creases dramatically from 462 second to 82 seconds; With even higher hydrogen

concentration, the response time keeps on decreasing but at a slower rate.

The time response is influenced by both the adsorption process and the interface
trap filling process. If the adsorption process is considered as the rate restrictive
step, the theoretical time response can be determined based upon the analysis of
Lundstrom et al. [109] and Kimura [110]. Figure 6.14 illustrates the sites for ab-
sorption of hydrogen in the Pd film for both low and high hydrogen concentration.
By Van der waals force, hydrogen attaches to the surface of PdNi film following by
dissociation and diffusion. The chemical reaction of hydrogen at the Pd interface

is given by:
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FIGURE 6.12: (a) Time response of Pd;_,Ni, Schottky barrier hydrogen sensor

with x3=0.1, x=0.3 and x,=0.4 upon exposure to hydrogen-nitrogen mixtures,

measured at -1V. (a) from 250 ppm to 1500 ppm hydrogen . (b) from 2000 ppm
to 5000 ppm hydrogen.

Hy 25 2H, (6.1)
al

in which both a; and b; are rate constants for the chemical reaction with Pd, and

the rate equation for this reaction is:

00

5 = CL1PH2(1 — 9)2 — b192 (62)

Where 6 is the fractional coverage, which is defined as the number of interface
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FIGURE 6.13: Time response (tgg) versus hydrogen concentration for Pd;_,Ni,
sensor with x,=0.1, x=0.3 and x;=0.4 on linear scale.

&000

dipole sites per time unit divided by the total number of dipole sites at the PdNi

and Si interface. In a steady state the fractional coverage 6, can be expressed as

Eq. 6.3 6.4 6.5

0o/ (1 — 60) = (a1 /b1) /> Py

by H?2
90:: <XZ\/}%72
1+ /% Py
1
0o a1b1 Prro 1

T =

= = X

(6.3)

(6.4)

(6.5)

Kimura et al. [110] utilized Eq. 6.5 to make a phenomenological model of hy-

drogen sensing according to which the catalytic metal leads to the dissociation of

the hydrogen and the formation of an electric dipole layer on the semiconductor.

According to their calculation from the rate equation, the time response at low

hydrogen concentration should be inversely proportional to the square root of the

hydrogen concentration. If the dissociation is not the restrictive step and every

hydrogen atoms that impinges on the PdNi film will stick and diffuse, then the

maximum sensitivity is limited by the amount of trap sites at the barrier inter-
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FIGURE 6.14:  Sites for absorption of hydrogen in the Pd Film, (a) clean

palladium lattice, (b) hydrogen atoms (blue dots) presence in Pd at low con-

centration (c) top view of hydrogen sites in the palladium and the dashed circle

represents palladium as well, light blue dots is the hydrogen atoms below the
solid circle. Modified from [111].

face. In this case, the time response is expected to be inversely proportional to

the hydrogen concentration.

The plot of the time response on a double log scale is shown in Fig. 6.15. These
points can be relatively well fitted with a straight line in the double exponential
graph with a slope of -0.76. As discussed above, the slope of straight line de-
pendence of the time constant versus the hydrogen concentration on the log-log
scale should be equal to -0.5 if dissociation is the time limiting step, and equal to
-1.0 if trapping is the time limiting step. Our result with slope of -0.76 is clearly
in between these two extreme values which indicates that both dissociation and
total number of traps at the barrier are of importance in the determination of
the response time (and sensitivity). It is expected that at low concentration, the
hydrogen sensing of the Schottky diode is controlled by the dissociation speed of
hydrogen molecules by the Pd, and at high concentration by atom trapping be-
tween barrier layer and Si, and that the slope is not a constant over the entire
hydrogen concentration range, but the data is too sparse to be able to confidently

conclude this.
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FIGURE 6.15: Time response (tgg) versus hydrogen concentration for Pd;_,Ni,
sensor with x,=0.1, x=0.3 and x;=0.4 on double logarithmic scale.

