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Gallium Nitride Sensors for Hydrogen/Nitrogen and Hydrogen/Carbon Monoxide
Gas Mixtures

Christopher Nicholas Monteparo

ABSTRACT

As hydrogen is increasingly used as an energy carrier, gas sensors that can operate
at high temperatures and in harsh environments are needed for fuel cell, aerospace, and
automotive applications. The high temperature Fischer-Tropsch process also uses
mixtures of hydrogen and carbon monoxide to generate synthetic fuels from non-fossil
precursors. As the Fischer-Tropsch process depends upon particular gas mixtures to
generate various fuels, a sensor which can determine the proper ratio of reactants is
needed.

To this end, gallium nitride (GaN) has been used to fabricate a resistive gas
sensor. GaN is a suitable semiconductor to be used in hydrogen because of a wide, direct
bandgap and greater stability than many other semiconductors. Additionally, resistive
sensors offer several advantages in design compared to other types of sensors. Response
time of resistive sensors is faster than those of other semiconductor sensors because
catalytic and diffusion steps are not part of the response mechanism. Instead, a thermal
detection mechanism is employed in resistive sensors.

In this work, sensor response to changes in hydrogen concentration in nitrogen

was measured at 200°C and 300°C. Sensor response was measured as change in current
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from a reference response to pure nitrogen at each temperature under a constant 2.5 V
bias. Isothermal operation was achieved by controlling sensor temperature and pre-
heating gas mixtures. Sensitivity to concentration increased upon an increase in
temperature. Additionally, sensor response to concentration changes of H in CO at 50 °C
was demonstrated. Sensors show similar responses to nitrogen and carbon monoxide
mixtures, which have similar thermal properties. Using the thermal detection mechanism

of the sensors, a correlation was shown between sensor response and a gas mixture

thermal conductivity.

vi
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Chapter 1: Introduction

1.1 Motivation

Hydrogen has generated interest as an environmentally clean alternative to fossil
fuels. For instance, hydrogen (H;) has been used as fuel in jet aircrafts, and high-
temperature fuel cells provided internal power to spacecrafts during the Apollo Program
[1,2]. Additionally, the Fischer-Tropsch synthesis (FTS) process uses synthesis gas (syn-
gas), composed of hydrogen and carbon monoxide, to generate hydrocarbon fuels [3].
Production of fuels from FTS is of note because fossil precursors are not required. The
extreme conditions of these applications limit the materials which can be used for
hydrogen detection.

Design and implementation of H, gas sensors have been improved through use of
semiconductors, which yield compact and simple devices. Sensor size is reduced through
the use of thin film semiconductor layers which are formed on the microscale [4-6].
Transmission of electrical signals between these layers is influenced by exposure to
hydrogen. Current and voltage characteristics of sensors can then be correlated with
concentration. Hence, interfacing sensors with control systems is straightforward.

Not all semiconductors are suitable for use in gas detection. Physical properties,
such as melting point, constrain the temperature range in which a material functions
properly. Careful consideration of material attributes has led to the creation of gallium

nitride sensors for H, detection at elevated temperatures.
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1.2 Research objectives

The objective of this research is to demonstrate the detection of hydrogen in
nitrogen at elevated temperatures and the detection of H,:CO ratios in gas streams using
gallium nitride (GaN) resistive gas sensors. Sensor responses to small and large changes
in concentration were compared in the case of Ho/N, mixtures. The ability of GaN
sensors to distinguish between H,:CO ratios was investigated with simulated syn-gas
compositions. Correlations between the collected data to thermal conductivity were also

investigated.

1.3 Methodology

Resistive sensor responses were measured as current change from a baseline
current response of pure N,. When voltage is constant, a current change is directly
related to a resistance change. Sensitivity for resistive sensors is change in current, (I),

divided by change in hydrogen concentration, (Cp.), shown in Equation 1.1.

