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Abstract

Nitrogen dioxide gas is a common atmospheric pollutant that is hazardous to human
health at concentrations as low as one part per million (ppm). Iron (II) phthalocyanine
(FePc) thin films have been identified to be sensitive materials for the detection of nitrogen
dioxide and other oxidizing gases. The charge carrier complex formed from the interaction
between FePc and nitrogen dioxide molecules acts to liberate hole charge carriers, thereby
increasing film conductivity. Traditional metal-Pc based sensors rely on substrate heating
and active temperature control to achieve nitrogen dioxide detection in a reversible manner.
However, the heating process causes film deterioration and limits the life of metal-Pc sensors.

In this dissertation, an alternate, new approach was investigated to produce a non-
reversible, passive, FePc thin film sensor that does not require continuous power for opera-
tion. The sensor was manufactured using standard microelectronics fabrication procedures,
with emphasis on low cost and sensor consistency. The sensor substrate consists of a gold
interdigitated electrode pattern deposited on an oxidized silicon or quartz wafer. The FePc
thin film is then vacuum sublimed over the interdigitated electrodes to form the finalized
sensor. Different thicknesses and morphologies of FePc thin films were fabricated.

Once sensor fabrication was accomplished, the general response, temperature depen-
dence, concentration dependence, specificity, and longevity of FePc thin film sensors were
investigated. To evaluate general sensor reponse, sensors were exposed to 100 ppm nitrogen
dioxide in nitrogen, with a flow rate of 0.25 liters per minute (L/min), at the temperatures
of -46, 20, and 71 °C. For each case, the resistance of the sensor decreased exponentially as
a function of exposure duration and reached saturation within 25 minutes. The resistance
decrease was measured to be four, three, and two orders of magnitude for the exposure

temperatures of -46, 20, and 71 °C respectively. In these experiments, sub-zero temperature
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detection of nitrogen dioxide with FePc thin films was reported for the first time. It was
found that the response at -46 °C was greater than at 20 or 71 °C. To evaluate temperature
dependence, sensors were thermal cycled in the range of -50 to 80 °C, first under ultra-high
purity nitrogen gas at 0.25 L/min, and then under 100 ppm nitrogen dioxide gas at 0.25
L/min. Intrinsic FePc film conductivity was measured by thermal cycling sensors under ni-
trogen gas. Extrinsic FePc film conductivity was measured by thermal cycling sensors under
nitrogen dioxide gas. Results from these tests indicated that the temperature dependence of
FePc thin film conductivity is described by the Arrhenius equation. Activation energies of
0.70 and 0.36 eV were measured for intrinsic and extrinsic conductivity respectively. These
activation energies compared favorably with energies reported by other investigators. To in-
vestigate concentration dependence, experiments were performed at room temperature over
the range of 0.5 to 2 ppm nitrogen dioxide. Sensor response showed that the change in
relative resistance over time can be used to reliably differentiate different concentrations in
this range. The normalized resistance change over time was found to be a linear function of
concentration. Specificity studies were conducted by exposing sensors to humidity, oxygen,
and ammonia, common interferant gases encounted in the atmosphere. Humidity and oxy-
gen did not alter the response, indicating good specificity of the FePc sensor. Ammonia gas
de-doped the FePc thin film, causing resistance levels to increase. Exposure to ammonia gas
can cleanse FePc thin film sensors and restore high initial resistance levels. Sensor longevity
was investigated by monitoring sensor response under several storage conditions. Opera-
tional longevity tests under flowing nitrogen gas at 0.1 L/min in a continuous -50 to 80 °C
temperature cycle indicated excellent sensor stability. De-doping of atmospheric interefer-
ants occurred steadily for several cycles until the resistance levels became strictly a function
of temperature. At room temperature, a dark or UV shielded enclosed air environment can

be used to preserve resistance levels indefinitely.
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To investigate the effects of sensor fabrication parameters, the film thickness, substrate
type, and heat treatment effects were analyzed. FePc film thickness effects were investi-
gated by fabricating sensors ranging from 50 to 450 nm in thickness. Observation of surface
morphology under a scanning electron microscope (SEM) showed an evolution of increas-
ing grain size and film roughness as film thickness increased. The 450 nm films have the
largest grain size and surface roughness. They also form the best film-electrode contact.
For substrate type analysis, FePc thin films simultaneously deposited on sensor substrates
consisting of n-type oxidized silicon, p-type oxidized silicon, and quartz wafers were observed
under SEM. Visual results show similar film morphologies. Electrical resistance levels under
a continuous -50 to 80 °C thermal cycle under 0.1 L /min flowing nitrogen gas also indicated
similar film conductivity values. To investigate the effects of post-deposition heat treatment,
sensors were subjected to temperatures ranging from 20 to 340 °C under air for a constant
duration of two hours. Sensor response to 100 ppm nitrogen dioxide gas showed that sensors
saturated faster as treatment temperature was increased up to 190 °C. In summary, results
from sensor fabrication parameter analysis suggested that a polycrystalline a-FePc thin film
active layer, 450 nm in thickness, on either an oxidized silicon or quartz substrate, with no
post-deposition heat treatment produced the best results for a passive sensor.

In attempt to understand the sensor conductivity mechanism and to model sensor re-
sponse, two theoretical models were developed. To determine the sensor conductivity mech-
anism, theoretical surface and bulk conductivity equations were derived for the sensor geom-
etry. Comparison of measured resistance values with published metal-Pc conductivity values
suggests that the bulk conductivity assumption yields comparable intrinsic values of 2.2 x
107° and 2.49 x 107® Q7'm~! at 80 and -50 °C respectively. Since a passive, integrating
sensor inevitably approaches saturation, a sensor response model was developed for deter-
mining analyte concentrations based on the level of saturation. This passive response model
was derived with reference to established equations on gas adsorption-desorption kinetics.

Experimental sensor saturation data revealed that film conductivity is a power law of surface
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coverage. The passive sensing model also predicts a linear, proportional relationship between
normalized resistance change and analyte gas concentration. Experimental sensor response
to a concentration gradient showed that the model was able to provide excellent predictions
for sensor response to various concentrations of nitrogen dioxide. The lower limit of detection
was determined to be roughly 0.3 ppm. In summary, results show that as-deposited FePc
thin films on silicon dioxide and quartz substrates with no post-deposition heat treatment
produced sensors that can reliably differentiate nitrogen dioxide concentrations as low as 0.3

ppm, via passive monitoring of resistance levels.
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1.1 Background

Chapter 1

Introduction

The danger to human health associated with exposure to nitrogen dioxide (NOy) gas is

well documented, and is known to cause symptoms ranging from permanent deterioration

of pulmonary function to fatal pulmonary failure [1]. The risks of nitrogen dioxide exposure

are high for older adults and young children, particularly for those with asthma [2, 3]. Due

to increased findings and results correlating nitrogen dioxide levels to lung disease, many

governments and health agencies around the world have began to adopt stricter guidelines

regarding safe levels of nitrogen dioxide exposure. Table 1.1 contains a list of nitrogen dioxide

levels observed under various conditions and Table 1.2 contains a list of standard guidelines

for nitrogen dioxide exposure.

Table 1.1: Nitrogen dioxide levels

(ppmv) ‘ (mg/m3) ‘ Description ‘ Source

0.015 0.028 Home average levels UK HPA! (2007)
0.016 0.030 Summer avg. for inner city homes 2]

0.017 0.033 Increased respiratory symptoms among children | [3]

0.030 0.056 Avg for inner city homes 2]

0.037 0.070 Beijing, China 2008 city levels I0C? (2008)
0.040 0.075 Winter avg. for inner city homes 2]

0.266 0.500 Acute health effects observed after 1h exposure | [1]

0.600 1.128 Home peak levels, 1 hr avg. UK HPA! (2007)

! United Kingdom Health Protection Agency

2 International Olympic Committee

From the guidelines listed in Table 1.2, it is worth noting that the National Institute for

Occupational Safety and Health (NIOSH), the American Conference of Industrial Hygienists



Table 1.2: Nitrogen dioxide exposure guidelines

(ppmv) ‘ (mg/m3) ‘ Description ‘ Organization
0.021 0.040 Air quality guideline (1y) WHO! (2005)
0.053 0.100 Air quality standard EPA?

0.106 0.200 Short term air quality guideline (1h) WHO! (2005)
0.150 0.282 Air quality standard UK HPA3 (2007)
1.000 1.880 Recommended exposure limit (REL) NIOSH*

1.000 1.880 Short term exposure limit (STEL) OSHA® /ACGIH®
3.000 5.640 Threshold limit value ACGIHS

5.000 9.400 Permissible exposure limit OSHA®

20.000 | 37.600 Immediately dangerous to life/health (IDLH) | NIOSH*

1 'World Health Organization

2 Environmental Protection Agency

3 United Kingdom Health Protection Agency

4 National Institute for Occupational Safety and Health

5 QOccupational Safety and Health Administration

6 American Conference of Industrial Hygienists

(ACGIH), and the Occupational Safety and Health Administration (OSHA) have each posted

recommended exposure levels to exceed no greater than 1 part per million (ppm) in volume.



1.1.1 Sources of nitrogen dioxide

Nitrogen dioxide is present everywhere in the earth’s atmosphere in trace quantities.
It is estimated that 30% of the nitrogen dioxide present in the atmosphere is produced
from naturally occurring phenomena, while 70% is produced from anthropogenic sources
[4]. The natural sources of nitrogen dioxide include biomass combustion due to forest fires
and volcanic activity, biochemical reactions from microorganisms present in soil, and high
temperature and high pressure chemical reactions supported by lightning. The anthropogenic
sources of nitrogen dioxide are primarily fossil fuel combustion, agricultural sources, and
aircraft exhaust. Of all sources, fossil fuel combustion of coal, oil, and gas is the dominant
contributor, accounting for roughly 64% of the total nitrogen dioxide in the atmosphere.
Figure 1.1 contains a breakdown of the various sources of nitrogen dioxide by percentage.
In cities or urban regions, nitrogen dioxide in the atmosphere is dominated by manmade
sources. Studies have shown that up to 99% of nitrogen dioxide in urban air may be traced

to anthropogenic origins [5].

Lightning Other
10% 1%
Soil/bacteria
6%
Biomass and
biofuel burning
14%
Agriculture* Fossil fuel
a% combustion*
Aircraft* 64%

1%

Figure 1.1: Sources of nitrogen dioxide in the atmosphere consist primarily of anthropogenic
origin, which account for roughly 70% of all nitrogen dioxide present in the atmosphere.
The anthropogenic sources of nitrogen dioxide consist of fossil fuel combustion, agricultural
sources, and aircraft exhaust. Fossil fuel combustion of coal, oil, and gas is the single greatest
contributor of total nitrogen dioxide in the atmosphere with 64% of the total [4]. (* Denotes
anthropogenic source of nitrogen dioxide.)



1.1.2 Nitrogen dioxide in the atmosphere

The presence of nitrogen dioxide in the atmosphere contributes to a dynamic balance
between the mixed oxides of nitrogen (MON), commonly referred to as NO,. The primary
species of the MON family are nitric oxide (NO), nitrogen dioxide (NOj), and nitrogen
tetroxide (NoOy). The molecular structure of these three species are drawn in Figure 1.2.
Nitric oxide is a colorless gas with a sharp, sweet odor. In industry, nitrogen dioxide is
produced in mass quantities as an intermediate for nitric acid synthesis from ammonia. In
nature, it is an important signaling molecule for various biological systems of mammals and
plants [6, 7, 8]. Nitrogen dioxide is the most toxic species of the MON family, and is a
brown colored gas with a sharp acrid odor. Nitrogen tetroxide is a red-brown colored liquid
that exists in equilibrium with nitrogen dioxide. At temperatures below -11.2°C under
atmospheric pressure or when under compression, nitrogen dioxide liquefies into nitrogen

tetroxide. Nitrogen dioxide is responsible for the characteristic brownish tint of smog or air

pollution.
0] 0
W9
115 07 N>g \ s/
N=0 U \N —N ) 135
134° AR
O O
(a) Nitric oxide (b) Nitrogen dioxide (c¢) Nitrogen tetroxide

Figure 1.2: The molecular diagrams for the family of mixed oxides of nitrogen show angles
and bond lengths in picometers. NO is a colorless gas with a sharp sweet odor, nitrogen
dioxide is a brown colored gas with an acrid smell, while nitrogen tetroxide is a red-brown
colored liquid.

In order for the MON family of gases to form a dynamic balance in earth’s atmosphere,
a nitrogen cycle exists to maintain an equilibrium as it acts to convert nitrogen between
nitric oxide and nitrogen dioxide. As a byproduct of the cycle, ozone (O3) is formed or
consumed. The nitrogen cycle with its relevant chemical reactions is presented in Figure

1.3. With nitric oxide, ozone, and the presence of sunlight, photochemical oxidation can

occur to produce nitrogen dioxide. Conversely, with the presence of sunlight, oxygen, and
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nitrogen dioxide, photodissociation of nitrogen dioxide can occur to produce nitric oxide
and troposcopic ozone. While ozone acts as a UV radiation shield in the upper atmosphere,
tropospheric or low level ozone is hazardous to human respiratory function and is destructive
towards organic materials including plastics and latex. One natural mechanism that can
remove nitrogen dioxide from the air is rain. However, water reacts with nitrogen dioxide to
form nitric acid (HNOj), contributing to acid rain. Thus, in addition to the direct health
hazards that nitrogen dioxide presents, its presence in the atmosphere indirectly contributes

to compound effects that may be equally undesirable or worse.

7

Photochemical oxidation: Photodissociation:
NO+0; = NO,+ 0, NC, * NO+0O

Ozone formation:
0+0, 0,

Figure 1.3: Nitrogen dioxide in the atmosphere participates in a nitrogen cycle that con-
tributes to ozone production. While ozone is beneficial in shielding solar UV radiation in
the upper atmosphere, it is a harmful pollutant in the lower atmosphere.



1.1.3 Nitrogen dioxide in the workplace

Aside from natural and anthropogenic sources releasing nitrogen dioxide in the atmo-
sphere, perhaps the most significant risk of nitrogen dioxide to human health occurs in
industrial settings, particularly in the space and rocket industry, where the storage and han-
dling of large volumes of dinitrogen tetroxide (N,O,) is common place. Nitrogen tetroxide
exists in equilibrium with and readily dissociates into nitrogen dioxide when leaks occur. For
this reason, the U.S. military specifies that 1 ppm nitrogen dioxide should be detected upon
nitrogen tetroxide leakage in military specification: MIL-PRF-26539F [9]. Nitrogen tetroxide
is commonly used as the hypergolic oxidizer component in high performance hydrazine-based
rocket propellants. Its use is expected to extend into future NASA projects, commercial space
projects, as well as various military missile projects. This serves as an additional factor for
sensors to detect and monitor nitrogen dioxide, particularly in static contained work and

storage environments.

1.2 Iron phthalocyanine based sensors

The family of metal-substituted phthalocyanines (MPc) has been found to be highly
reactive with strong oxidizing gases such as nitrogen dioxide [10, 11]. Iron phthalocyanine
(FePc) belongs to this family of organic molecular solids. Its composition consists of hydro-
gen, carbon, nitrogen, and substituted iron (II) arranged into a macrocycle. The chemical
notation of FePc is C3oHgNgFe. Figure 1.4 shows its molecular structure.