6.4.4 Temperature dependence of Schottky barrier height

Before the measurement, a hair drier was utilized to warm the chamber to ensure
the aridity of the chamber. Normally, the hydrogen sensor operation is very de-
pendent on the working temperature. Some times the hydrogen sensor would need
to work in extreme conditions with either low temperature or high temperature.
In order to extract these properties, the dependence of the Schottky barrier hy-
drogen sensor has been investigated at various temperature (232K-373K) in 5000

ppm hydrogen concentration.

The x,=0.1, x=0.3, x,=0.4 composition-modulated Schottky barrier hydrogen sen-
sor was measured in the temperature controlled chamber. Before connecting the
liquid nitrogen to the probe station, the chamber is pumped down to a good vac-
uum (1x107° bar) to prevent ice forming on the surface of the sensor. Theoretically,
the liquid nitrogen can decrease the temperature down to 70K in the chamber,but
in reality only 80K was achieved. To stabilize low temperature measurement, the
heating system of the probe station was used to maintain the vacuum chamber
at the required temperature. For high temperature measurements, the heating

system was used without the cryogenic operation.

Temperature dependent measurements do not only allow us to extract the opera-
tion of the sensor at different temperatures, it also allows more in depth analysis

of the barrier properties. Based on the thermionic emission theory of the Schottky
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FIGURE 6.16: I-V-t characteristic of Pd;_,Ni, sensor with x,=0.1, x=0.3 and
xp=0.4 at various temperatures (from 252K to 373K) when exposed to 5000ppm

Hydrogen. (a) The time response at temperatures of 252K,272K, and 292K. (b)
The time response at temperatures of 321K, 332K,352K,and 373K.

barrier as shown in equation Eq. 3.19, it is explained that with the temperature
increasing, the reverse leakage current is increased as well. Figure 6.17 shows the
[-V characteristic of the Schottky barrier hydrogen sensor Pd;_,Ni, with x=0.1,
0.3, 0.4 for the surface, bulk, and barrier layer, respectively, for various temper-
ature (from 252K to 373K) in 5000ppm hydrogen with the extracted sensitivity

and time response shown in Fig. 6.18.
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FIGURE 6.17: (a,b) I-V characteristic of Pd;_;Ni, sensor with xs=0.1, x=0.3

and x;=0.4 at various temperature (from 252K to 373K) in (left) nitrogen and
(right) hydrogen ambient (5000 ppm).

The saturation current density was extrapolated from the I-V measurement in Hy-
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FIGURE 6.18: Sensitivity (blue) and time response (orange) of Pd;_,Ni, sen-
sor with x3=0.1, x=0.3 and x;=0.4 in 5000ppm hydrogen concentration as a
function of temperature.

drogen ambient for different temperatures as shown in Fig. 6.19. As expected from
the thermionic emission theory the saturation current decreases significantly with
temperature. Theoretically, a temperature independent Schottky barrier height
leads to a straight line on the activation energy diagram. The straight line fit with

¢p=0.32V is not particularly good.

In order to obtain a better fit an improved model has been used. The Ty effect is
often used to model the temperature dependent of Schottky barrier height [112].

In this model, the thermionic emission equation is expressed as:

J(VA) — A*. T2 . efK,(qj?fTO) . (eK(g“‘fTo) _ 1) (66)

By using the ¢p and T} as free parameters, a significant better fit than the tem-
perature independent model is obtained. We use the last mean square method to

minimize the sum of the squared residuals, S, as expressed in Eq. 6.7.

S = i r? (6.7)
=1

,where 1; is the residual being the difference between the experiment value and
the fitting value from the model. In table 6.4 the residuals are given for a number

of fits of barrier height and 7. The smallest residual and hence best fit, corre-
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sponds to ¢pp=1.11V and T;,=144K. A physical interpretation of the To effect is
given in Ref. [112] which explains it in terms of spatial variation in the Schottky
barriers in which the current passes through the minimum value of the barrier.
The analysis indicates that the barrier height between the PdNi alloy and the
Si is not uniform across the entire area and that the sensitivity of the sensor is
most likely determined by the area with the lowest Schottky barrier. We reached
a similar conclusion previously based upon the comparison between [-V and C-V

measurements.
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FIGURE 6.19: Activation energy diagram of x;=0.1, x=0.3 and x;,=0.4 Schot-
tky barrier hydrogen sensor in hydrogen ambient at different temperature as
extracted from Fig. 6.17. These data are fitted by using a temperature inde-
pendent Schottky barrier height thermionic emission model and the Ty model.

o (V) To (K) >, rf
0.8 100 4.53¢ 1
0.9 110 6.40e%!