Sensitivity =

Eqn 1.1
ACH2 (Eqn 1.1)

The sensitivity was investigated through analysis of sensor responses over a range
of concentrations. Experiments consisted of sensor response to hydrogen-nitrogen
mixtures that varied hydrogen concentration from 0-100% at temperatures of 200°C and
300°C. First, the response to concentrations of pure nitrogen (N,) and pure hydrogen
(H,) flow rates were measured. Next, sensor response to 10-100% H; in N, were
measured at 10% intervals with a N, purge between each interval to remove any adsorbed

H,. Finally, response to 1-10% concentrations in 1% intervals with purge was recorded.
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Production of different fuels requires control of H,/CO ratio [3]. Hydrogen and
carbon monoxide gas mixtures were used to simulate common synthesis gas
compositions used in FTS. Experiments were conducted at 50 °C to determine if the

response of GaN resistive sensors is affected by the H,:CO composition.

1.4 Expected contribution of the research

This research demonstrates the operation of GaN resistive sensors over a range of
temperatures. Previous experiments have explored the response of GaN resistive sensors
at a lower temperature [7]. The response of these sensors at temperatures above 200 °C
demonstrates how sensor sensitivity is affected by temperature. An investigation into
GaN sensor response to H,/CO mixtures was conducted for the first time. Sensor
function as a thermal conductivity detector was investigated using empirical thermal

conductivity calculations.

1.5 Thesis overview

In order to assist the reader, this thesis is organized as follows. Chapter 2 explains
background information on hydrogen technologies to establish the importance of
hydrogen detection. Chapter 3 presents GaN properties which are incorporated into
sensor design and compares resistive sensors to other semiconductor sensors. In Chapter
4, the sensor test bed and experimental procedure are explained. Chapter 5 presents data
and results for experiments involving Hy/N, mixtures at 200 °C and 300 °C and H,:CO at

50°C. Finally, Chapter 6 presents conclusions and recommendations for future work.
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Chapter 2: Hydrogen technology and detection

2.1 Hydrogen energy technologies

Hydrogen is a viable replacement for non-renewable fossil fuels. Unlike
petroleum, H; is renewable via the electrolysis of water, acidification of metals, steam
reforming of natural gas, dissociation of ammonia and gasification of biomass or coal
[8,9]. Hydrogen is already used as an energy carrier in fields such as aerospace and
automotives [1,2,10-11].

The energy content of H, is greater than that of many commonly used fossil fuels,
including gasoline, as shown in Table 2.1. The lower heating value (LHV) and higher
heating value (HHV) are measurements of the heat released from fuel combustion.
Heating values of hydrogen are more than double that of gasoline on a weight basis.
However, widespread use of H, gas in automobiles is of limited practicality because
conventional storage systems are highly pressurized and heavy[12]. H; liquefaction and
porous-material impregnation are developing alternatives for hydrogen storage [14].

Hydrogen fuel cells offer several advantages over engines using hydrocarbon
fuels. Since fuel cells are not heat engines, they are not limited by the Carnot efficiency.
In addition, only water is produced instead of environmentally harmful byproducts, such
as CO,. Hydrogen is commonly used in fuel cells with operating temperatures from as
low as 100 °C in polymer electrolyte membrane (PEM) fuel cells to higher than 1000 °C

in solid oxide fuel cells (SOFC) [2].
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Table 2.1: Heating values of hydrogen and fossil fuels. [14] HHV is the amount of heat
that is discharged as a quantity of fuel at 25 °C is combusted and the products return to 25

°C accounting for the latent heat of water produced. LHV neglects heat from water

recovery and any product cooling below 150 °C.

Fuel LHV(MJ/kg) HHV (MJ/kg)
Hydrogen 119.9 141.6
Gasoline 44.5 473
Diesel 42.5 44.8

Hydrogen can also be used to alleviate demand for fossil fuels. Fischer-Tropsch
synthesis (FTS) reactions of H,/CO synthesis gas (syn-gas) create synthetic hydrocarbons
[3]. The products of these reactions are a distribution of hydrocarbons determined by
variables including feedstock composition, catalyst selection, and operating temperatures
[3,15]. Process control can then be improved by employing H;, sensors for measuring

feedstock H,/CO ratios.