Under vacuum and without the presence of oxidizing gas dopants, FePc thin films have
been found to possess band gap energies greater than 3 eV. In this state it can be considered
non-conducting. However, the presence of strong electron accepting gases such as nitrogen
dioxide effectively dopes FePc thin films, increasing the FePc film’s conductivity by many
orders of magnitude. The conductivity of FePc can be described via an electron donor-
acceptor mechanism, where free electrons in the FePc molecule participate in pi-bonding

with nitrogen dioxide gas molecules, forming hole charge carriers that are highly mobile



Figure 1.4: FePc is a planar molecule that occupies a square lattice with dimensions of
approximately 1.3 by 1.3 nm. The substitution of Fe(II) in the center produces two holes in
a 3d,2_,2 orbital [12].

[10, 11, 13, 14]. FePc thin films can thus be utilized in an extrinsic p-type semiconductor

sensor, serving as the active sensing element that responds to nitrogen dioxide gas.

1.3 A passive sensor for nitrogen dioxide detection

Though MPcs have been found to be highly sensitive nitrogen dioxide sensors, re-
searchers have generally focused on thermally controlled MPc sensors which operate based
on substrate heating and cooling to achieve sensing and cleansing cycles [15, 16]. Heating the
MPc film provides the thermodynamic conditions necessary for improved sensor reversibility
and recovery, and at sufficiently elevated temperatures, near real time concentration deter-
mination may be achieved due to improved gas adsorption-desorption kinetics. Such active
systems have been designed for monitoring nitrogen dioxide concentrations in environments
where a continuous power source and a monitoring system are available [17, 18, 19, 20]. How-
ever, active heating of MPc films tends to cause deterioration of film stability and reduce

sensor longevity as film structure is altered during operation [21, 22]. For the purpose of



detecting nitrogen dioxide leaks in industrial or military settings within storage containers
or closed environments, such as in satellites, rockets or missile silos, and industrial settings,
a new passive sensor approach can be advantageous. Such applications typically employ
an external container filled with inert nitrogen gas designed to contain leaks. For cost-
effectiveness and long life, passive FePc sensors may be placed within the external container
and monitored without a constant power source, to serve as a simple unsafe nitrogen dioxide
level indicator. A suitable passive sensor should also remain stable and responsive within
a large temperature range, due to the lack of substrate heating. Due to its inherent stabil-
ity, FePc thin films can provide the temperature stability necessary for operation over large

temperature ranges.

1.4 Research Objectives

In this research, a passive, chemical resistance based, thin film FePc sensor was designed
and fabricated. The primary objectives of this research are to produce a thin film FePc sensor

that can:

1. Provide accurate monitoring of hazardous levels of nitrogen dioxide gas of around 1

ppm in concentration.
2. Remain stable and sensitive at operating temperatures between -46 and 71°C.

3. Be able to perform long term passive sensing in the absence of an external continuous

power source for measurement or for heating.

These objectives can be achievable due to the nature of FePc thin films. The concentra-
tion of one part per million nitrogen dioxide gas is the target concentration for detection, due
to its adoption as the exposure limit by several health agencies for regular work conditions.
Since MPc thin films have been shown to possess the sensitivity to reliably detect nitrogen
dioxide concentrations in the part per billion range, a FePc thin film sensor should be ca-

pable of detecting 1 ppm even in a non-reversing, passive mode of sensing. The operating



temperature range of -46 to 71 °C has been identified as the minimum and maximum tem-
peratures for a diurnal cycle by military specifications, and is regarded as the most stringent
operating condition specification that sensor systems should withstand. Vacuum sublimed
FePc thin films are stable up to 330 °C, well above the operating temperature range speci-
fied. Sub-zero temperature gas detection with MPc thin films have yet to be performed in
literature, yet FePc thin films are expected to retain stability at such low temperatures and
there is no indication that nitrogen dioxide adsorption mechanics could not work on FePc at
these temperatures. Lastly, to attempt long term passive sensing without an external con-
tinuous power source represents a new approach towards sensing nitrogen dioxide gas with
MPc thin films that has not been documented before. As a whole, the demonstration of a
reliable, passively operated nitrogen dioxide sensor based on FePc thin films can introduce

new insight into the field of MPc gas sensors.
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Chapter 2

Fundamentals of Vapor Deposited FePc Thin Films

FePc thin films possess many desirable properties for use in chemical gas sensors. FePc
thin films show good thermal stability; vaporization at standard atmospheric conditions only
occurs at temperatures above 300°C. FePc thin films can be fabricated to possess morpholo-
gies with high specific surface areas useful for increasing gas adsorption capability. The
ease of incorporation of FePc thin films into existing microelectronics fabrication techniques
is another advantage. FePc thin films can be deposited onto semiconductor substrates via
established physical vapor deposition techniques. Perhaps the most important property of
FePc thin films is their excellent sensitivity towards highly oxidizing gases and the reliability
of its chemical to electrical transduction mechanism. The following sections will provide

fundamental background information on vapor deposited FePc thin films.

2.1 Vapor deposition of FePc

Vapor deposition of FePc in a vacuum, also referred to as vacuum sublimation, is an
established method for fabricating MPc thin films due to its simplicity and ability to control
various film properties, namely thickness, crystal structure, and morphology. It is a well
established method for producing thin films on microelectronic substrates. Vacuum subli-
mation of FePc is accomplished by heating FePc powder under low vacuum pressures and
allowing the emitted vapor to solidify onto a substrate. FePc powder is normally held in a
resistance heated target holder that is heated by the application of current. For reference,
FePc powder sublimes at roughly 250 to 300 °C for pressures around 5x107¢ Torr. At these
low sublimation temperatures and normal vacuum pressures, FePc fabrication can be per-

formed inexpensively with standard physical vapor deposition systems without relying on

12



state-of-the-art technology. Film thickness can be monitored in real time during deposition,
with help from installed thickness monitoring devices such as a quartz crystal microbalance.
A fairly standard quartz crystal microbalance has the precision to detect coating rates as low
as 0.1 nm/s and monitor overall thicknesses in excess of one micron. By carefully monitoring
deposition rates and film thickness while adjusting input current to the target holder, FePc

films can be accurately reproduced.

2.2 Crystal structure

FePc is a planar MPc molecule [1]. For planar MPc’s, the crystal structure of vacuum
sublimed thin films generally assumes an « or a  phase. These two phases are polymorphs,
and for MPcs, the o phase has been determined to be metastable while the S phase is
stable [2, 3]. @-MPc thin films can be obtained via vapor deposition onto non-interacting
substrates, such as amorphous silicon dioxide, at room temperature or lower. To achieve
B-MPc thin films however, substrate heating during vapor deposition or post deposition
annealing is required [4]. Alternatively, exposure to certain organic solvent vapors may
induce « to  phase transition [2]. For gas sensor applications, both polymorphs have its
advantages. Research has shown that a-MPc films exhibit higher analyte adsorption induced
conductivity change, while S-MPc possesses better stability, response rate, and reversibility
characteristics [5, 6]. These characteristics can be attributed to the crystal structure of each
film. Figures 2.1(a), 2.1(b), and 2.1(c) show the crystal structure of a-FePc; Figures 2.1(d),
2.1(e), and 2.1(f) show the crystal structure of s-FePc.

From the figures, 5-FePc exhibits a larger stacking angle than a-FePc, and since inter-
molecular spacing is the same, the result is a directionally oriented structure. The a-FePc
crystal forms a monoclinic unit cell belonging to the C2/c space group, with four FePc
molecules per unit cell. The S-FePc crystal structure forms a monoclinic unit cell belonging
to a P2;/a space group, with two FePc molecules per unit cell. Due to the stacking angle

differences, the 7 orbital overlap between stacked a-FePc molecules is greater than between
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Figure 2.1: FePc has the same crystal structure as typical planar MPc’s, as shown here
elucidated by x-ray diffraction analysis [7]. Two polymorphs exist, with a-FePc shown in
(a), (b), and (c) being the metastable phase and -FePc shown in (d), (e), and (f) being
the stable phase. The a-FePc crystal forms a monoclinic unit cell belonging to the C2/c
space group, with four FePc molecules per unit cell. The p-FePc crystal structure forms a
monoclinic unit cell belonging to a P2;/a space group, with two FePc molecules per unit
cell. The crystal structures are similar with the only difference being that of the stacking
angle. The primary difference between the two phases lies in the stacking angle along the
stacking axis b. Due to the stacking angle differences, the 7 orbital overlap between a-FePc
molecules is greater than in S-FePc molecules. In theory and in experiment, this results in
a-FePc crystals possessing better conductivity characteristics along the stacking axis.
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stacked [-FePc molecules. In theory and in experiment, this results in a-FePc crystals
possessing better conductivity characteristics along the stacking axis. It is also due to the
stacking angle that the a crystals tend to grow as grains while 3 crystals tend to grow into
long whiskers as growth is more confined to similar orientations [4, 8]. The small difference in
crystal structure thus leads to significant differences in film morphology, and will be discussed

in more detail in the next section.

2.3 Film morphology

Film morphology of vacuum sublimed FePc thin films varies greatly depending on sev-
eral factors. These factors primarily consist of underlying substrate type, substrate heating
during deposition, film thickness, deposition rate, and any subsequent heat treatment. In
general, these parameters ultimately affect FePc thin film morphology by affecting how FePc
molecules are arranged onto a substrate. Figure 2.2 illustrates three ways by which vacuum
sublimed FePc thin films adhere and orient themselves onto a substrate. The first example in
Figure 2.2(a) depicts a stacking orientation perpendicular to the substrate, typical for thicker
films processed at higher deposition rates onto normal non-interacting substrates. The sec-
ond example in Figure 2.2(b) shows a stacking orientation parallel to the substrate, typical
of thinner films processed at lower deposition rates onto very smooth and non-interacting
substrates. The last example illustrates a film stacked at an angle, typical of deposition onto
strongly interacting substrates or heated substrates. The b-axis is the stacking direction
and the preferred growth direction for each FePc thin film orientation. Therefore, depend-
ing on which type of morphology is preferred for a given application, processing parameters
such as substrate type, substrate heating, film thickness, deposition rate, or subsequent heat

treatment can be optimized.
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Figure 2.2: FePc stacking orientation on substrates can vary depending greatly on the
strength of interaction with the substrate. This in turn leads to morphological differences.
(a) Stacking orientations perpendicular to the substrate is typical for thicker films processed
at higher deposition rates onto general non-interacting substates. (b) Stacking orientations
parallel to the substrate is typical of thinner films processed at lower deposition rates onto
very smooth and non-interacting substrates. (c¢) Films with stacking orientation at an angle
with respect to the substrate is typical of deposition onto strongly interacting substrates
or heated substrates. In each case, the stacking axis and the preferred growth direction is
denoted by the b-axis vector.

2.3.1 Substrate type effects

For sensor applications, MPc thin films and metal electrodes are normally vacuum sub-
limed onto stable insulating ceramic substrates such as glass [9, 10, 11], quartz [8], oxidized
silicon [12, 13, 14], or alumina [15, 16, 17]. With the exception of rough alumina substrates,
these insulating substrates are considered non-interacting and rather smooth, resulting in
microcrystalline a-FePc thin films when deposited at room temperature at low deposition
rates. These thin films possess fairly consistent grain size typically in the range of 20-150
nm, depending on film thickness. As thickness is increased, grain growth proceeds in the
direction perpendicular to the thin film plane. One thing worth noting is that the type of
doping on the silicon substrate can affect the grain size of vacuum sublimed MPc thin films.
Less than a one nanometer of oxidized silicon on p-type and n-type silicon substrates has
been found to affect grain sizes on 16 nm MPc films, with larger grains on n-type substrates
of roughly 75-150 nm and smaller grains on p-type substrates in the range of 50-100 nm [18].
However, with thicker oxidized silicon layers and thicker vacuum sublimed FePc films, silicon

doping plays more of a role in silicon oxidation rates [19], while the effect of silicon doping
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on FePc film morphology drastically diminishes, due to the amorphous nature of oxidized

silicon.

2.3.2 Film thickness effects

Vacuum sublimed MPc films at room temperature form small o phase grains that grad-
ually increase in size and form vertical rod structures as film thickness increases [6]. This
trend was observed during preliminary experiments of FePc vacuum sublimation onto silicon
dioxide substrates. For a visual comparison showing grain growth evolution as film thickness
increases, SEM images at 80,000x magnification are shown in Figure 2.3. The evolution
of morphology due to increasing thickness has a significant effect on the electrical conduc-
tivity of FePc thin films. In preliminary experiments, thicker films have exhibited lower
conductivity values when saturated with nitrogen dioxide, suggesting that thicker films have
a morphology that provides more conducting pathways. Furthermore, thicker MPc films of
200 nm and higher also show much less reversibility compared to thinner films, indicating
that thicker films either possess more defects and thus more preferential adsorption sites or

that target gas molecules have penetrated into the bulk and have difficulty diffusing out.

2.3.3 Substrate heating effects

Substrate temperature during deposition has great affect on the morphology of vacuum
sublimed MPec films. As discussed in the previous section, at room temperatures, vacuum
sublimed MPc films on glass substrates form small o phase grains that gradually increase in
size and form vertical rod structures as thickness increases [6], while at substrate tempera-
tures above 100 °C, S phase whiskers become increasingly prevalent as substrate temperature
is increased [8]. Figure 2.4 shows how heated substrates alter the morphology of a vacuum
sublimed CuPc thin films.

For gas sensor applications, MPcs are typically vacuum sublimed at room temperature

to produce an « phase film with many small grains. When considering conductivity change
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Figure 2.3: Preliminary results from scanning electron microscopy show thicker FePc thin
films having larger grains and greater surface roughness, as rod-like structures grow both
vertically away from the thin film plane and horizontally in size. These FePc thin films have
been vacuum sublimed onto silicon dioxide substrates at room temperature, and are in the
« phase.
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Figure 2.4: These SEM images taken by the author show the effects of substrate heating on
the morphology of vacuum sublimed CuPc thin films [8]. In the absence of substrate heating,
a phase CuPc grows grains with a relatively uniform size distribution. When the substrate
is heated above 100 °C, 8 phase whiskers grow during vacuum sublimation. Further heating
of the substrate results in more prevalent directional growth of these [ phase whiskers.
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and reproducibility, an « phase thin film is more suitable although the § phase can be more
stable. As shown in in Figure 2.4, substrate heating results in whiskers and fibers that
grow randomly. To achieve both a large conductivity change as well as good film stability,

researchers have resorted to post-deposition annealing.

2.3.4 Deposition rate effects

Without substrate heating, the effect of deposition rate on MPc films is such that
faster rates decrease the grain size and crystallinity of the thin film [20]. The cause can be
attributed to the lack of adequate time and thermodynamic conditions for vacuum sublimed
MPc particles at high deposition rates to diffuse and align itself within the structure of
existing grains. The result is a film that is more conductive as oxidizing gas molecules are
adsorbed, yet also much less stable due to more defects. Research has shown that for CuPc
films deposited at rates greater than 2 nm/s, the film resistivity is drastically reduced, and
further increases in deposition rate tend to be inconsequential, as the film cannot be more
disordered [21]. For slow deposition processes ranging from 0.1-1 nm/s without substrate
heating however, studies have shown that MPcs would form « phase grains that grow into
rods as thickness is increased, and generally follow the surface geometry of the substrate [6].
Since this type of morphology provides the best balance between high specific surface area
for gas adsorption and greater crystallinity for better stability, it is advisable to perform
vacuum sublimation of MPc thin films at deposition rates less than 1 nm/s for gas sensor

applications.