1 120 7.92¢ %
1.1 130  3.4le™®
1.11 140 2.13e®
1.11 142 1.52¢»
1.11 144 124 %
1.11 145  2.09¢»
1.2 140  3.24e %

TABLE 6.4: The squared residuals between experimental data and Ty effect
model.
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6.5 Conclusion

In this chapter, functional characterization of composition modulated electrode-
posited films were presented in term of Schottky barrier hydrogen properties. The
time response results for the Pd;_,Ni, composition modulated surface layer and
constant Pd-Ni ratio in the bulk layer prove that the speed of hydrogen dissocia-
tion at the surface scales near exponential with an increase of Pd concentration.
Thus a high Pd concentration in the surface layer should be selected which is still
compatible with the prevention of the g-phase during cycling. The sensitivity
response results for the composition modulated barrier layer with constant Pd-Ni
ratio in the bulk layer and 10% Ni in the surface layer agrees with the previous
results on uniform films with x=0.4 giving the highest sensitivity. It is hence con-
cluded that a Pd;_,Ni, film with x=0.1, 0.3, 0.4 for the surface, bulk, and barrier

layer, respectively, is the optimum composition.

The relation between response time and hydrogen concentration has been tested
and showed a drastically fall with increasing hydrogen concentration. The quickest
time response was achieved for a concentration of 5000ppm. The response time
versus hydrogen concentration follows a power law relation with a slope of -0.76. A
dissociation limited rate equation would follow Sievert’s law and result in a slope
of -0.5, while limitation in number of trap states at the PdNi-Si interface would
result in a slope of -1.0. Our results hence indicate that both these processes are

of importance in the determination of the sensitivity of the sensor.

The time response increases with decreasing the temperature, with the lowest
temperature (253K) giving the slowest response time. The normalized current
does not saturate below room temperature. When the temperature is elevated
above 290K the sensor shows a fast time response (less than 20 seconds), which
means this sensor should be operated preferable at room temperature or high
temperature. The temperature dependence characteristic described in the final
section show that the sensor have a good fit with the equation describing the
current as function of temperature in terms of spatial variation of the barrier
height. Minimizing this spatial variation is essential for reliable operation of the

Sensor.






Chapter 7

Summary and Outlook

The key property of hydrogen as renewable alternative to carbon-based fuels, is
its clean combustion without harmful emission. Hydrogen sensors are critical to
insure the safety of hydrogen systems due to hydrogen’s combustion characteristics
which include low minimum ignition energy, high heat of combustion, as well as
wide flammable range. Hydrogen gas sensing technology has been applied in a
broad market, such as for the safety in fuel cell automotive, in line fuel monitoring
for hydrogen feed, safety in infrastructure and large scale power plants. Traditional
sensing instruments such as gas chromatography and mass spectrometers are bulky
and expensive for in-situ monitoring. A number of practical hydrogen sensing
technologies based on micro-electronics and nanotechnology have emerged. Some
of them demonstrate advantages such as size, cost, durability. However most of
these sensors, such as electrochemical sensors, also have significant drawbacks like

poor selectivity, and in particular high power consumption.

In this work a Schottky barrier based PdNi-Si hydrogen sensor is introduced which
can compete with available sensors in terms of sensitivity and selectivity, and time

response, while at the same time having extremely low power consumption.

The working principle of electrodeposition was firstly introduced as the primary
step to form the metal alloy on semiconductor in the Schottky barrier hydrogen
sensor. It is shown that with the right choice of solution, the setting of the electro-
deposition potential is capable of creating PdNi alloys with the ratio of Pd to Ni
spanning almost the entire range. Based on this possibility we present a new
technique of composition-modulated PdNi films, in which each part of the PdNi
film is separately optimized within a single electro-deposition process for use in

a Schottky barrier hydrogen sensor. The rectifying properties of the electrode-
117
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posited PdNi-Si Schottky barriers are analysed and compared with the theory of
thermionic emission. Capacitance-Voltage and Current-Voltage measurement re-
sults reveal that the electrodeposited PANi-Si Schottky barrier possesses excellent
rectifying characteristics with high Schottky barrier height, low ideality factor, and
most importantly, low reversed bias leakage which makes them extremely suitable

for low power sensors.