2.2 Hydrogen sensors

Detection of hydrogen gas without sensors is a difficult problem because
hydrogen is odorless and colorless. The properties of hydrogen are compared to those of
other gaseous species in Table 2.2. Other odorless gases can be laced with a foul smelling
mercaptan, which diffuses with the gas to alert nearby users of leaks before conditions
become dangerous. H, diffusivity is larger than any known mercaptan so conditions could
become hazardous before the presence of a leak is known. Reliance on sensors is a

necessary alternative and allows H; concentration to be quantified.
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Table 2.2: Properties of odorless gases. [16, 17]

Dy_air
Species ( %1‘)‘0/1) at20°C
& ( cm’/s )
H, 2.016 0.611
N, 28.02 | -

0O, 32.00 0.178
CO 28.01 0.208
CO, 44.01 0.138

H; sensors serve a variety of purposes in industrial processes. Leak detectors are
important from safety concerns due to hydrogen's explosion limit of 4% to75% in air
[18,19]. Determination of hydrogen content in molten metal is used to control porosity
caused by dissolved gas [20]. Growth of anaerobic bacteria is monitored by hydrogen
sensors in biological processes[21]. Sensor are used to control stream compositions in
chemical reactions such as biomass gasification, FTS, and fuel cell redox [22,3].

Processes requiring H; detection often take place under intense temperature
and/or pressure, such as in industrial reactors, microbes, and outer space [22,23,2,10].
Proper material selection enables sensors to function in these harsh conditions. To that
end, GaN has been chosen as an appropriate material for use in H, sensors operating at

elevated temperatures.

2.3 Summary

Hydrogen as an energy carrier is an attractive alternative to fossil fuels because of
greater energy content. Fuel cells use hydrogen as a fuel to generate power more
efficiently than combustion engines. The Fischer-Tropsch process uses hydrogen to

create synthetic hydrocarbons which alleviates demand for fossil fuels. Safe control of

6
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processes such as these requires hydrogen sensors. Sensor operating conditions are

diverse. Selection of sensor materials needs to integrate operating variables into sensor

design.
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Chapter 3: Gallium nitride and semiconductor sensors

3.1 Applying gallium nitride properties to sensors

The electrical and mechanical properties of GaN make it a suitable material for
hydrogen sensing. GaN sensors are able to function at higher temperatures because GaN
has a high melting point and a wide, direct bandgap. Fabrication of GaN resistive sensors
is more economical than many other sensors because of inexpensive materials and a

reduced number of processing steps.

3.1.1 Bandgap structure of GaN

GaN has a wide bandgap compared to other semiconductors, as shown in Table
3.1, which allows sensor operation at higher temperatures. Electrons occupy different
energy bands within semiconductors. The bandgap energy (E;) is the energy difference,
in eV, between the valance and conduction bands of a semiconductor [24,25]. The
bandgap is also called the forbidden gap because electrons cannot occupy the energy
states within this region [24,25]. The band structure of semiconductors creates unique
properties different from metals and insulators. Two classifications exist for
semiconductor bandgaps, direct and indirect, based on whether electron momentum

changes between the conduction and valance bands [25].
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Table 3.1: Semiconductor bandgap properties. [25]

Material E, (eV) Type
GaN 3.42 Direct
Si 1.1 Indirect
SiC(a) 2.86 Indirect
GaP 2.26 Indirect
GaAs 1.43 Direct

Due to the direct bandgap of GaN, electron transition between energy levels does

not require a change in momentum, yielding better energy absorption. Wave functions

(v) mathematically describe the electron wave properties, such as the direction of wave

propagation called wave vector (k). Figure 3.1 shows that there is a change in k,, of

electrons transitioning from the valance to conduction band of indirect bandgap, but

momentum is unaltered in a direct bandgap. Transition across an indirect bandgap results

in the emission of heat [25]. This heat loss negatively impacts sensor operations, but is

avoided with direct bandgap materials.

E(eV)
Y

-

b
EQ

il

r

47-~\—>ku
(kg*m/s)

_J'/ Conduction Band

Valence Band

L J

(b)

Figure 3.1: Bandgap energy transitions. a) Direct bandgap b) Indirect bandgap
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3.1.2 Thermal stability

Sensor materials should have a high melting point to withstand high
temperature operations. Hydrogen processes like SOFCs, FTS and coal gasification
require operating temperatures greater than 1000 “C [2,3,26]. Sensor materials must be
thermally stable under these conditions. Better thermal stability directly corresponds to a
higher melting point. GaN is stable at high temperatures because the melting point of
GaN is 2700 °C, which is a temperature where other semiconductors exist in the liquid

phase, as shown in Table 3.2.