2.3.5 Post-deposition annealing effects

Post deposition annealing has been shown to induce « to (3 transition in MPc thin
films at temperatures as low as 100 °C and up to 350 °C [22, 23]. To achieve both con-
ductivity change in « films as well as the stability of § films, researchers have resorted to

post-deposition annealing [24]. The results have been encouraging, and furthermore, the

20



transformed [ film seemed to be less susceptible to oxygen doping. However, studies have
shown that above a certain film thickness of approximately 100 nm, the grain size and grain
separation within the MPc thin film does not allow the o to [ phase transition to occur

completely [4].

2.4 Conduction mechanism

The anisotropic nature of FePc molecular solids suggest a complex conduction mecha-
nism. Within a FePc molecule, the covalent bonding between carbon and nitrogen, as well
as the presence of the central iron ion result in many 7 orbitals located throughout the
molecule [25]. From Figure 2.1, it is observed that b-axis stacking of FePc molecules can
cause significant 7 orbital overlap, more so in a-FePc than in $-FePc, resulting in enhanced
conductivity along the stacking direction. While the occurrence of conductivity across m
orbital overlap can be explained and modeled with the application of band theory, con-
ductivity in the a and c-axes can occur, but is based on an entirely different mechanism.
Because charge carriers have a tendency to become localized in a FePc molecular solid due
to low mobilitys, a hopping or tunneling mechanism occurs for conduction along the a and
c-axes. Thus, the conduction mechanism in FePc thin films depends greatly on the direction
in which conductivity is occurring as well as on the ordering of a thin film.

For FePc thin films obtained via vacuum sublimation onto non-interacting substrates,
the film typically assumes an amorphous microcrystalline morphology dominated by small
grains and many orientations. The intrinsic conductivity in amorphous microcrystalline
FePc thin films is therefore be expected to be quite low. The presence of electron accepting
oxidizing gases however, can greatly increase the conductivity of a FePc thin film. Up to
eight orders of magnitude change has been observed upon exposure to oxidizing gases. It is
determined from Raman spectroscopy, that oxidizing gases such as nitrogen dioxide tend to
interact with the 7 orbitals in the periphery of the MPc molecule rather than coordinating

with the central metal ion, although higher oxidation states in the metal ion can enhance
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the donor power of the MPc [2, 26]. With the stacking structure and high surface area to
bulk morphology of FePc grains, an abundance of nitrogen dioxide adsorption sites exist,
and the amount of charge carrier complexes formed via adsorption can significantly increase

the conductivity of amorphous microcrystalline films.
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Chapter 3

Sensor design

The nitrogen dioxide gas sensor in this research consists of an active layer of FePc
thin film deposited upon a gold inter-digitated electrode pattern. The interaction between
FePc and nitrogen dioxide gas is that of a surface adsorption induced charge-carrier transfer
complex [1, 2|, thus nitrogen dioxide gas molecules adsorbed onto FePc films effectively
dopes the film, enhancing its electrical conductivity. The changes in electrical properties are
monitored via resistance measurements across the underlying electrodes. Based on such a
working principle, the design considerations for this sensor lie primarily in three areas: the

type of sensor substrate, the electrode pattern, and the type of FePc thin film active layer.

3.1 Sensor substrate

The sensor substrate is important because it acts as the base upon which the various
sensor components come together. The sensor substrate should be an electrical insulator
with resistivity significantly higher than the FePc thin film active layer. The substrate
should also have good adhesion compatibility with the electrode structure. Furthermore, the
thermal expansion coefficient of the substrate should be sufficiently low so that the sensor can
remain stable within the operating temperature range of -46 to 71 °C. Lastly, the substrate
morphology should be relatively smooth to allow for vacuum sublimation of a uniform FePc
thin film. Due to these requirements, an oxidized silicon substrate and a quartz substrate
were both chosen to be the substrate for the FePc thin film sensor. Thermally oxidized
silicon is essentially amorphous silicon dioxide, and is produced by exposing silicon wafers to
a high temperature environment in the presence of a controlled amount of oxygen. Oxidized

silicon, with density 2.2 g/cm?, is less dense than crystalline quartz, which has density of
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2.65 g/cm®. Oxidized silicon has a resistivity greater than 1 x 10?°Q-cm, while quartz is
only slightly lower at 7.5 x 10°Q-cm. The thermal expansion coefficient of both silicon
dioxide and quartz are both very small at 0.5 and 0.59 ppm/K respectively. The surface
roughness of oxidized silicon is found to vary with oxidation temperature and time, from a
few nanometers to tens of nanometers, especially when the original silicon surface has been
polished [3]. In general, oxidized silicon roughness is smoother than the typical grain size
of vacuum sublimed FePc, which is typically 50 nm or more and increasing with thickness,
thus it can be considered non-interfering. Such properties make oxidized silicon and quartz
attractive sensor substrates. For this research, quartz and oxidized silicon, one micron thick

oxidized over 400-500 micron thick wafers, are used as sensor substrates.

3.2 Electrode pattern

The physical geometry of the electrode pattern design for a FePc thin film sensor takes
into account many physical considerations. As common knowledge of electrode design dic-
tates, a larger surface area results in increased sensitivity, therefore many electrochemical
sensors utilize an interdigitated finger geometry. Another advantage of interdigitated elec-
trode designs is that the specific region within the active layer experiencing the largest
conductivity increase becomes the path of least resistance. This represents a good arrange-
ment because it allows the part of the deposited film that possesses the best conductivity
characteristics to control the output signal. For the interdigitated electrode pattern, the
gap spacing between the fingers should be sized according to the electrical properties of the
active layer in use. For FePc thin films, with band gap energies exceeding 3 V, the film
resistivity is relatively high, thus it is desirable to use a small electrode spacing such that
driving voltages do not become exceedingly high and that film heating does not occur. Pre-
vious research efforts into MPc based sensors have implemented electrode spacings ranging
from 25 microns to five millimeters, requiring a voltage bias ranging from 15 V to 1 V [1, 4].

For this research, a 15 micron electrode spacing and a 1 V bias is adopted. This allows
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ordinary multimeters to make resistance readings without the need of a constant external
voltage source, while also reducing the risk of electrically heating or altering the FePc thin

film. The design for the interdigitated electrode pattern is shown in Figure 3.1.

L 2.5 mm R
[ i
22 ym
1.15 mm 15 ym
T 15 ym
3.0 mm
1.84 mm

Figure 3.1: Sensor inter-digitated electrode pattern consists of two main electrode contacts
for interface with measurement circuitry. The two main electrodes branch into 25 pairs of
parallel electrode fingers. FePc thin film is deposited above and between the electrodes to
serve as the active layer. In this design, the spacing between electrode fingers is a constant
15 microns.

The electrode height consists of a 150 nm thick layer of gold on top of a 50 nm thick
titanium interlayer. The titanium interlayer serves as an important adhesion layer between
the gold electrode and the oxidized silicon or quartz substrate. With a 15 micron electrode
spacing, the applied voltage required for detection is within 1 V, allowing the use of simple

resistance monitoring circuitry or handheld multi-meter devices. An ohmic type contact is

expected at the FePc-electrode interface for a 1 V bias. For whole wafer production, a UV
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mask containing 360 individual sensor patterns for use with 4” round wafers was created and

used to make sensors for testing in this research.

3.3 FePc active layer

In this research, for its ease of evaporation, for good film uniformity, and for batch pro-
cessing purposes, FePc thin films should be produced via vacuum sublimation onto batches of
sensor substrates or entire wafers. It has been experimentally determined that as-deposited
a-MPc thin films possess better sensitivity characteristics while 5-MPc thin films, produced
via post deposition heat treatment, exhibit better reversibility characteristics. While the
former owes its sensitivity to its higher specific surface area due to its microcrystallinity, the
latter owes its reversibility aspects to its more compact and stable structure. Both types of
FePc film are investigated in this research. Fibrous or whisker like S-FePc thin films fabri-
cated via substrate heating during vacuum sublimation are not considered in this research
because its morphology is not compatible with the planar geometry of the electrode pattern.
For passive sensors intended for use in an integrating fashion, it is postulated that a-FePc
thin films are more suitable. The effect of FePc active layer thickness on morphology and

gas sensitivity are worth investigating, as is post deposition heat treatment.
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Chapter 4

Experimental details

4.1 Fabrication of sensor

Fabrication of the sensor was based on common microelectronics fabrication procedures.
Standard practices for wafer cleaning, oxidation, photolithography, and material deposition
were performed primarily in the setting of a clean room at the Alabama Microelectronics
Science and Technology Center (AMSTC) located in Auburn University. The main steps
in the fabrication process are diagrammed in Figure 4.1. Figure 4.2 provides an illustra-
tion of the entire fabrication procedure. Experimental details regarding each procedure are

documented in the following subsections.

; RCA Thermal Photoresist UV Exposure Photoresist
Si wafers Cleaning > Oxidation —> Spin Coat > Patterning —> Development
v
FePc Vapor Wafer I Ebeam Matrix & lon
Sensors Deposition hE Dicing 7 Lift-off Nl Deposition Nl Cleaning

Figure 4.1: Microelectronics fabrication flow chart
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(a) Silicon wafer (b) Thermally oxidized silicon wafer

Photoresist Photoresist

(c) Photoresist pattern (d) Electrode deposition
FePc
ALl ALl ALl ALl
S0z
(e) Photoresist strip (f) FePc deposition

Figure 4.2: A simple illustration of the microelectronics fabrication process used to produce
the FePc thin film sensors used in this research. (a) A silicon wafer is initially cleaned using
the RCA procedure in preparation for thermal oxidation. (b) Thermal oxidation is performed
in a furnace using a wet process, resulting in a layer of silicon dioxide that acts as a smooth,
electrically insulating, and chemically inert substrate. (c¢) Photoresist is spin coated onto the
substrate, exposed to UV radiation through a patterned mask, and unwanted regions are
dissolved away with solvent. (d) Electron beam deposition of the interdigitated electrode
pattern is performed under a vacuum, with titanium acting as an adhesion layer between
silicon dioxide and gold. (e) Remaining photoresist is stripped away with an ultrasonic batch
in acetone. (f) Physical vapor deposition is performed to produce a FePc thin film over the
interdigitated electrode pattern, completing sensor fabrication.
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4.1.1 Substrate

N-type and p-type silicon wafer substrates four inches in diameter and roughly 500
microns in thickness were purchased commercially for use as sensor substrates. The n-type
silicon wafers were doped with phosphorous and the p-type silicon wafers were doped with
Quartz wafers were also purchased as an additional substrate for fabrication to

boron.

compare with. The details for each substrate type are listed in Table 4.1.

Table 4.1: Wafer substrate types

‘ N-type ‘ P-type ‘ Quartz
Material Si Si SiOq
Diameter 100 mm (4”) | 100 mm (4”) 100 mm (47)
Dopant Phosphorous | Boron -
Orientation 100 (£0.9°) 100 (£0.9°) 111
Quality Virgin prime | Virgin prime -
Thickness 400 £25 pm | 475 £50 pm 500 £50 pm
Polish Single side Single side Single side
Resistivity 1-10 Q-cm 0.03-0.05 Q-cm | -
SiOy Thickness | 1000 +50 nm | 1000 £50 nm -
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4.1.2 Wafer cleaning

Prior to any fabrication procedure, a standard RCA cleaning method was performed
on each wafer. The RCA cleaning process was either performed by the wafer suppliers for
those wafers that have been purchased in oxidized form, or at AMSTC for those wafers
purchased without oxidation. Standard RCA cleaning procedures are designed to remove
organic contaminants, while simultaneously producing a thin layer of silicon dioxide, thus
preparing the wafer surface for futher oxidation. To perform RCA cleaning, a solution of
five parts deionized water, one part ammonium hydroxide (NH;OH), and one part hydrogen
peroxide (Hy05) was heated in a large beaker on a boiler plate in a well ventilated area to
55-60 °C, where the solution begins to bubble. The wafers were then immersed into the
bubbling solution for 10 minutes, after which they are taken out and placed in a deionized
water bath for another 10 minutes. To finish the cleaning process, the wafers were rinsed and
dried in a spin-dry washer that rinsed the wafers with deionized water jets and spin-dried

the wafers with nitrogen gas. Figure 4.3 is a picture of the spin-dry washer.
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Figure 4.3: The spin dry washers at AMSTC rinses wafers with clean deionized water until
the wash water has a resistance greater than a threshold value. It then automatically purges
the wash chamber with nitrogen gas and spins the wafers until they are dry.
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4.1.3 Thermal oxidation

Thermal oxidation on the silicon based wafers was mostly performed by the wafer sup-
plier via a wet process, producing an amorphous layer of SiO5 one micron in thickness. The
oxide thickness of each wafer was independently verified using a laser interferometer at AM-
STC. The laser interferometer can measure oxide thicknesses at 64 different locations around
the wafer, and automatically compute the standard deviation. Table 4.2 is a list of wafer
substrates fabricated for this project, with oxide thicknesses included for reference. Quartz
wafers were intended for use as substrates in the as-received condition, and did not require

oxidation. Thus no oxide thickness is listed in the table.
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Table 4.2: Wafer oxide thickness measured using laser interferometer

Oxide Thickness | Oxide Thickness

Wafer ID | Type Advertised (nm) | Measured (nm) Std. Deviation (%)
1 N 800 750.58 1.776%
2 N 800 750.70 1.799%
3 N 500 495.30 2.850%
4 N 500 489.77 3.388%
) P 800 747.53 1.782%
6 P 800 752.83 1.371%
7 P 500 489.83 2.838%
8 P 500 486.82 2.941%
9 P 1000 +£1% 1033.50 0.226%
10 N 1000 +1% 1030.60 0.306%
11 N 1000 +1% 1030.40 0.373%
12 N 1000 +1% 1031.40 0.396%
13 N 1000 +1% 1030.40 0.344%
14 N 1000 +1% 1029.80 0.495%
15 N 1000 +£1% 977.24 0.748%
16 N 1000 +£1% 969.85 0.588%
17 N 1000 £1% 992.30 0.515%
18 N 1000 +£1% 986.85 0.667%
19 P 1000 +1% 1002.00 0.323%
20 P 1000 +£1% 997.55 0.500%
21 P 1000 +1% 1009.40 0.392%
22 P 1000 +£1% 1006.20 0.448%
23 P 1000 +1% 1024.40 0.398%
24 P 1000 £1% 1022.10 0.475%
25 P 1000 +£1% 1030.90 0.468%
26 P 1000 +1% 1031.10 0.397%
27 P 1000 +£1% 1021.20 0.643%
28 P 1000 +1% 1025.50 0.546%
29 Quartz | - - -

30 Quartz | - - -

31 Quartz | - - -

32 Quartz | - - -

33 Quartz | - - -
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4.1.4 Photoresist application

The application of photoresist involves a few steps. Initially, wafers were baked in
a furnace under an air atmosphere at 120 °C for 20 minutes to kill any organic residue
that may contaminate the wafers. Next, the wafers were subjected to vapor deposition
treatment of HDMS (Hexamethyl disilazene, ((CHs)3Si1)oNH) at room temperature for 20
minutes. HMDS improves photoresist adhesion to the substrate. After HDMS treatment,
AZ5214-F TR photoresist was spin coated onto the wafers at 3000 RPM for 30 seconds, to
produce a photoresist film of approximately 1.1-1.3 microns in thickness. AZ5214-E IR is a
negative photoresist, where upon UV exposure, the exposed regions undergo a photochemical
induced change that results in exposed regions being dissolved away during development.
After photoresist has been spin coated onto the wafer, the wafer is soft baked on a hot plate
at 110 °C for one minute to evaporate the residual solvent in the film and thus harden the

photoresist.
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4.1.5 UV exposure patterning

For deposition of the electrodes, a metallic mask encased in glass with 360 sensors
arranged within a circular area 100 mm in diameter was designed using CAD software and
commercially fabricated. The mask design is presented in Figure 4.4.
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Fi g e 4.4: The wafer mask design consists of 360 individual sensors arranged in a circular
100 mm (4”) in diameter, intended for transfer onto 100 mm diameter wafers. Crosshair
ma k indicate the ers for each sensor, and serve as guides for wafer dicing.