Back-to-back PdNi-Si Schottky barrier hydrogen sensor have been fabricated in
which a uniform layer of 50 nm PdNi alloy film was deposited on Si at current
density between 3-5mA/cm?. A controlled environment probe station is used to
measure the Schottky barrier hydrogen sensor in both nitrogen and hydrogen am-
bient. The Current-Voltage measurements in both hydrogen and nitrogen ambient

clearly demonstrate that the sensors have a good sensitivity to hydrogen.

A series of uniform Pd;_,Ni,-Si Schottky barrier hydrogen sensors were fabricated
and characterized using Capacitance-Voltage and Current-Voltage measurements.
It is shown that the pure Ni films do not show evidence of response to hydrogen
and that adding a thin layer of Pd on top allows those sensors to function. This
clearly indicates that Ni is not a catalyst for hydrogen dissociation at room tem-
perature. For all sensors, the increase in current with hydrogen can be explained
by a decrease of the Schottky barrier height due to the formation of interfacial
dipoles. An increase in hydrogen concentration in the gas leads to a concurrent
decrease in Schottky barrier height and an monotonic increase in current. It is
shown that none of the sensors exhibits a response to nitrogen or air indicating
excellent cross sensitivity behaviour for hydrogen. It is shown that sensitivity is
optimum for Pd;_,Ni, with x around 0.4 whereas time response is optimum for x

around 0.1. This conundrum is solved by the composition-modulated technique.

We have consequently optimized the sensor device by specific layered deposition.
This is first ever functional characterization of composition modulated electrode-
posited films in term of Schottky barrier hydrogen properties. The time response
results for the Pd;_,Ni, composition modulated surface layer and constant Pd-Ni
ratio in the bulk layer prove that the speed of hydrogen dissociation at the surface
scales near exponential with an increase of Pd concentration. Thus a high Pd con-
centration in the surface layer should be selected which is still compatible with the
prevention of the S-phase during cycling. The sensitivity response results for the
composition modulated barrier layer with constant Pd-Ni ratio in the bulk layer
and 10% Ni in the surface layer agrees with the previous results on uniform films

with x=0.4 giving the highest sensitivity. It is hence concluded that a Pd;_,Ni,
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film with x=0.1, 0.3, 0.4 for the surface, bulk, and barrier layer, respectively, is

the optimum composition.

The relation between response time and hydrogen concentration was measured
and showed a drastically decrease with increasing hydrogen concentration. The
quickest time response was achieved as the concentration reach to 5000ppm and a
power law relation of -0.76 was found. A dissociation limited rate equation would
follow Sievert’s law and result in a slope of -0.5 while limitation in number of trap
states at the PdNi-Si interface would result in a slope of -1.0. Our results hence
indicate that both these processes are of importance in the determination of the

sensitivity of the sensor.

Temperature dependent measurements show that these sensors function properly
at both slightly elevated and below zero temperature. The temperature depen-
dence characteristic of the Schottky barrier height shows that the sensor have a
good fit with the equation describing the current as function of temperature in
terms of spatial variation of the barrier height. Minimizing this spatial variation

is essential for reliable operation of the sensor.

As described in the thesis, the discrepancy between I-V and C-V data collected
from same device indicate spatial variation of the Schottky barrier hieght. In
order to achieve a more stable and reliable Schottky barrier hydrogen sensor, it is
required to minimize this variation. The spatial variation of the Schottky barrier
height is related to the size of the metal grains. By changing the parameters of the
pulsed electrodeposition that is used for the initial nucleation, it should be possible
to better control the Schottky barrier height. Another method to accomplish this
would be the reduction in size of the Schottky barrier junctions from the current
tens of pum to only tens of nm. This would both reduce the variation and facilitate

integration in a CMOS process.