Table 3.2: Melting points of semiconductors. [27]

Material Melting Point (°C)
GaN 2700
Si 937
GaAs 1421

3.1.3 Electron mobility

Electron mobility (w,), units m*/V/s, relates to how sensors respond to changes in
conduction of electrons or electron holes in a material. The electron drift velocity (v,), in
m/s, is the average electron velocity caused by the application of an electric field (E), in
V/m. The movement of electrons in electron drift velocity is related to this field by the

electron mobility, as shown in Equation 3.1 [24].

M, = - (Egn 3.1)

n

10
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In sensors, electron mobility should be as large as possible for better conduction
without risking voltage breakdown. Breakdown occurs when a small voltage change
causes a rapid current increases [28]. Semiconductors with higher . breakdown at lower
voltages. Gallium nitride has average electron mobility when compared to many other
semiconductors as illustrated in Table 3.3. However, pu:of GaNis large enough for sensor
function without risking breakdown at 2.5V, which is the voltage bias for these

experiments.

Table 3.3: Electron mobility of semiconductors. [25,27]

Material L ( cm’/V-s )
GaN 440
Si 1350
SiC(a) 500
GaP 300
ZnS 110

3.2 Comparison of semiconductor sensors

Many types of hydrogen sensors utilize gallium nitride (GaN), including gate,
MOS, Schottky diode and resistive sensors [6,7,29-33]. Semiconductor sensors measure
an electrical property, such as resistance or capacitance which is changed due to the
presence of hydrogen. Each sensor type has a distinct structure and theory of operation,
despite similar sensing mechanisms. GaN resistive sensors investigated in this research

operate with reduced cost and stability problems prevalent in other sensor designs.

11
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3.2.1 Gate sensors

Gate sensors use platinum (Pt) or palladium (Pd) to dissociate H atoms from
adsorbed H, molecules. The H atoms adsorb to the surface and then diffuse into the
material between two electrodes. This diffusion changes the spacing between atoms in
the material's lattice structure [34,35]. This mechanism is illustrated in Figure 3.2.

Changes to the lattice alter electrical properties which corresponds to gas concentration.

Hydrugen/. l.
L

Semiconductor .
Material \

Q0
0
I

(a)

Figure 3.2: Gate sensor mechanism. a) Dissociated hydrogen atoms diffuse into the
lattice. b) The presence of these atoms in the lattice changes the electrical properties of

the material.

Gate sensors have some inherent design problems. Gate devices are reset by
removing the hydrogen from the lattice, however some irreversible hydrogen deposition
will result in hysteresis over time [22]. Also, Pt and Pd are expensive materials.
Response times for gate sensors are longer because the mechanism requires diffusion of

dissociated hydrogen rather than surface interactions with H, molecules.

12
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3.2.2 MOS sensors

Metal-Oxide-Semiconductor (MOS) sensors were first developed by Lundstrum
etal. in 1975 [36]. A metal oxide layer is deposited between a metal and semiconductor,
as shown in Figure 3.3 [25,36]. The insulating oxide layer causes charge to accumulate

on the metal and semiconductor layers producing a capacitive effect.

Pt or Pd
oxide/insulator

semiconductor
electrical contact

Figure 3.3: MOS sensor structure.

Similar to gate sensors, the dissociated hydrogen gas diffuses into the sensor
layers. This causes a change the capacitance. Electric current is passed through the
sensor by connections to electrical contacts and the catalytic metal. A voltage is applied
and measured as capacitance changes, which corresponds to a certain hydrogen
concentration.

MOS sensors are also hindered by many of the same issues as gate sensors,
including longer response times and use of expensive metals [37]. The cost of the sensor
is also increased due to the fabrication process which requires precise control of

thicknesses for multiple layers.

3.2.3 Schottky diode sensors
In Schottky diode sensors, Pt and Pd are deposited on semiconductors such as SiC

and GaN as shown in Figure3.4a [6,29-33,36]. Dissociated hydrogen diffuses through

13
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the metal forming a layer between the metal and semiconductor (Figure 3.4b). This layer
increases the potential difference between the materials, called the Schottky barrier [29].
Variations in Schottky barrier height are shown by current-voltage (I-V) characteristics

which correspond to gas concentration.