This mask was then installed into a Karl Suss BA6/MA6 Mask aligner at AMSTC for
UV exposure patterning. Photographs of the mask aligner are shown in Figure 4.5. Each
wafer was continuously exposed for 12 seconds at a distance of 30 microns. The wafers were

39



exposed one at a time to the UV light source set at 300 W. These parameters were optimal

in transferring the electrode pattern from the glass mask to the photoresist.

Figure 4.5: The Karl Suss BA6/MAG6 Mask aligner at AMSTC exposes UV radiation through
an installed electrode mask onto wafers coated with photoresist. Exposure was set in con-
tinuous mode for 12 seconds. The UV lamp power was set at 300 W.
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4.1.6 Photoresist development

After pattern transfer onto the photoresist via UV exposure, the photoresist layer for
each wafer was developed one wafer at a time in a developer solution consisting of one part
AZ400K developer solution and three parts deionized water. The exposure duration was
roughly one minute on average, although the exact duration of development varies with how
fresh the developer solution is and how long it takes for the electrode pattern to become
clearly noticeable via visual inspection. Upon determining that exposure is complete, each
wafer is immediately immersed and rinsed in deionized water to arrest the development of
photoresist. The wafers are then blow dried with nitrogen and further inspected under an

optical microscope to check for major defects in the transferred photoresist pattern.

4.1.7 Electrode deposition

Matrix cleaning, ion cleaning, and electrode deposition were conducted at AMSTC.
Matrix cleaning refers to the use of a matrix plasma asher which performs a dry etch to
remove residual photoresist that have been developed but remain on the wafer, while ion
cleaning refers to a plasma etching process that removes the thin layer of oxide that may have
formed during storage and handling. The actual electrode deposition was conducted using a
CHA Industries Mark 50 E-beam deposition system. Figures 4.6 and 4.7 show photographs
of the machines used for electrode deposition at AMSTC. For 100 mm diameter wafers, this
deposition unit has the capacity to perform deposition on 33 wafers in one batch. Thus to
ensure sensor fabrication consistency, all 33 wafer substrates reported in this project had
their electrode layers e-beam deposited in one batch. During deposition, 50 nm of titanium
and 200 nm of gold were deposited in succession, producing a well adhering electrode pattern

with total height of 250 nm.
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Figure 4.6: The matrix plasma asher at AMSTC is a dry etch device used for stripping of
residual photoresist to improve electrode deposition.
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Figure 4.7: The CHA Industries Mark 50 E-beam Deposition System at AMSTC allowed
electrode deposition on 33 wafers of 100 mm (4”) diameter in one run. The electrode depo-
sition for each sensor consists of 50 nm of titanium followed by 200 nm of gold.
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4.1.8 Lift-off

After e-beam deposition, lift-off of unwanted features was accomplished by immersing
the wafers one at a time into an ultrasonic acetone bath for 10 minutes. Removal of un-
wanted regions is accomplished as acetone dissolves away the photoresist pattern beneath
the deposited electrode layer. After the ultrasonic bath in acetone, wafers were individually
washed with methanol using a foam brush for 30 seconds, rinsed with deionized water, and
finally washed again 10 wafers at a time with a spin dryer. The final electrode structure
was inspected using a Tencor profilometer as shown in Figure 4.8. Electrode heights were
roughly verified to have an average thickness of 230 nm (£20 nm across all wafers of the
same process), which is slightly less than the 250 nm electrode thickness as intended. This
did not pose a significant problem, as long as the electrodes possessed good adhesion to
the substrate. To test electrode adhesion, a standard tape test was performed using Kapton
tape. No peel off was observed for all wafers, indicating that the electrodes were well adhered

to both the silicon dioxide and quartz surfaces.

4.1.9 Wafer dicing

Wafer dicing was performed on a Micro Automation 1100 Dicing Machine with a Kulicke
& Soffa dicing blade. Each wafer was diced into 360 individual sensors without indexing
or automated cutting; each cut was manually aligned to the crosshairs on the wafer and
individually executed. The configuration parameters for wafer dicing are listed in Table 4.3.
Figure 4.9 contains photographs showing the dicing machine with the installed blade and to

be diced wafer.

4.1.10 FePc deposition

To complete sensor fabrication, a FePc active layer was vapor deposited onto batches of
sensors using a Kurt J. Lesker Nano 38 physical vapor deposition system. Prior to placing

the diced sensors into the deposition chamber, electrode end pads were masked off with
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Figure 4.8: The Tencor profilometer runs a sensitive probe accross the surface of the wafer
and graphs height versus displacement to generate a surface profile plot. By measuring the
electrode height at the center of each of the 33 wafers, the average electrode height was
roughly 230 nm in thickness, with a range of +20 nm.
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Table 4.3: Wafer Dicing Parameters

Parameter ‘ Value

Mode 10 (circular wafer)
Dim 1 4000 mils (101.6 mm)
Dim 2 4000 mils (101.6 mm)
Height 5 mils (0.127 mm)
Thickness 40 mils (1.016 mm)
Angle 90 degrees

FWD Cut Speed | 75

Spindle Speed 25,000 RPM
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(¢) Dicing parameters panel (d) Wafer mounted for dicing

Figure 4.9: The Micro Automation 1100 Dicing Machine was used to dice wafers into indi-
vidual sensors.
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Table 4.4: FePc deposition batches

Batch ‘ Substrate ‘ FePc film thickness (nm) ‘ Average coating rate (nm/s)
A SiO2 (N, P) and quartz | 50 0.1

B SiOy (N, P) and quartz | 100 0.1

C SiOg (N, P) and quartz | 150 0.1

D SiOy (N, P) and quartz | 200 0.09

E SiOg (N, P) and quartz | 250 0.08

F SiOy (N, P) and quartz | 300 0.08

G SiOg (N, P) and quartz | 350 0.07

H SiOz (N, P) and quartz | 450 0.07

kapton tape, while the rest of the sensor was left exposed. Inside the deposition chamber,
the substrate was suspended approximately 10 inches from the target. FePc deposition was
initiated at a vacuum pressure of 5x107% Torr, at an average rate of 0.1 nm/s, at room
temperature. The coating rate and thickness of the FePc thin film deposition process was
monitored using a Maxtek TM-400 quartz crystal microbalance thickness monitoring system.
Several batches of sensors were coated to produce various FePc film thicknesses. For each
batch, all three substrate types (SiOs from N-type Si, SiOy from P-type Si, and quartz) were
used for comparison. The sensor batches and the thicknesses as well as coating rates for each
batch are documented in Table 4.4.

The reason that the average coating rates for the thicker batches are slightly lower is
because using more FePc powder required all three available evaporation sources to be filled
with as much FePc powder as possible, resulting in more time required to switch sources and

to get as much powder evaporated as possible in order to reach the intended thickness.
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4.2 Gas exposure test setup

Gas exposure tests were performed in a safe and controlled environment to determine
sensor response towards nitrogen dioxide gas as well as various other gases of interest. A

setup diagram for a typical gas test is shown in Figure 4.10.

N2 | Kintek Gas ~ PTFE _ Mass o Gas
Cylinder "| Generator ” Test Cell "| Flowmeter ” Collector
NO: Thermal Chamber
Cylinder
Fume Hood

Figure 4.10: Gas test setup diagram. The source gas feed can be toggled between a Kin-Tek
gas generator or premixed nitrogen dioxide cylinders. A downstream Omega mass flowmeter
monitors the total flow rate of gas. The PTFE test cell is housed within a thermal chamber
that controls the test temperature, and the entire test setup other than source gas cylinders
is contained within a fume hood.

High purity nitrogen cylinders were commercially obtained from Airgas and provide the
source gas for a Kin-Tek gas generator. A gas dryer and filter was installed between the
nitrogen source and the gas generator. The generator accepts a liquid permeation source,
heats the permeation source to optimal gas emission, and enables gas output of specific
concentrations via adjustments on the nitrogen dilution flow rate. For higher concentrations
of nitrogen dioxide gas where gas permeation sources are not feasible, premixed gas cylinders
were acquired and used directly as the source gas. A chemically stable PTFE test cell holds
the sensors in contact with electrical connections. The PTFE test cell is housed inside
a thermal chamber, allowing temperature control for the test environment. Flow rate is
monitored in real time via an Omega digital mass flowmeter placed downstream of the test
cell. The entire test is conducted under a fume hood which collects the out-flowing gas into

a collector that stores, filters, and cleans the exhaust gas.
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4.2.1 Source gas cylinders

Source gas cylinders used for providing ultra high purity nitrogen gas or other premixed
gases were commercially acquired from Airgas. For premixed nitrogen dioxide gas of 100 ppm
used in many gas exposure experiments in this research, a certified standard specification
provided by Airgas details the precise mixture as 96.42 ppm nitrogen dioxide balanced in
1050 ppm nitrogen with an analytical uncertainty of +2 %. Prior to shipment, Airgas verifies
the concentrations by direct comparison to calibration standards traceable to NIST ASTM
Class 1 weights and NIST gas mixture reference materials. For the ultra high purity grade
nitrogen gas used for purging and establishing a sensor baseline throughout this research,

Airgas specifies a 99.999 % purity of nitrogen gas, or a maximum of 10 ppm impurity.

4.2.2 Gas generator

For fine adjustment of nitrogen dioxide gas concentrations and flow rates, particularly
at low concentrations, a Kin-tek 491MB gas generator was used to produce nitrogen dioxide
gas. Gas permeation tubes containing high concentrations of liquid nitrogen dioxide were
purchased and placed into the generator. The permeation tubes are calibrated to specific gas
emission rates at certain temperatures, thus depending on the trace concentration and flow
rates desired, various permeation tubes of different emission rates can be made to order from
Kin-tek. The Kin-tek gas generator controls the output trace concentration via adjustments
on the diluent gas flow rate. The built-in oven temperature is set at the emission temperature
specified on the calibration sheet for each permeation tube. The trace concentration and
gas flow rate observe a relationship described in Equation 4.1, where ¢ is the output trace
concentration, F is the given emission rate of the permeation tube, K, is the mass rate to

volume rate conversion constant, and r is the dilution gas flow rate.

Ex K,

“ = 1000 % r

(4.1)
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Nitrogen dioxide concentrations at or near 1 ppm is of particular interest for this project
becuse it has been set forth as a exposure limit above which significant health risk can occur.
To generate nitrogen dioxide concentrations at or near 1ppm, a permeation tube with an
emission rate of 987 ng/min at 30 °C and mass rate to volume rate conversion of 0.487 was
purchased from Kin-tek. Table 4.5 documents the dilution flow rates that should be set
to obtain certain trace nitrogen dioxide concentrations using this permeation tube. Notice
that the actual flow rate is always 0.1 L/min greater than the dilution flow rate set on the
Kin-tek generator, because by design, 0.1 L/min of diluent gas is used to bring gas out from

the emission chamber.

Table 4.5: Dilution flow rate for target nitrogen dioxide concentrations

Concentration (ppm) ‘ Dilution flow rate (L/min) ‘ Actual flow rate(L/min)

0.25 1.923 2.023
0.50 0.961 1.061
0.75 0.641 0.741
1.00 0.481 0.581
1.25 0.385 0.485
1.50 0.320 0.420
1.75 0.275 0.375
2.00 0.240 0.340
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4.2.3 Thermal chambers

Several thermal chambers were used to provide the temperature conditions necessary for
sensor experiments. An Espec ECT temperature chamber, shown in Figure 4.11(a), housed
long term temperature cycling experiments due to it having a built in refrigeration unit
capable of -70 °C. The maximum temperature for this chamber is 200 °C. For experiments
involving non-inert gases, a smaller Despatch 900 temperature chamber shown in Figure
4.11(b) is capable of fitting inside a standard fume hood and was thus used to regulate tem-
peratures for nitrogen dioxide and other gas exposure experiments. This unit requires the use
of an external liquid nitrogen source for cooling. Both thermal chambers are programmable
and can run temperature profiles unattended. A hole on the left side of each chamber acts
as a feedthrough port for gas tubes, electrical wires, and thermocouples to enter and exit

each chamber.

4.2.4 Test cell

Test cells were constructed to house multiple sensors and contain them for gas exposure
tests. The material of choice for test cell construction was Teflon PFA (Perfluoroalkoxy
copolymer resin) or PTFE (polytetrafluoroethylene), due to its inert chemical properties
and excellent thermal stability. The test cells also prevent visible light or UV radiation
from entering the cell, to prevent the effects of photoconduction on FePc thin films. All
the materials inside the test cells, including fittings, tubings, and wire coatings were made
of Teflon PFA or PTFE, with the exception of a small amount of gold electrode contacts,
stainless steel fixtures, and electrical connectors. The four sensor test cell is shown in Figure
4.12. The Teflon PFA and PTFE housing of the test cell were constructed of blow molded
surfaces to ensure minimal adsorption when exposed to trace levels of nitrogen dioxide gas.
Furthermore, the electrical clip, electrical connector, thermocouple, and wires are all situated

downstream of the sensor position, removing the possibility of any interference on gas sensing.
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(a) Espec ECT temperature chamber

‘a

(b) Despatch 900 temperature chamber

Figure 4.11: (a) The Espec ECT temperature chamber is used mainly for temperature
cycles and inert gas exposure tests. Its built in refrigeration unit is capable of maintaining
a low temperature of -70 °C, while its high temperature is 200 °C. (b) The Despatch 900
temperature chamber is smaller, and only has a built in heater while relying on an external
liquid nitrogen source for cooling. Since it fits under a normal fume hood, its primary use is
for regulating temperatures for gas exposure experiments involving hazardous gases.
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(8) (h) (1)

Figure 4.12: The four sensor test cell houses four sensors parallel to the flow. The chamber
is a circular tube of expanding radius. Electrical test clips have been adapted to hold the
sensors via its front contacts. The back contacts of the test clips are then inserted into
a DB15 female connector. PTFE coated lead wires are fed out out of the test cell along
with outflowing gas. A T-junction with one end sealed separates the lead wires, which are
connected to the data acquisition system, from the outflowing gas, which is fed through the
exhaust channels of the fume hood. Since most of the fixture components are downstream
of the sensor positions, contamination due to component outgassing is minimized.
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Figure 4.13: The twelve sensor test cell mainly consists of a PTFE fixture housed within a
PTFE bottle. Two holes have been drilled into bottle, one on the top cap and one on the
side. Gas flows into the cell from the side hole and out through the top hole, along with
PTFE coated wires that carry the electrical output from the sensors. The PTFE fixture
consists of a base that holds sensors and a top that holds electrode pins. The base contains
12 rectangular indentations about quarter of a millimeter deep to hold the 12 sensors. The
top contains 24 small holes inserted with spring-loaded pogo pins that come into contact
with sensor electrode pads when the top and bottom of the fixture is put together. The
fixture is held together via two stainless steel screws. PTFE coated wires were soldered onto
the pogo pins and led out through the outflowing 3/8” PFA tube fitting. In comparison, gas
flows into the cell through a 1/4” PFA tube. A k-type thermalcouple is positioned on top
of the test fixture inside the bottle. The total volume of the PTFE bottle is 240 mL.
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4.2.5 Data acquisition setup

Data acquisition for the FePc based nitrogen dioxide sensor consists primarily of mon-
itoring the resistance across each sensor’s two electrodes. In addition to holding sensors in
place, the test cells provide electrical contact with each sensor’s electrodes. The lead wires
from the test cell are then connected to a data acquisition system. Figure 4.14 depicts the
electrical wiring diagram for data acquisition. Each sensor in the test cell is monitored al-
most simultaneously this setup. The data acquisition system consists of an Agilent 34970
data acquisition switch connected to a Windows PC running Agilent Benchlink software.
The Agilent 34970 data acquisition switch has a 20 channel multiplexer module installed.
Any of the 20 channels can be configured to detect AC/DC voltage, 2/4-wire resistance,
current, or temperature (via a thermocouple).