The detailed microstructure of the PANi film, the PdNi-Si interface, and the sur-
face dissociation layer are not known. Surface roughness measurements by atomic
force microscopy, thickness measurements by cross-sectional scanning electron mi-
croscopy, and detailed interface studies by transmission electron microscopy would
shed light on the detailed behaviour of the hydrogen within the film.

To take advantage of the low costs and low power consumption of the Schottky
barrier hydrogen sensors, its use in ubiquitous distributed unpowered sensor net-
works seems to be the key application area. When integrated on a PCB board,

the sensors are shown to function properly covered by an electrically insulating
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gas permeable membrane,Polydimethylsiloxane (PDMS). This potentially allows

distributed aqueous sensors.
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FIGURE A.1: Frequency dependent C-V measurements of Pd;_,Ni, Schottky
barrier hydrogen sensor and 1/C2-V characteristic of the same device for various
frequencies at room temperature for (a) x=0, (b) x=0.3, and (c¢) x=0.4.
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FIGURE A.2: Frequency dependent C-V measurements of Pd;_,Ni, Schottky

barrier hydrogen sensor and 1/C2-V characteristic of the same device for various

frequencies at room temperature for (a) x=0.55, (b) x=1 and (c) x=1 with Pd
cap.
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diode hydrogen sensor in nitrogen (left) and 5 mbar hydrogen partial pressure
(right) for (a,b) x=0, (c,d) x=0.3 (Al voltage) , and (e,f) x=0.4 .
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FIGURE A.4: Frequency dependent 1/C2-V characteristics of 50nm Pd;_,Ni,
Schottky diode hydrogen sensor in nitrogen (left) and 5 mbar hydrogen partial
pressure (right) for (a,b) x=0, (c,d) x=0.3 , and (e,f) x=0.4 . Data is based
upon curves displayed in Fig A.3.
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FIGURE B.1: Single I-V characteristics of x;,=0.1, x=0.3 and x;=0.4 in barrier
layer of composition modulated Pd;_,Ni, Schottky barrier hydrogen sensor in
nitrogen (0.3bar) and hydrogen-nitrogen mixture (5 mbar partial pressure).
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FIGURE B.2: Normalized time response of x;=0.1, x=0.3 and x;,=0.4 in barrier
layer Pd;_;Ni, Schottky barrier hydrogen sensor after the exposure to 0.1bar
of hydrogen.
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FIGURE B.3: 19 individual x,=0.1, x=0.3 and x;,=0.4 in barrier layer Pd;_,Ni,
Schottky barrier hydrogen sensor I-V-t comparison under exposure to 0.1bar of
5%hydrogen-nitrogen mixture.
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FIGURE B.4: (a) C-V characteristic of x4=0.1, x=0.3 and x,=0.4 in barrier
layer of Pd;_,Ni, Schottky barrier hydrogen sensor in both nitrogen and 5%
hydrogen-nitrogen mixture ambient at 1MHz. (b)1/C?-V characteristic of the
same device. The linear dependence reveals the formation of depletion region.
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FIGURE B.5: (a) Variable frequency C-V characteristic of x;=0.1, x=0.3 and
xp=0.4 in barrier layer of Pd;_,Ni, Schottky barrier hydrogen sensor in nitrogen
ambient. (b)Variable frequency C-V characteristic of x,=0.1, x=0.3 and x,=0.4
in barrier layer Pd;_,Ni, Schottky barrier hydrogen sensor in 5% hydrogen-

nitrogen ambient.
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and x,=0.4 in barrier layer Pd;_;Ni, Schottky barrier hydrogen sensor in the
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and x3=0.4 in barrier Pd;_,Ni, layer Schottky barrier hydrogen sensor in the
hydrogen ambient.
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FIGURE B.7: Response of x;=0.1, x=0.3 and x3=0.4 in barrier layer Pd;_.Ni,

Schottky barrier hydrogen sensor expose under multiple changes in hydrogen

and nitrogen ambient. This measurement contains evacuate gas from the cham-
ber and re-introduce nitrogen and hydrogen in the chamber.