H> I O
_ Initial Schottky Barrier

SITTEITETE DT |-V Characteristics

@ ——0O
—0

 Loyer i | 1 Chage

semiconductor Measured by Sensor

L

Figure 3.4: Schottky diode sensor. a) H, dissociates on contact with catalytic metal.

(b)

b) H atoms diffuse and form a layer between the metal and semiconductor, changing I-V

characteristics.

A disadvantage of the Schottky diode sensors for hydrogen detection is the
presence of a catalytic step to dissociate the hydrogen molecules. Thermal instability in
these sensors is caused by large breakdown current leaks. Sensor structures can be

modified to reduce these leaks, as decreasing dopant concentration or adding a guard ring

structure [33,38,39].

14
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3.2.4 Resistive sensors

Resistive gas sensors measure the change in current through the sensor under
constant voltage applied across the sensor. An advantage of resistive sensors is that these
electrical properties can be accurately measured. The structure of resistive sensors,
shown in Figure 3.5, is a semiconductor deposited onto a substrate, such as sapphire.

Metal contacts are used to induce electric charge across the semiconductor.
/u contacts

sapphire substrate

Figure 3.5: GaN resistive sensor.

The product of resistance (R), in €, and current (I), in A, is the voltage (V), in V,
of a direct current system, V = IR. Electrical resistance depends upon the temperature of
a semiconductor. Gas molecules adhere to and/or diffuse into a semiconductor. Heat
transfer based on thermal interactions with H, changes the resistance of the
semiconductor [40]. A particular composition of a gas stream at a particular temperature
produces a particular resistance. Thin films deposited onto the semiconductor surface
increase the sensitivity of a sensor by preventing bonding of undesired species to the
semiconductor surface.

There are several advantages to resistive sensors in terms of sensor construction
and response. Fabrication of GaN resistive sensors is more economical than many other

sensors because of inexpensive materials and a reduced number of processing steps.
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Additionally, there are no catalytic metals required for sensor operations. Resistive
sensor response times do not depend on diffusion into semiconductor material as in the
case of other semiconductor sensors. Instead, heat transfer properties influence sensors
response based on a thermal detection mechanism [40]. Changes in gas composition are
detected when there is a significant difference in thermal conductivities of gas species

such as between H, and N, or CO, shown in Table 2.2.

3.3 Summary

The properties of gallium nitride are more beneficial to sensor design than many
other semiconductors, particularly silicon. GaN is thermally stable which allows devices
to take advantage of bandgap characteristics at high temperatures. At these elevated
temperatures, current breakdowns are less common because of GaN's moderate electron
mobility.

Sensors using GaN take advantage of electrical property changes induced by
exposure to a gaseous chemical system. Voltage, Schottky barrier height, and resistance
are a few of the electrical properties measured by sensors to determine chemical
composition. A summary comparison of common semiconductor gas sensors is shown in
Table 3.4. GaN resistive sensors are able to respond faster than many other sensor types

with decreased fabrication cost.

16

www.manaraa.com



Table 3.4: Summary of semiconductor sensors.

Sensor Property Catalytic

Type Measured Metals Mechanism Steps

-Catalytic H; dissociation
Gate Sensor Tand V Pt/Pd |-Diffusion into semiconductor
-Lattice expansion

-Catalytic H; dissociation
-Diffusion into semiconductor
-Lattice expansion shifts
electrical properties

MOS Capacitor Cand V Pt/Pd

-Catalytic H; dissociation
-Diffusion into semiconductor
-Layer of H atoms changes
Schottky barrier height

Schottky Diode lTand V Pt/Pd

-H, adsorption to surface
-Diffusion into semiconductor
-Thermal interactions change
resistance

Resistive Sensor IorR None
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Chapter 4: Experimental methods

4.1 Gas sensor setup

The sensor test-bed, shown in Figure 4.1, has an automated system for data
collection and control of gas flows. To initialize the sensor, a voltage is sent from the
computer to the electrical housing and sensor bed. The circuit boards in the electrical
housing relay information to and from the sensor. The temperature of the sensor heater is
controlled in the same way with a user ramped voltage until the desired temperature is
obtained. Gas flows are input by the user into a custom Labview program which controls
several mass flow controllers. Gas mixtures are heated in a furnace before entering the
sensor. This is done to achieve isothermal operation during experiments and minimize
the effects of heat transfer between the sensor and gases. Sensor temperature, voltage

and current data is collected by computer.
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Figure 4.1: Gas sensor setup.
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4.2 Experimental procedures