Due to the high initial resistances of FePc films, thick film high stability 10 M2 resistors
were placed in parallel to each sensor, effectively scaling the sensor resistance to within a
desirable measurement range of the Agilent data acquisition switch; the measured resistance
is thus capped at 10 MS2, and the true resistance value of each sensor is determined using
equivalent resistance calculations. The primary reason for this configuration is to prevent the
Agilent switch from applying a voltage greater than 1 V for the measurement of resistance,

which may overheat and damage the FePc thin film.

95



| TEST CELL | | DAQ SWITCH (AGILENT 34970

o
-
]
ug]
-~
@)

8 rC\ A 1 + |y
+ 15 =]
14 a4 7 —© o 2 18M =
a [} i O O 0 | R1
2 s4 2 e - © O—13 S E
L Ll O O |-_‘ 10M |} — %
0 | n 453_5 —0O ()——1—1—4 ‘ R2 x
' e ° e 3 4,
x x i+ o BSls T—@ = éz
it s1| Q2 —t+——0 o—& =4
& m TR o Oz Ly = 2
v i G R4
2 1o o+-Z + 15
3 5 o 15 _
1 o~ o+8—
DB15S Je
4
. B
THERMOCOUPLE

TC1

Figure 4.14: An electrical layout diagram for the data acquisition setup depicts four sensors
housed in a PTFE test cell, sharing a common ground. PTFE coated wires connected to the
sensors are fed to a DB15 connector at the test cell wall. A shielded DB15 cable connects
the test cell to an Agilent 34970A data acquisition switch. A 20 channel onboard multiplexer
can monitor up to 20 channels of resistance, voltage, current, or temperature via the use of
thermocouples. Parallel resistors with stable 10 MOhm resistance are placed in parallel to
the sensors for each channel. A k-type thermocouple placed inside the test cell monitors the
temperature in close vicinity of the sensors. The measured resistances and temperatures are
captured and stored on a PC running Agilent Benchlink software.
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Chapter 5

Results and Discussion

5.1 Sensor fabrication results

The sensor substrates used for experiments were fabricated in the AMSTC clean room
at Auburn University. In total, 32 wafers were fabricated with electrodes based on the
sensor design and fabrication procedures detailed in the previous two chapters. Although
these wafers consisted of n-type, p-type, and quartz substrates, all wafers were processed
in one batch, and can be considered to share identical electrode dimensions. This reduces
production cost, while also ensuring sensor electrode consistency, thereby enabling reliable
comparison of substrate type, film thickness, and sensor response results.

After electrode deposition, the FePc thin film active layer was vacuum sublimed using a
Kurt J. Lesker Nano 38 physical vapor deposition system. Deposition of each film thickness
was conducted under room temperature at 5 x 10—6 Torr. Figure 5.1 shows photographs
of eight vacuum sublimed batches of sensors, with film thickness ranging from 50 nm to
450 nm, as monitored during deposition with a QCM thickness monitor and verified via
profilometry. Within each FePc deposition batch, p-type oxidized silicon, n-type oxidized
silicon, and quartz substrates were used.

To evaluate the uniformity of FePc film thickness, a Tencor profilometer was used to
measure thickness on a batch of vacuum sublimed FePc sensors. For this batch, the vacuum
sublimation process was stopped when the QCM thickness sensor inside the physical vapor
deposition system reached 450 nm. Figure 5.2 shows the results of the Tencor profilometer
thickness measurements. These measurements were taken across the diameter of the wafer
on four different axes. The results show a + 16 nm difference between the average thickness

measured via profilometry compared to the QCM thickness measurement. As expected,
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(a) 50 nm FePc ) 100 nm FePc (c¢) 150 nm FePc

) 200 nm FePc ) 250 nm FePc

) 350 nm FePc (h) 450 nm FePc

Figure 5.1: Physical vapor deposition of FePc thins was performed for six different thick-
nesses: (a) 50 nm, (b) 100 nm, (c¢) 150 nm, (d) 200 nm, (e) 250 nm, (f) 300 nm, (g) 350
nm, and (h) 450 nm. The thickness of each FePc film was monitored using a QCM thick-
ness monitor and verified with a profilometer. The sensor electrode region for contact with
measurement probes were masked off with Kapton tape during deposition and removed after.
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film thickness closer to the edge of the wafer is thinner than at the center. Profilometer

measurements indicate that this thickness reduction may reach up to 50 nm.

600
@3 A(avg = 449 nm)
@ B (avg = 449 nm)
@ C(avg = 440 nm)
550 - 7 D (avg = 456 nm)
__500F
IS
[
Py B A o mn oo v,
A 0. V. A8V - &2
? 450- O now\V\ zéi&ﬂﬂ&} ‘ /ﬂ o . %
-;:’ g o ! o g .ﬂ\\o \\l,’ v
DL_) R \\\ ,’/ \\o .}/’ ‘h:,n
o . L4
4009
L
350
300 : : . L ! ! L L L )
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Normalized position

Figure 5.2: Tencor profilometer thickness measurements were taken across the diameter

of the wafer on four different axes.
average thickness measured via profilometry compared
As expected, film thickness closer to the edge of the
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to the QCM thickness measurement.
wafer is thinner than at the center.

Profilometer measurements indicate that this thickness reduction may reach up to 50 nm.
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5.2 Characterization of response

Fundamentally, FePc thin films experience increased conductivity in the presence of
nitrogen dioxide gas. The principle behind its conductivity change is that nitrogen dioxide
molecules adsorb onto the surface of FePc thin films and effectively dope the film, creating
hole charge carriers and making the film essentially a p-type semiconductor. Like typical
semiconductor materials, FePc experiences significant temperature dependencies that affect
detection. It is adopted from military specifications that a maximal diurnal temperature
range of -46 °C to 71 °C represents the extremes in operating temperatures for a field sensor.
To investigate the sensor’s general performance over this range, sensors were exposed to 100
ppm nitrogen dioxide gas inside a temperature chamber set at -46, 20, and 71 °C. Such a
high concentration of nitrogen dioxide can allow the determination of saturation durations as
well as saturation resistance levels at each temperature. To further investigate temperature
dependence, sensors were exposed to temperature cycles ranging from -50 to 80 °C under
nitrogen gas and then under 100 ppm nitrogen dioxide gas. The results can be used to
establish a resistance boundary for this temperature range and also to produce an Arrhenius
plot. The Arrhenius plot can be used to estimate activation energies for this specific FePc film
under saturated (extrinsic) and unsaturated (intrinsic) conditions. Since several government
and international health agencies have identified the concentration of 1 ppm nitrogen dioxide
to be the permissible limit, passive sensing response at or near 1 ppm is of importance. To
investigate sensor concentration dependence to nitrogen dioxide in the range of 1 ppm, and
to determine the feasibility of passive sensing, sensors were exposed to 0.5, 1, and 2 ppm
nitrogen dioxide gas at room temperature. Finally, to investigate repeatability of sensor
response to the target nitrogen dioxide concentration of 1 ppm, sensors were repeatedly
exposed to 1 ppm nitrogen dioxide in between nitrogen flush cycles. The results of these

experiments are presented in the following subsections.
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5.2.1 Introduction to sensor response

The FePc thin film sensor is operated by detecting changes in electrical conductivity
accross a FePc film as it is exposed to an analyte gas. In the presence of highly oxidizing
gases such as nitrogen dioxide, the gas molecules react with FePc molecules and adsorb
onto the surface of FePc thin films. Each reaction results in a charge carrier complex that
liberates hole charge carriers in the FePc bulk, thereby significantly increasing the FePc thin
film conductivity when an electric field is applied. The change in film conductivity can be
monitored via periodic resistance measurements across the electrode pads on the sensor.

Figure 5.3 shows photos of the FePc thin film sensor prepared for testing.

A

o
== T -
(a) Mounted sensor (b) Six quartz sensors (c) Sensors in test cell

Figure 5.3: (a) For field operation, a sensor is packaged on a common transistor outline
header, with its gold contacts wire bonded to corresponding contact points on the header.
(b) For experimental purposes, many sensors need to be tested together; shown here are six
sensors based on quartz substrates ready for testing. (¢) A PTFE test cell was constructed
to hold multiple sensors for simultaneous testing.

Once resistance measurements across underlying electrodes are recorded, its change over
time can be analyzed to determine analyte gas concentration. A typical resistance vs. time
plot of a sensor exposed to 100 ppm nitrogen dioxide gas is presented in Figure 5.4. In this
basic gas exposure experiment, the FePc thin film sensor was initially stabilized in ultra high
purity nitrogen gas for 30 minutes, then exposed to 100 ppm concentration nitrogen dioxide
gas for 30 minutes, and finally allowed to recover under nitrogen gas for another 30 minutes,

all at a constant flow rate of 0.25 L/min. FePc thin films are known to be non-interacting
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with the inert nitrogen gas, therefore the purpose of the initial 30 minute nitrogen exposure
is to establish a stable baseline. When nitrogen dioxide gas is introduced, since its content
consists of nitrogen dioxide diluted in nitrogen gas, any changes in the sensor thin film can
be attributed to the presence of nitrogen dioxide. From the resistance plot, the presence of
nitrogen dioxide decreased film resistance from 8.2 x 107 € to 5.2 x 10* Q in a nonlinear
trend. In this example, sensor saturation was not achieved in one hour, because resistance
continues to decrease after one hour of exposure. The reason may be due to greater film
thickness or rougher surface morphology, which will require longer timeframes for nitrogen
dioxide molecules to reach all the adsorption sites. After nitrogen dioxide exposure, the
sensor is allowed to recover under nitrogen gas, to investigate its recovery characteristics.
Typically, at room temperature or lower, the recovery characteristics of FePc thin films is less
than ideal, with sensors recovering to only a fraction of its initial resistance. In previous MPc
thin film sensor research, reversibility can be improved with increased operating temperature,
[ phase crystal structures, and thinner films. However, in this research, a non-reversible FePc
thin film is fabricated for passive detection. In the latter parts of this chapter, results are
presented for experiments designed to investigate the performance of a FePc thin film passive

Sensor.
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Figure 5.4: Typical FePc thin film sensor response to nitrogen dioxide. The nitrogen dioxide
concentration was 100 ppm and the gas exposure test was performed at 20 °C. The gas flow
rate was maintained at a constant 0.25 L/min. In this standard gas exposure experiment, the
sensor was initially allowed to stabilize under ultra high purity nitrogen gas for 30 minutes,

then exposed to nitrogen dioxide for one hour, and finally allowed to recover under nitrogen
gas for another 30 minutes.
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5.2.2 General sensor response

To determine general response at different temperatures, sensors were exposed to 100
ppm concentration nitrogen dioxide gas at a constant flow rate of 0.25 L/min under three
different temperatures of -46 °C, 20 °C, and 71 °C. The change in resistance over time
is plotted in Figure 5.5. All three sensors were heat treated in air at 130 °C for a total
duration of two hours prior to nitrogen dioxide exposure. This anneal step was performed
as a precaution to avoid potential structural changes in the FePc film during operation,
for elevated temperatures can induce morphological changes in the film. For each test,
the sensors were stabilized in nitrogen for 10 minutes before 100 ppm nitrogen dioxide gas
is introduced into the test cell. The gas flow rates were held at a constant 0.25 L/min
throughout each experiment. All three exposure tests were run for 30 minutes until sensor
saturation was achieved.

At 20 °C, the sensor showed a decrease in resistance from 1.3x10% to 1.8x10°€). At
71 °C, the sensor showed a decrease in resistance from 9.6x10% to 1.5x10%Q. At -46 °C,
the sensor showed a decrease in resistance from 5.4x10% to 2.3x10%Q). The differences in
initial resistances of the sensors can be attributed to the different operating temperatures
that affect the mobility of hole carriers within FePc thin films. The similarities in the
saturation resistances reveals that the nitrogen dioxide doping mechanism on FePc thin
films is relatively unaffected by the ambient temperature. These results indicate that at
least two orders of magnitude change in resistance can be expected for nitrogen dioxide
saturated sensors operating within the temperature range of -46 °C and 71 °C, and that

total saturation time does not exceed 30 minutes for 100 ppm nitrogen dioxide gas at 0.25

L /min.
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Figure 5.5: Response of sensors to 30 minutes of 100 ppm nitrogen dioxide at -46, 20, and
71 °C.
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5.2.3 Temperature dependence

Similar to typical semiconductors, the conductivity of FePc thin films increases with an
increase in temperature. As mentioned before, the conductivity of FePc thin films originates
primarily from a reaction with electron accepting oxidizing gases, which creates a charge
transfer complex and liberates hole charge carriers into the bulk. The role of temperature is
such that it affects the reaction rate and equilibrium of this doping reaction. An increase in
temperature leads to increased reaction rates between oxidizing gases and FePc thin films,
creating more hole charge carriers, and thereby increasing film conductivity.