GaN resistive semiconductors were previously fabricated for testing, with silicon
doped gallium nitride (n-type carrier concentration of 2x107'%) [7]. Experiments were
conducted to determine if GaN resistive sensors can detect hydrogen in nitrogen at
elevated temperatures and be used to determine the H,/CO ratio of a gas stream.
Nitrogen and carbon monoxide are designated carrier gases because in both cases
hydrogen is the species of interest. In all experiments, sensor response to inert nitrogen
(N,) at each experimental temperature was used to determine a baseline current. The
voltage applied to the sensor is directly related to heat transfer between the sensor and
gas streams, which affects sensitivity of the sensor [40]. Changes in the current, I (mA),
across the sensor were measured under a constant voltage, V, (V), of 2.5V.

As the gas mixture changes composition, the amount of heat required to keep the
gas sensor at a constant temperature changes. During experimentation, voltage applied to
a heater on the gas sensor was adjusted manually until the desired temperature of the
sensor was reached.

The first set of experiments were conducted at 200 °C and 300 °C; pure gaseous
N, and H; streams were used to establish baseline responses. Total volumetric flow rates
for all of the experiments was 100 standard cubic centimeters per minute (sccm). Once
isothermal conditions were met at 200 °C and 300 °C respectively, sensors were then
exposed to hydrogen concentration changes in 10% steps over a range of 10-100% and in
1% steps over a range of 1-10%. Nitrogen purges to remove adsorbed H, were pulsed

between changing concentrations.

20

www.manaraa.com



In the second set of experiments, the sensor was exposed to mixtures of hydrogen

and carbon monoxide with nitrogen purges between different concentrations. H,:CO

ratios of 3:1, 3:2, 2:1, 1:1, 2:3 and 1:3 were tested at 50 °C. These ratios were established

based on typical synthesis gas compositions used to produce different fuels for the

Fischer-Tropsch synthesis [3]. Volumetric flow rate for each mixture was 100 sccm. A

summary of the H,/CO concentrations and their respective gas flow rates is given in

Table 4.1.

Table 4.1: H,:CO experiment flow rates.

Ratio | H, Flow Rate | CO Flow Rate
(H>:CO) (sccm) (sccm)
3:1 75.0 25.0
2:1 66.6 33.3
3:2 60.0 40.0
1:1 50.0 50.0
2:3 40.0 60.0
1:2 333 66.6
1:3 25.0 75.0
21
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Chapter 5: Data and analysis

5.1 Hydrogen detection in nitrogen at 200 °C and 300 °C

The electrical response of gallium nitride (GaN) resistive sensors to increasing
hydrogen concentrations in nitrogen at 200 °C and 300 °C is shown in Figure 5.1.
Current change (AI) was measured relative to the response of pure nitrogen at each

temperature. Al increased with an increase in hydrogen concentration.

0.6 >

\l||lll
[ [

\

‘é . ) / ) f/
3 - _/ 0‘/
o - / ,f// y = 3.64E-3x+0.014
& R2=0.980
= | >
" o
6E'16 - T T T T T
20 40 60 80 100
-0.1

Hydrogen Concentration (%)

+200C W 300C

Figure 5.1: GaN sensor responses to H in N mixtures at 200 °C and 300 °C. Error in
concentration was + 0.1%.
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Sensitivity analysis was performed using linear regression. Estimated sensitivity
to changes in H, concentrations in N, was 5.98x10”° mA/% H, at 300°C and 3.86x107°
mA/% H, 200°C. This indicates that sensitivity is temperature dependent. Heat transfer
between the sensor and the gas has been minimized through pre-heating of the gas.
However, the sensor mechanism is affected by thermal characteristics of the gas stream
[40,41]. At higher temperatures, the difference in thermal conductivities of hydrogen and
nitrogen is greater which produces an increased Al between concentrations.