To investigate the magnitude of temperature dependence, film resistance levels on a 450
nm sensor were monitored every 15 seconds as temperature was varied from 71 to -46 °C at a
rate of 2 °C per minute. Prior to taking data, the sensor was allowed to stabilize under ultra
high purity nitrogen gas for one day. For the first thermal cycle, the nitrogen gas flow rate was
maintained at 0.1 L/min. Film conduction under nitrogen gas can reveal the intrinsic, non-
doped conductivity of FePc thin films as nitrogen gas is considered to be non-interacting. To
also investigate the temperature dependence of extrinsic, doped conductivity, the sensor was
then exposed to 100 ppm nitrogen dioxide gas for one hour at 71 °C. After sensor saturation
was achieved, a second thermal cycle was conducted under 100 ppm nitrogen dioxide gas at
a constant flow rate of 0.1 L/min. Figure 5.6 shows the resistance response of the sensor
under both thermal cycles. In the figure, the resistance response curve for the sensor under
nitrogen gas represents changes in the intrinsic conductivity, while the response curve under
nitrogen dioxide gas represents changes in the extrinsic conductivity of the FePc film. For the
intrinsic curve, it is observed that temperature dependence remains significant, possibly due
to inadequate desorption of adsorbed oxygen, or that trace quantities of dopant gases reside
in the ultra high purity nitrogen gas. Thus the intrinsic result may not represent true intrinsic
film conduction. However, as expected, the resistance levels for extrinsic conduction under
nitrogen dioxide gas are much lower compared to the resistance levels for intrinsic conduction

as observed under nitrogen gas. These two curves reveal the maximum resistance change
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at any operating temperature between -46 to 71 °C for a 450 nm FePc thin film sensor
exposed to nitrogen dioxide gas. The region between the two curves can be also assumed
to be the operating resistance regime of this FePc thin film sensor. Approximately 5 orders
of magnitude change occurs at -46 °C, compared to 3 orders of magnitude change at 71 °C,

indicating that the sensor experiences a larger conductivity change at lower temperatures.
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Figure 5.6: Resistance trends of a 450 nm FePc thin film sensor shows decreasing resistance
as temperature increases from -46 to 71 °C. The dotted line shows intrinsic resistance levels
as the sensor is subjected to flowing nitrogen gas at 0.1 L/min, while the solid line shows
extrinsic resistance levels as the sensor is exposed to 100 ppm nitrogen dioxide gas at 0.1
L/min. Although the intrinsic case may involve trace levels of oxygen or other forms of
atmospheric doping, these trends indicate that nitrogen dioxide saturation of the FePc thin
film can still cause 3-5 orders of magnitude change within this temperature range, with
greater resistance changes occurring at lower temperatures.
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Since the reaction between oxidizing gas species and FePc thin films forms the mecha-
nism behind FePc thin film conductivity, it can be assumed that film conductivity is directly
proportional to the reaction rate. With this assumption, a model for temperature dependence
of conductivity can be derived from the Arrhenius equation, which describes reaction rates
in terms of temperature. A modified form of the Arrhenius equation relating conductivity

to temperature for FePc thin films is presented in Equation 5.1.

_Ea

ﬁ) (5.1)

o x exp(

In this equation, ¢ is the FePc film conductivity, F, is the activation energy for charge
carrier formation, k is Boltzmann’s constant (8.614 eV K~!), and T is the temperature.
Physically, the activation energy term in this model includes all the energy steps required
for charge carrier formation. This includes the energies for gas adsorption, charge transfer,
and delocalization of charge carriers in the FePc thin film. Using the resistance data as a
function of temperature presented in Figure 5.6, an Arrhenius plot with In(o) versus 1/T
was constructed to determine whether the temperature dependence of FePc thin films fits
the Arrhenius conductivity model. But first, the resistance values from the thermal cycling
experiment under nitrogen and nitrogen dioxide gas need to be converted to conductivity by
considering sensor geometry and film thickness. Equation 5.2 details this conversion.
d 1

_d 2
TR (2n — 1)lh + 2neh (5:2)

In this equation, d is the electrode gap spacing (15 x 107 m), R is the measured resistance,
n is the total number of electrode fingers (25), [ is the length of electrode fingers (2.97 x
1073 m), h is the film thickness (450 x 107 m), and e is the width of electrode fingers (22
x 107% m). With conductivity determined, an Arrhenius plot with In(c) versus 1/T for

both intrinsic conduction under nitrogen and extrinsic conduction under nitrogen dioxide is
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presented in Figure 5.7. Curve fitting results are also presented in the figure, based on the

Arrhenius conductivity model in Equation 5.1.
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Figure 5.7: A plot of conductivity versus the inverse of temperature shows that temperature
dependence of the FePc thin film sensor follows an Arrhenius conductivity model. The
Arrhenius conductivity model makes the assumption that FePc thin film conductivity is
proportional to the reaction rate of oxidizing gas species. The data yields fitted activation

energy values of approximately 0.76 eV and 0.30 eV for intrinsic and extrinsic conductivity
respectively.

In Figure 5.7, the Arrhenius conductivity model provides good fits with each series of
data, yielding activation energies of approximately 0.76 eV and 0.30 eV for intrinsic and
extrinsic conductivity respectively. For reference, activation energies for various MPc thin
films are detailed in Table 5.1. From the results of this experiment, the 0.46 eV difference

in activation energy can be attributed to the reduction in energy required to activate charge
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carriers from a nitrogen dioxide-FePc complex. As mentioned before, exposing the sensor
to ultra high purity nitrogen gas may not provide a true measure of intrinsic FePc thin
film conductivity due to inadequate desorption of oxygen or other dopant gases. However,
while the conductivity levels of the intrinsic case presented here may actually represent the
effects of adventitious atmospheric dopants such as oxygen or relative humidity, the extrinsic
conductivity results indicate that nitrogen dioxide doping can further reduce the activation
energy of FePc film conductivity regardless of any previous atmospheric doping. In summary,
regardless of intrinsic conductivity, extrinsic conductivity, dopant type, or doping levels, the
temperature dependence of the FePc thin film sensor follows an Arrhenius conductivity model

in temperature range of -46 to 71 °C.

Table 5.1: Activation energies for various MPcs

MPc ‘ Intrinsic (eV) ‘ Extrinsic (eV) ‘ Reference

NiPc | 0.703 0.32 1]
PbPc | - 0.47 2]
CoPc | 0.66 0.24 (3]
CuPc | 0.80 0.54 [4]
FePc* | 0.76 0.30 -

* Experimental results from this research
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5.2.4 Concentration dependence

Nitrogen dioxide concentrations at or near one part per million is of significant inter-
est in that it has been set forth as the exposure limit by several health agencies. Military
specifications have also set the leak criteria for nitrogen tetroxide at 1 ppm nitrogen diox-
ide. To determine sensor response around this concentration range, tests were conducted
at nitrogen dioxide concentrations of 0.5 ppm, 1 ppm, and 2 ppm under room temperature
(20 °C). For each test, two sensors were allowed to stabilize in ultra-high purity nitrogen for
30 minutes before nitrogen dioxide gas is introduced into the test cell for 30 minutes. This
cycle was repeated. The flow rates for the 0.5 ppm, 1 ppm, and 2 ppm nitrogen dioxide tests
were 0.95 L/min, 0.43 L/min, and 0.25 L/min respectively. Figure 5.8(a) is a superimposed
plot of sensor response vs. time for the three concentrations. Figure 5.8(b) is a normalized
resistance plot for the first 10 minutes of response to the three concentrations of nitrogen
dioxide. The reference resistance value used for each series is the first resistance reading
upon introduction of nitrogen dioxide. The slopes for the normalized resistance plot can be
used to tell the concentration of nitrogen dioxide gas. From the plot, concentrations 0.5, 1,
and 2 ppm nitrogen dioxide have average slopes of 0.1479 x 1073 s7%, 0.2121 x 1073 s !, and

0.39309 x 1072 57! respectively.
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Figure 5.8: (a) Room temperature response of sensors to 0.5, 1, and 2 ppm nitrogen dioxide,
with high purity nitrogen introduced before and after each nitrogen dioxide exposure. (b)
Normalized sensor response to nitrogen dioxide exposure; the reference value used for nor-
malization is the first resistance reading for each exposure. The normalized resistance plot
shows different rates of change in relative resistance corresponding to detection of different
concentrations. The values for the slopes m for each series are provided in the legend and

have units of s~!.
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(b) Low concentration normalized response
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5.2.5 Repeatability of sensor reponse

To investigate the repeatability of sensor response, two sensors were exposed to four suc-
cessive 1 ppm nitrogen dioxide tests at 20 °C. Each cycle consisted of 30 minutes nitrogen
dioxide exposure followed by 30 minutes of ultra high purity nitrogen. Figure 5.9 shows the
response of the sensors for the duration of the entire test. Figure 5.9(b) is a superimposed
resistance plot of each sensor’s initial 5 minute response, normalized with respect to the
first resistance reading of each exposure. For both sensors, subsequent exposure to 1 ppm
nitrogen dioxide yielded consistent slopes, with the eight results showing an average slope
of 0.2049 x 1073 57! and a standard deviation of 2.0 x 107°. The sensors did not exhibit
significant signs of reversibility despite the nitrogen flush cycles. This may be explained by
the sensor possessing sufficient nitrogen dioxide adsorption sites such that the concentration
levels and exposure durations at this operating temperature cannot provide the necessary
conditions to saturate the sensor, thereby adsorption mechanisms control the sensor output
while desorption mechanisms remain minimal. As reference, from previous high concentra-
tion experiments, sensor saturation occurred at roughly 30 minutes of 100 ppm nitrogen
dioxide exposure. Therefore, empirically, the sensor can repeatedly sense 100 such nitrogen
dioxide exposures until inevitably reaching saturation. These results demonstrate that a
passive FePc sensor relies on its irreversibility at low concentrations to produce normalized

resistance output that is mainly a function of the ambient nitrogen dioxide gas concentration.
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Figure 5.9: (a) Room temperature response of two sensors to four repeat exposures of 1 ppm
nitrogen dioxide, with high purity nitrogen introduced before and after each nitrogen dioxide
exposure. (b) Normalized resistance plots of the first 10 minutes of each nitrogen dioxide
exposure.
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5.3 Sensor specificity

In these series of experiments, sensor response to other gases was investigated by observ-
ing the response of sensors to potential interferant gases, such as ammonia, high humidity
air, and pure oxygen. High humidity air and pure oxygen were chosen for each species’
constant yet unpredictable presence in atmospheric air, while ammonia has been known to
affect MPc thin films and is a common cleaning chemical used in nitrogen textroxide storage

containers.

5.3.1 Ammonia

General purpose chemical cleaning agents contain ammonium hydroxide (NH,OH),
which is composed of ammonia (NHj) dissolved in water. Containers that hold nitrogen
tetroxide are commonly cleaned with such cleansers and thus a good nitrogen dioxide leak
detector is expected to show stability towards ammonia gas. Because ammonia is a polar
molecule that acts as an electron donor, it readily reacts with strong electron accepting
gases such as nitrogen dioxide or oxygen. For FePc thin films with lowered resistivity due
to adsorbed oxygen or nitrogen dioxide, the presence of ammonia will remove the adsorbed
molecules and increase the resistivity of the film, effectively reversing the effect of any ad-
sorbed molecules and cleansing the film. This effect is observed in an experiment where a
sensor stored in a desiccator under air is exposed to 100 ppm ammonia at room temperature
for a duration of one hour. The response is plotted in Figure 5.10. During the experiment,
the sensor resistance increased from approximately 1.3 x 1032 to over 6.3 x 10%Q2. Although
ammonia significantly affects the resistivity of FePc thin films, its effect represents a fa-
vorable condition, since it has an opposite effect compared to nitrogen dioxide; ammonia
exposure can clean the surface of a FePc thin film and return its resistance to a higher
baseline level. Ammonium treatment may thus be performed to establish consistent baseline

resistance levels for sensors, or to revise sensors that have undergone calibration.
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Figure 5.10: Sensor response to 100 ppm ammonia gas shows an increasing resistance trend
upon exposure. The sensor resistance rose from approximately 1.3 x 1032 to over 6.3 x 108Q
during a one hour exposure period. Ammonia gas is a reducing agent able to mildy remove
oxidizing dopants on FePc thin films.
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5.3.2 High humidity air

Humidity has been reported to affect MPc thin films such that researchers have believed
certain MPc based sensors were not viable at temperatures below 100 °C due to humidity
concerns. To investigate whether humidity affects the a-FePc thin film sensor, an experiment
was conducted where a 450 nm sensor was stabilized in air and then suspended over water
in a closed glass container for two hours with resistance monitored in real time. Figure
5.11 shows the resistance response of the sensor, along with the output from a Honeywell
HIH-3610 humidity sensor and a T-type thermocouple. While the temperature remained a
steady 22 °C throughout the experiment, the relative humidity in the container reached a
stable 95%. The sensor resistance experienced an initial decrease from 1.2 x 107 to 1.1 x
107 © within a minute of entering the container. However, after remaining in the container
for 20 minutes, the sensor resistance steadily returned to a value of 2 x 107 Q and remained
stable. It can be concluded that high humidity levels do not have a significant effect on the

450 nm FePc thin film sensor.

5.3.3 Oxygen

Oxygen in the air is known to adsorb onto FePc thin films and contribute to conductivity.
To test the extent of the oxygen doping effect, four 450 nm FePc sensors were exposed to high
concentration oxygen after being stored under dry air at approximately 21% RH under room
temperature in a desiccator for many weeks. For the oxygen source, a standard industrial
oxygen cylinder of 99.8% purity was obtained from Airgas. Figure 5.12 shows the oxygen
response of the sensors. From the results, oxygen adsorbed onto FePc thin films does not
contribute significantly to increased conductivity. The effect is small, with sensor resistances
reduced by an average of 3 x 107 Q over a duration of roughly 13.5 hours. However, for
the duration of the test, there is an observable long term decrease in resistance that is
enhanced on average from -8.61 x 10° Q/hour to -2.3 x 10% Q/hour as the oxygen flow rate

is increased from 0.25 L/min to 1 L/min. This decrease in resistance due to oxygen is an
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Figure 5.11: Resistance response of a sensor to high humidity, plotted with output from a
Honeywell HIH-3610 humidity sensor and a T-type thermocouple. This plot shows that 450
nm a-FePc thin films possess a morphology that is stable to relative humidity levels as high
as 95%.
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exponentially decaying trend, thus it may be safe to assume that equilibrium with the pure
oxygen environment will eventually be reached should the duration of the experiment be
extended by roughly one to two days. In normal nitrogen dioxide detection, the slow oxygen
doping effect observed in this experiment is very small compared to the many orders of
magnitude decrease of resistance within an order of seconds. Therefore it can be concluded
that while the concentration of oxygen in atmospheric air may be insufficient to saturate the
FePc thin film sensor, in other words pure oxygen gas does result in additional conductivity
increases, yet the effect of oxygen doping even with pure oxygen is too slow to significantly

affect nitrogen dioxide detection.
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Figure 5.12: Sensor response to 99% oxygen.
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5.4 Sensor longevity

In this section, sensor longevity is investigated. The passive FePc thin film sensor
relies on high initial resistance levels to ensure a high capacity for adsorption and a large
order of magnitude change upon exposure to analyte gas. Atmospheric interferants such as
water vapor and oxygen may cause deterioration in sensing capability by reducing sensor
resistance levels. For these reasons, sensor baseline resistance is a good indicator towards
sensor longevity. To investigate sensor storage longevity, sensors were subjected to different
storage conditions with resistances monitored over time. The storage conditions include
open air, sealed air, and sealed nitrogen. To investigate sensor longevity during operation,
a thermal cycle over the range of -50 to 80 °C under flowing nitrogen gas was conducted to
determine how extremes in operating temperature affect baseline resistance. The results for

sensor longevity are documented in the following subsections.

5.4.1 Storage longevity

Sensor storage is of significant importance in that storage conditions essentially deter-
mine a sensor’s baseline resistance. Two primary constituents of atmospheric air that are
known to affect FePc thin film resistivity are oxygen and humidity. Both oxygen and wa-
ter vapor tend to adsorb onto FePc thin films and increase conductivity. Additionally, the
presence of visible light or UV radiation is expected to affect FePc films due to its inher-
ent photoconductivity, thus particular attention was paid towards UV shielding and proper
storage. In this section, a set of tests were conducted to investigate sensor storage and how
sensor resistance is affected.