After exposure to hydrogen, the measured sensor response to pure N, increased
by 1.3%. This shift from nitrogen’s original baseline value may be caused by adsorption
of hydrogen. Adsorption of hydrogen is known to decreases sensitivity to changes in
concentrations [42]. Such a decrease in sensitivity occurred for both high and low
concentration experiments, as can be seen by slight curve in the data at higher
concentrations in Figure. However, when the sensor was purged with pure nitrogen
between temperature runs, sensor response returned to a linear trend, as shown in the

responses to different temperatures and concentrations.

5.2 Sensor response to Hy/CO mixtures

The response of GaN resistive sensors to various concentrations of H, in CO at 50
°C is shown in Figure 5.2. As with responses to H, in Ny, the baseline for sensor current
response was pure nitrogen at the experimental temperature. As with the previous test,
error in concentration was + 0.1%. There is a linear trend sensor response to a changing

H,:CO ratio, indicating that GaN sensors are able to detect changes in H,/CO ratios.
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At 300 K, thermal conductivity (k) is 25.0x10” W/m/K for CO and 25.6 x10™
W/m/K for N,, whereas k = 186.9 x107° W/m/K for H,. [17]. Increases in H,
concentration in both CO and N, follow comparable trends because the thermal
characteristics of the gas mixtures are similar. The response to pure CO and pure N,
gases varied less than 0.1%. Such a small difference is probably the result of similar
thermal conductivities because resistive gas sensors operate on a thermal mechanism
[40,41]. Sensor responses appear to show slight, if any, hydrogen adsorption, but the

measured concentration span may be too small for adsorption affects to manifest.
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Figure 5.2: GaN sensor responses to H, in CO mixtures at 50 °C. Error in concentration

was + 0.1%.
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Observed Al measurements for H,/CO mixtures were much less than those for
H,/N, mixtures. Sensitivity of H, in CO was 8.76x10”° mA/% H,, several orders of
magnitude lower than that of the higher temperature H,/N, experiments in the previous

section. This could be due to the temperature dependence of resistance and sensitivity.

5.3 Relationship between sensor response and thermal conductivity

Previous investigations have proposed a gas sensor mechanism for resistive gas
sensors [40]. Other semiconductor devices have been used as thermal conductivity
detectors (TCD) utilizing a similar sensing mechanism [43,44]. Sensor data collected
during for H,/N, and H,/CO mixtures has been compared to thermal conductivity to
demonstrate use of GaN resistive sensors as a TCD.

Binary gas mixtures at low pressure do not follow a linear trend based upon mole
fractions (y) of gaseous species [45]. The Wassiljewa Equation with the Mason and
Saxena Modification (A;j), shown below in equations 5.1 and 5.2 respectively, was used
to calculate values of thermal conductivity for gas mixtures (ky,) [45]. These equations
are empirical relationships using physical properties of pure gas species, thermal

conductivity (k), molecular weight (MW) in g/mole and viscosity (1)) in Pa*s.

i=1 Z A, (Egqn 5.1)
=
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A. = (Eqn 5.2)

TCDs compare signal response of an unknown mixture to a reference signal in the
same way that sensor signals in the previous sections were referenced to the response to
pure nitrogen. A model was developed for the heat balance as gas mixtures flow over the
sensor using Joule’s law and Newton’s law of cooling. Equation 5.3 is the heat balance
on the sensor where q is heat energy (in J), Qneater 1S rate of heat transferred from the
heater to the gas (in J/s), t is time (in s), [ is current (in mA), R is resistance (in Q), h is
the heat transfer coefficient (W/mZ/K), A is sensor surface area (mz), and AT (in K) is

difference between sensor temperature and gas temperature.

%:10_6 .IZR_h.A.AT+Qh6ater (Eqn 5'3)
t

From Ohm’s law, the resistance was equivalent to the voltage divided by current.
At steady state operation the change in heat energy was zero. The heat balance was then
be solved for Al(h,AT) by subtracting the steady state balance for the reference gas from
that of a particular gas concentration, which resulted in Equation 5.4. A relationship
between h and k is known using the Nusselt number. However, finding AT as a function
of k is beyond the scope of this work. However, knowing that the relationship Al

theoretically exists is sufficient for analysis.
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_10°

AL =="=(h, ¢ ASAT,, ~h, ¢ A®AT, ) (Eqn 5.4)

gas

Comparison of thermal conductivities to current change is shown in Figures 5.3
and 5.4. The data was suggested a power-law relationship of Al(k) shown in Equation

5.5. The model fit the data with high R? values, which supported the use of these sensors

for TCD applications.
1/2 1/2
Al o< (kgas - kref ) (Eqn 55)
v=1.76(x"0.5-xrefA0.5) :___/
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Figure 5.3: Thermal conductivity vs. current change for H, in N, mixtures.
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Figure 5.4: Thermal conductivity vs. current change for H, in CO mixtures at 50 °C.