To investigate the differences in storing sensors under a static air environment in the
dark versus under an open air environment within a laboratory setting, an experiment was
conducted where four 450 nm FePc sensors placed in each environment were monitored until
sensor resistances reached an equilibrium. For reference, an additional four sensors were

stored in a dark container under a static nitrogen atmosphere and monitored. For this

80



experiment, all 12 sensors were chosen from the same batch of fabricated sensors. Prior to
subjecting the sensors to each respective storage condition, the sensors were stored in a dark
vacuum box. The resistance versus time plot for this experiment is shown in Figure 5.13.
Throughout the experiment, laboratory room temperature was a steady 20 °C. The results
show that while initial sensor resistances were roughly 1G€2 under vacuum, the sensors stored
in nitrogen gas dropped to 500M (2, the sensors stored under air in a closed dark container
dropped to 40M (), and the sensors stored under open air dropped to 100K€2 in resistance.
The durations required to reach equilibrium resistance are one hour for sensors stored in
nitrogen, four hours for sensors stored in closed air, and 20 hours for sensors stored in open
air. These results indicate that while dark storage under static air is sufficient to arrest any
resistance reduction within three hours, sensors in open air conditions require roughly a day
to stabilize; by then, its resistance values would have decreased by an order of magnitude.

To test sensor response to proper storage environments, UV shielded desiccators were
used. After fabrication, all sensors produced for this project were stored in UV shielded
desiccators made with 99.9% UV-shielding clear acrylic material, and controlled to provide
a dry air environment with less than 20 % relative humidity. To test the storage stability
within these desiccators, newly fabricated sensors were placed inside and monitored. Prior
to placement into the desiccator, although much care was taken, each sensor was briefly
exposed to open air for about half an hour due to handling and transfer into the test cell.
Figure 5.14 is a resistance plot of these sensors over the course of 10 days. As expected, the
thicker 450 nm sensors exhibited higher stable resistance values of 10-50 M2, while the 200
nm sensors exhibited lower stable resistance values of 200-300 K¢2.

A high baseline resistance for a FePc thin film sensor indicates a pristine surface free of
adsorbed gas species. Although FePc thin film sensors inevitably lose some of its resistivity
when exiting a vacuum, storage in a dry, dark, and static environment can preserve most of
its resistivity. In these storage experiments, sensors stored in a desiccator at 20% RH under

air at room temperature are stable for 10 days, and there is no indication of any potential
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Figure 5.13: A resistance plot of sensors placed in open air, in a dark container with air,
and under ultra high purity nitrogen gas to simulate and compare storage conditions. The
temperature was a constant room temperature. Sensors stored under nitrogen and in a dark
container were able to achieve stable resistances of 500 M2 and 40 MS2 respectively within
3 hours. For the open air case, while stability is achievable within 20 hours, results show the
reduction in baseline resistance to only 100 K2 due to the compound effects of atmospheric
oxygen doping, humidity, and various light radiation on FePc thin films.
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loss of that stability over time. Film morphology also plays a role in stable resistance values.
Thicker 450 nm FePc thin films possess the thickness and morphology to remain at higher
resistance values under storage in a desiccator (>1 x 107Q), while 200 nm FePc sensors
possess a much lower resistance (2-3 x 105 ). Thus not only are thicker 450 nm FePc thin
film sensors more suitable as a passive sensor due to its adsorption capacity, but it is also
more able to retain resistivity under storage. A downside to thicker FePc films is the longer
durations required to reach stability, where nitrogen and contained air storage required 3

hours, reaching equilibrium with open air can take over 20 hours.
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5.4.2 Operational longevity

To investigate operational longevity, sensors were subjected to repeating temperature
cycles under 0.1 L/min flowing nitrogen gas. The temperature cycle profile begins at 20
°C, decreases to -50 °C, increases to 80 °C, and finally decreases back down to 20 °C. The
temperature ramp rates are a constant 2 °C per minute. In this experiment, 11 total cycles
were performed, spanning a total duration of roughly three and a half days. To compare the
temperature dependence of film thickness and substrate type, one N-type oxidized silicon
substrate, one P-type oxidized silicon substrate, and one quartz substrate sensor were taken
from each of four different FePc deposition batches. The four different batches have FePc
thin film thicknesses of 50, 100, 150, and 200 nm. This makes a total of 12 different sensors all
exposed to the same test conditions under simultaneous monitoring. The complete resistance
response plots for all 12 sensors are shown in Figure 5.15, while Figures 5.16, 5.17, 5.18, and
5.19 show the results for sensors with film thicknesses of 50, 100, 150, and 200 nm respectively.

From the resistance responses in Figure 5.15, it can be observed that the initial thermal
cycles show steadily increasing resistance readings. This can be explained by the desorption
of oxygen molecules, which have been allowed to dope the FePc thin films while the sensors
were exposed to air during handling and storage. However, after a few cycles, the resis-
tances stabilize as the adsorption-desorption kinetics of the film achieve equilibrium with
the nitrogen environment. At that point, the resulting changes in resistance become a strict
function of temperature. It can also be observed that sensors with thicker films require more
thermal cycles in order to reach equilibrium. From Figures 5.16, 5.17, 5.18, and 5.19, the 50
nm sensors required three cycles to reach a steady equilibrium, the 100 nm sensors required
four cycles to reach a steady equilibrium, the 150 nm sensors required at least six cycles
to reach a steady equilibrium, and 200 nm sensors only approach a steady equilibrium even
after 10 cycles. For comparison between the substrate types, sensors with N-type and P-type
oxidized silicon substrates generally behaved the same, while sensors with quartz substrates

consistently showed higher resistance readings at low temperatures, especially with the 200
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Figure 5.15: Under nitrogen gas, the temperature cycle of 12 different sensors representing
three different substrate types and four different film thicknesses show that film resistance is
mainly a function of temperature. The initial few cycles show steadily increasing resistance
readings due to the desorption of oxygen molecules, which tends to dope the film. After a

few cycles, the resistances reach stability as the adsorption-desorption kinetics of the film
in resistance become a

achieve equilibrium with the environment. The resulting changes
strict function of temperature.
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Figure 5.16: Temperature cycle of 50 nm FePc thin film sensors show that steady gas
adsorption-desorption equilibrium with the environment is reached after three cycles, upon
which the resistance values become mainly a function of temperature. For these sensors, p-
type oxidized silicon substrates exhibited a much higher resistance value at -50 °C compared
to the quartz and n-type oxidized silicon substrates.
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Figure 5.17: Temperature cycle of 100 nm FePc thin film sensors show that steady gas
adsorption-desorption equilibrium with the environment is reached after four cycles, upon
which the resistance values become mainly a function of temperature. For these sensors,
quartz substrates exhibited a much higher resistance value at -50 °C compared to the p-type
and n-type oxidized silicon substrates.
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Figure 5.18: Temperature cycle of 150 nm FePc thin film sensors show that steady gas
adsorption-desorption equilibrium with the environment is not reached until after six cycles,
upon which the resistance values become mainly a function of temperature. The difference
between n-type, p-type, and quartz substrates is not as pronounced as the other cases.
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nm film. It is postulated here that this is due to quartz possessing a slightly larger thermal
expansion coefficient with 0.59 ppm/K, compared to amorphous silicon with 0.5 ppm/K.
However, the most important result of this thermal cycling experiment is that FePc thin

films can reach stability in a nitrogen atmosphere within the temperature range of -50 to 80

°C.

5.5 Sensor fabrication parameters

In this research, the major sensor fabrication parameters are film thickness, substrate
type, and post-deposition heat treatment. During fabrication, FePc thin films of various
thicknesses ranging from 50 to 450 nm were produced. These films were vacuum sublimed
onto three substrate types: n-type oxidized silicon, p-type oxidized silicon, and quartz. To
optimize the FePc thin film morphology, post-deposition heat treatments ranging from 20
to 340 °C were conducted. Results from the analysis of these fabrication parameters are

presented in this section.

5.5.1 Film thickness

Film thickness in vapor deposited polycrystalline FePc films plays a large role in its
morphology, which in turn greatly impacts its electrical characteristics. An observation in
preliminary findings is that under air, sensors with thicker FePc films exhibit higher and more
stable resistance values compared to sensors with thinner films. This can be explained by the
increased distance between the surface of the film and underlying electrodes. In preliminary
findings as well as previous work, it can also be generalized that for sensors saturated under
100 ppm nitrogen dioxide, thicker FePc film sensors possess greater conductivity than thinner
films. The hypothesis is that given sufficient doping, charge carriers liberated in the thicker
FePc film have more conducting pathways to travel, due to the greater bulk and cross
sectional area between electrodes. Understanding the film morphology of FePc films that

were vacuum sublimed onto the sensor substrates can shed more light on these effects.
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To investigate film morphology, scanning electron microscope (SEM) images at 40,000-
45,000x magnification were taken for all fabricated FePc thin films and presented in Figures
5.20 to 5.27. The FePc thin films in this experiment were vacuum sublimed onto sensor
substrates at room temperature resulting in a microcrystalline a-FePc thin film. The regions
observed in these images lie within the 15 micron gap that exists between electrodes. The
substrate underneath this region is amorphous silicon dioxide, thermally oxidized from silicon
wafers. The evolution of grain growth as thickness increases is obvious, as small grains
initially grow in size until they begin impeding each other’s growth, upon which vertical rod-
like growth proceeds as seen in Figure 5.22. As thickness increases, the rod-like structures
may occasionally combine, to form larger rods, resulting in structures with increasingly
larger diameter, as seen in Figures 5.24 to 5.27. The total surface area of FePc thin films
does increase as thickness increases, potentially allowing for more surface adsorption sites
upon which electron accepting gas molecules can be adsorbed. The result is more charge

carriers are liberated in the bulk and thus less resistance is detected between the electrodes.
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Auburn SEI 200KV X40000 100nm WD 85mm
Figure 5.20: SEM image of 50 nm FePc thin film vacuum sublimed at room temperature

onto amorphous silicon dioxide shows fine a-FePc grains of roughly 20-30 nm in size well
distributed throughout the substrate.

Auburn - SEI 20.0kY  X40,000 100nm WD 8.6mm

Figure 5.21: SEM image of 100 nm FePc thin film shows slightly larger grain sizes and a
more dense distribution of grains across the surface of the substrate.
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Auburn SEI  20.0kVv X40,000 100nm WD 85mm

Figure 5.22: SEM image of 150 nm FePc thin film shows the onset of grains growing into
rod-like structures in a vertical direction away from the substrate. Grain sizes are also visibly
larger.

Auburn

Figure 5.23: SEM image of 200 nm FePc thin film shows continued vertical growth of the
a-FePc grains. The grain size is now at roughly 40-60 nm.
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Auburn ) SEI 20.0kY  X40,000 100nm WD 9.4mm

Figure 5.24: SEM image of 250 nm FePc thin film shows very well saturated growth of rod
structures, without a significant increase in grain size, each slightly oriented in a seemingly
random direction.

Auburn SEI 20.0kY  X40,000 100nm WD 8.0mm

Figure 5.25: SEM image of 300 nm FePc thin film shows that as available space is exhausted,
some grains combine and experience preferable growth, while others stop growing at a certain
level. The new grain growth actually creates space atop other grains.
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Figure 5.26: SEM image of 350 nm FePc thin film shows available space consumed by further
grain growth. Existing grains growing in size and new grains seeded on top of old grains
have both combined to create a very rough microcrystalline surface, with grain sizes ranging
from 20 to over 100 nm.

) - b

Auburn SEI  20.0kV X45000 100nm WD 95mm

Figure 5.27: SEM image of 450 nm FePc thin film shows even more pronounced grain
growth, both vertically in rod-like fashion and laterally to take up available space. This
markedly rougher film simultaneously possesses the highest resistance values under air as
well as the lowest resistance values under nitrogen dioxide, a character attributable to the
film’s roughness and continuity.
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Film thickness also affects film resistance due to the quality of contact with the electrode
fingers. Since the electrodes were deposited to a thickness of 200 nm over the silicon dioxide
or quartz substrate, the side face that serves as the contact face with the FePc thin film is
oriented perpendicular to the substrate. Assuming that FePc grain growth orientation on
gold is similar to that on silicon dioxide (away from the substrate plane), then it is expected
that FePc grains growing from the side of the electrode and FePc grains growing from the
silicon dioxide substrate would result in grain orientation mismatch at the interface. This
discontinuity in the FePc thin film may affect measured sensor resistance values. To examine
this discontinuity, SEM images at the interface region were taken for sensors with FePc thin
films of 250, 350, and 450 nm in thickness. These images are presented in Figure 5.28. From
the images, it is noticeable that for the 450 nm film, grain growth bridging the interface is
possible, whereas for the thinner films, there is a greater film discontinuity at the interface.
In air at room temperature, the measured resistance values are roughly 5, 10, and 50 M¢)
on average, and after reaching saturation from exposure to 100 ppm nitrogen dioxide, the
sensor resistance values reach around 50, 10, and 3 k2, for the 250, 350, and 450 nm sensors
respectively. While the 450 nm sensors possess the highest initial resistance, it also has the
lowest saturation resistance. From the SEM images, the reason for this characteristic may

simply be due to an improved film interface with the electrode.
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Auburn SEI 200KV X45000 100nm WD 9.7mm Auburn SEI 200KV X45000 100nm WD 9.6mm

(a) 250 nm FePc (b) 350 nm FePc

4] &

20.0kV X45,000

¢

Auburn SEI

(c) 450 nm FePc

100nm WD 9.5mm

Figure 5.28: SEM images taken at the interface between FePc thin film and the gold elec-
trodes for 250, 350, and 450 nm sensors. For the 450 nm film, grain growth bridging the
interface is possible, whereas for the thinner films, there is a greater film discontinuity at the
interface.
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5.5.2 Substrate type

The FePc thin film sensors in this research were fabricated on three substrate types:
amorphous silicon dioxide from n-type (phosphorous) silicon oxidation, amorphous silicon
dioxide from p-type (boron) silicon oxidation, and (100) quartz. The silicon dioxide layer
thickness for both n-type and p-type wafers were performed via wet etching to a thickness
of approximately 1 micron. To investigate any difference in morphology, SEM images were
taken. Figure 5.29 shows SEM images for 250 nm and 350 nm FePc thin films vacuum
sublimed onto each substrate type. For each thickness, the images show that FePc film
morphologies are relatively similar in terms of grain size and distribution, despite the dif-
ference in substrate type. Some slight visual difference can be detected, however these can
be attributed to the different brightness levels and contrast ratios for each image. Electrical
resistance measurements also confirm the similarity in morphology across the substrates, as
presented in the thermal cycling results of Figure 5.15. Since all three substrates essentially
consist of the same material in silicon dioxide, and that both amorphous silicon and quartz
are relatively smooth compared to the large molecular and unit cell size of FePc, this result
is somewhat expected. In summary, the differences in sensors based on each substrate type

are less significant compared to the differences from the other fabrication parameters.
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SEI 200kV X80,000 100nm WD 9.6mm Auburn

%
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(e) 350 nm, p-type (f) 350 nm, quartz

Figure 5.29: Visual comparison of FePc films deposited on n-type oxidized silicon, p-type
oxidizied silicon, and quartz substrates show similar morphologies under SEM for 250 nm
and 350 nm thick films respectively. (In these images, contrast and brightness were not
normalized.)
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5.5.3 Post-deposition heat treatment

Heat treatment of FePc thin films can affect film morphology and crystal structure,
and in turn affect sensor response to nitrogen dioxide. To investigate the effect of heat
treatment, identical 450 nm FePc thin film sensors fabricated from the same batch were
subjected to nine different temperatures for a duration of two hours. Each heat treatment
was conducted in a furnace under air. The annealing temperatures ranged from 20 (no heat
treatment) to 340 °C. For reference, at temperatures above 200 °C, revaporization of Pc thin
films has been reported to occur. Figure 5.30 shows AFM images taken from the surfaces of
sensors for each heat treatment. For reference, a sensor that had not been heat treated was
included in this test. Though grain growth was expected to occur at higher temperatures,
for annealing temperatures of 250 °C and below, no significant visual change in the surface
morphology of the FePc thin film was observed. At annealing temperatures of 280 °C and
higher, significant re-evaporation of the film occured, as visual surface features increasingly
diminished. For sensors with annealing temperatures 220 °C and higher, resistances were
unable to be measured at the standard 1 V bias, indicating film continuity between electrodes
has been sufficiently disrupted by the heat treatment.