5.4 Summary

GaN sensors responses to Hp/N;, and H,/CO mixtures were observed as a direct,
linear response of Al to change in H, concentration in the carrier gases. Hydrogen
adsorption was observed during H,/N, experiments, but was reversible with nitrogen
purges. Sensor responses to pure nitrogen and carbon monoxide were equivalent.
Observed sensitivity was 5.22x107° mA/% H; at 300°C and 3.64x10”° mA/% H, 200°C for
H,/N, mixtures and 8.80x10° mA/% H, for Ho/CO mixtures at 50 °C. Sensor response
also matches well with the empirical with empirical thermal conductivity correlations

suggesting future TCD applications.
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Chapter 6: Conclusions and future work

6.1 Conclusions

GaN resistive sensors have been tested for gas detection. Detection of hydrogen
concentrations in the presence of nitrogen was observed at temperatures up to 300 °C.
Sensor response to H,/N, mixtures indicates that temperature affects sensitivity with
limited changes to the reference baseline caused by H, adsorption.

Gas sensors exposure to varying ratios of H/CO gas streams produced
measureable current response to changing concentrations which was comparable to Hy/N;
responses. At 50 °C sensors had a clear response to changing H,/CO mixtures. However,
sensitivity was much lower than that of the H,/N, mixtures which is probably caused by a
reduced experimental temperature.

The sensor thermal mechanism which is utilized for gas detection is demonstrated
by thermal conductivity changes. Sensor data showed a close match to the Wassiljewa
Equation with the Mason and Saxena Modification for thermal conductivity. A
logarithmic correlations between sensor current change and thermal conductivity was

observed.
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6.2 Future work
6.2.1 Further investigation into high temperature response

Testing sensor operation at temperatures above 300 °C could allow for a model of
sensitivity dependence on temperature which could be used to calibrate sensors for
controls of hydrogen energy processes. Selectivity to hydrogen at higher temperatures
and in the presence of impurities would also be a noteworthy investigation. Impurities
with similar thermal properties to hydrogen may increase current change by driving more

heat transfer between the gas mixture and sensor.

6.2.2 Further investigation of synthesis gas sensitivity

High temperature sensor response would be an important continuation of this
research. Experiments could be conducted to determine if H,/CO mixtures followed the
same trend of increased sensitivity in H,/N, mixtures at higher temperatures. Elevated
temperature investigations will also determine whether GaN sensors can be used in high
temperature industrial processes such as FTS.

Investigations of the sensitivity of GaN sensors will also show how impurities in
synthesis gas composition affect sensor response. Production of synthesis gas from coal
gasification produces by products such as sulfides and carbon dioxide [26]. Irreversible
adsorption or diffusion of these compounds into sensors would impact sensor response.
Additional modifications to sensors may be necessary before they are practical for

industrial use.
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6.2.3 Further investigation of thermal property relationships

Measurement of physical properties of gaseous mixtures at high temperatures may
be another practical application for GaN sensors. Change in thermodynamic properties
and temperature dependent properties of gas mixtures other than thermal conductivity
may be detectible with GaN sensors. Investigations may be conducted with correlate

sensor response to properties such as gas mixture heat capacity and viscosity.
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Appendix A: Nomenclature

Symbol | Definition Units

A surface area m’

Aj Mason-Saxena modification |dimensionless

C concentration moles/sscm

D diffusivity in air cm?/s

E electric field V/m

E, bandgap energy eV

h heat transfer coefficient W/m?*/K

I current mA

k thermal conductivity W/m/K

ky wave vector kg*m/s

q heat energy J

Q rate of heat transfer J/s

R resistance Q

t time S

T temperature K

Vi electron drift velocity m/s

y mole fraction moles species/total moles

n viscosity Pa*s

Un electron mobility cm?/V/s

U wave function dimensionless
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