In addition to investigating heat treatment effects on film morphology, a secondary ob-
jective of this experiment is to identify the best film for passive nitrogen dioxide detection.
After AFM analysis, the 10 sensors were subjected to a 100 ppm nitrogen dioxide gas ex-
posure experiment at room temperature. The resulting relative resistance change versus
time for each sensor is plotted in Figure 5.31. In this test, only sensors heat treated at
under 220 °C managed to produce a resistance response; the sensors that have been heat
treated at temperatures above 220 °C may have experienced substantial reevaporation, such
resistance readings could not be recorded. From the plot, the response trends indicate that
as heat treatment temperatures increases towards 190 °C, the relative resistance decrease
is larger. Assuming that relative resistance is a measure of the saturation state of surface

adsorption sites on the sensor, a lower relative resistance indicates greater surface coverage.
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(a) No treatment (b) 100 °C (c) 130 °C (d) 160 °C

(e) 190 °C (f) 220 °C

(h) 280 °C

(i) 310 °C (j) 340 °C

Figure 5.30: For sensors treated at or below 250 °C, AFM of 450 nm FePc thin films heat
treated at various temperatures show no significant effect of heat treatment on sensor mor-
phology, although grain restructuring and growth was anticipated to occur. The reason may
be that a heat treatment duration of two hours was insufficient to allow significant diffusion,
or that grain restructuring from a-FePc to -FePc has occured beneath the surface within
the bulk. As for films heat treated at 280 °C and higher, significant reevaporation of the
FePc thin film can be observed, which can explain why resistances were not measureable
accross the underlying electrodes.
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For higher temperature treated films, the larger decrease in relative resistance suggest that
heat treatment either reduces the total amount of surface coverage sites available for gas
adsorption, or exposes hard to reach adsorption sites and makes all adsorption sites more
uniformly accessible. Either case suggests that FePc films without heat treatment possess
greater capacity for detection without reaching saturation. Saturation conditions should be
avoided because at such conditions, the analyte adsorption-desorption kinetics are no longer
dependent on analyte concentrations but instead are dominated by the low availability of

adsorption sites on the film.
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Figure 5.31: The relative resistance change of various heat-treated sensors exposed to 100
ppm nitrogen dioxide show that as-deposited FePc thin films without heat treatment forms
a linear trend when plotted on a log scale, while heat treated films tend to experience higher
order effects as heat treatment temperature increases.
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For a sensor that monitors relative resistance change as a response to presence of analyte,
higher temperature annealed sensors may possess greater sensitivity (due to its larger relative
resistance change), but would also require a functioning reversing mechanism to address its
ease of saturation. Thus, for a passive integrating sensor, FePc films without heat treatment
would provide better characteristics for detection, provided that its sensitivity is adequate

for the target analyte concentrations that it is designed to detect.
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Chapter 6

Models and Predictions

There are two primary mechanisms that occur in the FePc thin film sensor presented in
this research. The first involves the electrical conduction mechanism in the FePc thin film,
as hole carriers mobilize under the application of a potential difference across the underlying
electrodes. The second mechanism involves sensor resistance changes due to gas adsorption
and desorption interactions between the FePc thin film and analyte gas molecules. Modeling
each mechanism can yield a method of evaluating sensor output as well as lead to a better
understanding of the sensor’s performance.

The modeling of electrical conduction in the FePc thin film involves two approaches, one
assuming bulk conductivity, and the other assuming only surface conductivity; although in
reality the complexity of film morphologies might suggest simultaneous contributions from
both bulk and surface conduction. A simple model that accounts for the electrode pattern
of the FePc sensor for each method of conduction shall be presented.

The response of FePc thin film sensors to analyte gases presented in this research can
be modeled based on gas adsorption-desorption kinetics. Gas chemisorption onto solids has
been extensively modeled by prior researchers using the Elovich equation [1], which expresses
film surface coverage as a function of time. However, for the passive FePc thin film sensor,
a model that accounts for a level of film saturation is of primary importance. Since the
sensor possesses a thin film morphology that was not designed for reversibility, accounting
for the differences between adsorption and desorption rates is also important. Construction
of such a model can offer a theoretical basis for calibration and sensitivity analysis that
can be applicable for any general passive sensing film. In this chapter a working model is

developed and the model’s predictions evaluated.
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6.1 Conductivity model for FePc thin films

There is some uncertainty as to whether gas adsorption induced MPc thin film conduc-
tivity is predominately a surface or bulk process. Two models are presented in this section
to describe surface and bulk conductivity. Each model takes into account the geometry of
the interdigitated electrode pattern on each sensor. These models provide a means by which
measured sensor resistance values can be converted to actual FePc film conductivity values.
The predicted conductivity values will be compared to known values for MPc thin films in
order to determine which conductive mechanism is more plausible.

The bulk conductivity model treats the FePc thin film as a bulk conducting film and
obtains conductivity from the inverse of bulk resistivity. The surface conductivity model
assumes surface conductivity as the only conductive mechanism and models the FePc film
between electrodes as a multitude of parallel conducting pathways along the surface. Because
electrical conductivity occurs across an interdigitated sensor electrode pattern, it is necessary
to account for the physical geometry of the electrodes. Thus both models incorporate the
electrode geometry used in this research. The sensor electrode geometry is presented in
Figure 6.1. The relevant variables and dimensional values are defined as follows:

op = Film bulk conductivity

0, = Film surface conductivity

J = Current density

E = Electric field

I = Current flow

A = Total cross sectional area

V' = Voltage

R = Resistance

d = Electrode gap spacing = 15 x 107 m

n = Number of electrode fingers = 25

[ = Length of electrode fingers = 2.97 x 1072 m
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Figure 6.1: Sensor inter-digitated electrode pattern consists of two main electrode contacts
for interface with measurement circuitry. The two main electrodes branch into 25 pairs of
parallel electrode fingers with a constant 15 micron gap in between fingers.

e = Width of electrode fingers = 22 x 107 m
h = Height of thin film

6.1.1 Bulk conductivity model

Bulk conductivity is quantified by the current flow through a cross sectional area due to an

electric field:
I /A 1 d d

J
S L 1
E V/d VA RA (6.1)

Op
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With reference to the sensor design diagrammed in Figure 6.1, the cumulative cross sectional

area between the electrode fingers can be expressed as:
A= (2n—1)lh + 2neh (6.2)

Substituting Equation 6.2 into Equation 6.1 yields the equation for bulk conductivity:

_d !
R |(2n—1)lh+ 2neh

Op

(6.3)

6.1.2 Surface conductivity model

The surface conductivity model treats the continuous FePc thin film between the interdigi-
tated electrodes as a series of parallel resistors. With this treatment, the surface conductivity

equation is expressed in Equation 6.5

(2n—1)l4+2ne
1 d 1 (2n — 1)l 4 2ne
— = — = 6.4
R 21: R, R.d (6.4)

1 d
R, R[(2n— 1)l + 2n¢] (6.5)

Os =

6.1.3 Model comparisons

To compare which model more adequately describes the conductivity of the FePc thin
film sensor, intrinsic resistance values from a temperature cycle experiment were converted
to conductivity using each model. Figure 6.2 shows the plot of conductivity values as a
function of temperature for each model. The FePc film thickness of the sensor was 450 nm.
Due to the thickess of the FePc film, a rough, grainy surface morphology with a high surface
area to bulk ratio is expected.

From the figure, the surface conductivity model predicts intrinsic values ranging from

9.51 x 1071 Q71 at -50 °C to 8.75 x 1072 Q! at 70 °C. For the bulk conductivity model,
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Figure 6.2: Plot of conductivity values obtained from the bulk and surface conductivity
models for a 450 nm FePc sensor, under nitrogen gas in the temperature range of -50 to 70
°C. The bulk conductivity levels range from 2.49 x 107® to 2.2 x 1075 Q= 'm~!, while the
surface conductivity levels range from 9.51 x 107° to 8.75 x 10712 QL.
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intrinsic conductivity values range from 2.49 x 107® Q= 'm~! at -50 °C to 2.2 x 107> Q= tm~!

at 70 °C. The conductivity values from each model are compared in Table 6.1 along with

reference values for other MPc films.

Table 6.1: Measured conductivity values for various MPcs

Phthalocyanine ‘ Condition ‘ Conductivity ‘ Reference
MnPc Vacuum 714 x 107° Q7 tm~1 | [2]
CoPc Vacuum 1.11x 1078 Q7 tm~1 | [2]
2.8 ppb NOy | 1.0x 1077 Q! [3]
44 ppb NO, | 1.8x 1077 Q! [3]
NiPc Vacuum 1.00 x 1078 Q= tm~1 | [2]
2.8 ppb NO, | 4.2 x 1079 Q! [3]
44 ppb NO2 | 8.6 x 1072 Q1 3]
CuPc Vacuum 833x 1072 Q7 tm~t | [2]
2.8 ppb NO | 2.4 x 1078 Q! [3]
44 ppb NO, | 8.4x 105 Q! [3]
FePc (Bulk)* Ny at 70°C | 22x 1075 Q7 tm=t | -
Ny at -50°C | 249 x 1078 Q= tm~1t | -
FePc (Surface)* | No at 70°C | 8.75 x 10712 Q! -
Ny at -50°C | 9.51 x 107'° Q! -

* From experimental resistance values converted with presented models.

Although some previous research have suggested surface conductivity as the conductive
mechanism of MPc thin films, it is reasonable to observe that due to the rough morphology
of polycrystalline a-FePc films, the actual conductive mechanism may be more of a combi-
nation of both bulk and surface effects, and that the two models each apply to two different
extremes in film morphology. The surface conductivity model can be applied to perfectly
smooth, single crystal, or monolayer type MPc films, where conductivity occurs strictly on
the surface because permeation of doping agents into the bulk is not possible. Meanwhile
the bulk conductivity model applies to very rough polycrystalline films with many defects
and trap sites, where charge carriers are liberated to form conducting pathways all along
the thickness of the film. Due to the FePc thin film morphology of sensors observed under

SEM, particularly for the 250-450 nm films, the conductive mechanism described by the
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bulk conductivity model will be assumed for this research. Comparison of bulk conductivity

values with other MPc conductivity values in Table 6.1 support this assumption.
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6.2 Response model for passive FePc sensor

The kinetics of gas adsorption and desorption on FePc thin films forms the basis of
modeling passive sensor reponse. The interaction of nitrogen dioxide gas molecules with FePc
thin films can be described by an electron donor-acceptor mechanism, where free electrons
in the FePc molecule participate in m-bonding with adsorbed nitrogen dioxide gas molecules.
The resulting complex creates hole charge carriers within the FePc bulk that can be mobilized
under the application of an electric field [4, 3, 5, 6]. Based on the principles of chemical
equilibrium and chemical activity, a simple model for surface coverage as a function of gas
concentration, adsorption rate, desorption rate, and time can be derived. Once the gas
adsorption and desorption kinetics is modeled, modifying the model to predict the induced
conductivity change on MPc thin films is possible. This relies on finding the underlying
relationship between surface coverage (or surface concentration) and film conductivity. As
this relationship is established, the model for gas adsorption-desorption kinetics can be
used to predict film conductivity as a function of time or concentration. Some researchers
suggest a proportional relationship between surface coverage and film conductivity while
others suggest a higher order power relationship [7, 8]. Both relationships shall be considered

and investigated. With this, the derivation of the sensor response model is presented.

6.2.1 Derivation of model

The basic chemical reaction for chemical adsorption and desorption of nitrogen dioxide

gas onto FePc thin films is as follows:

NOg(g) + FGPC(S) = NOQFGPC(S) (66)

The major assumptions made for this model are:

1. Adsorption only occurs at the surface; no diffusion into the bulk is considered.

2. All adsorption sites have identical energy; only one type of adsorption site exists.
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3. Film conductivity varies with the surface coverage.

Variable definitions:
N, = Total number of adsorption sites
N, = Number of occupied sites
k, = Adsorption rate constant
ks = Desorption rate constant

C, = Analyte gas concentration

%)

0 = Surface coverage (?

I = Film conductivity

I, = Steady state film conductivity

k; = Proportionality constant relating surface coverage to film conductivity (I = k;0)
S = Power constant relating surface coverage to film conductivity (I = 6°)

R = Sensor resistance

R, = Sensor initial resistance

R,s = Sensor saturation resistance

The governing equation for this sensor response model was adopted from the work of Low,
who performed extensive investigation into the kinetics of chemisorption of gases on solids [9].
This governing equation describes a simple site balance, stating that the change in number
of occupied sites with respect to time is equivalent to the number of analyte molecules

undergoing absorption minus the number of analyte molecules undergoing desorption:

dN;
dt

= k,Co(N, — N,) — kgN, (6.7)

Recognizing that the surface coverage is simply the fraction of occupied sites to total number
of sites, dividing Equation 6.7 by the total number of sites yields the differential change in

surface coverage with respect to time.
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o

R 1—0) — .
2 = kaCo1 = 0) = ka (6.8)

By separating the variables and integrating both sides, the general surface coverage equation

is thus arrived at in Equation 6.12:

dé

m = (kaco + kd)dt (69)
kaCo+kq
1 k,C,
- =279 = 1
/a_ede /ﬁdt, o= Bkt (6.10)
—In(a—0) +c=pt (6.11)
0 = — P70 (6.12)

A. Proportional relationship between conductivity and surface coverage
For the assumption that film conductivity is proportional to the surface coverage, a propor-

tionality constant k; can be introduced to obtain conductivity:
I 6 (6.13)

I'=Fi0 =k; |a— 779 (6.14)

Since sensor output is resistance and resistance has an inverse relationship to conductivity

(R = 1/I), this equation can be rewritten as:

1
= 1
R = o = epia] (6.15)

The initial boundary condition where R = R, when ¢t = 0 can be applied to determine the

constant c:

Ro:‘; c:—ln(a— ! ) (6.16)
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Similarly, the steady state boundary condition where R — R, as t — oo can be applied to

resolve the constant «:

v = 1
Ry = 1 (6.17)

Substitution of the boundary condition results back into Equation 6.15 yields the final form

of this sensor response model:

R ! (6.18)

e (Rlss - RL) el

A reorganized form of Equation 6.18 can be more useful for analysis:

1 — Bss
—pt =1In = i (6.19)

R,

The resulting Equations 6.18 and 6.19 describe the resistance response of a FePc thin film
sensor over time as it is exposed to nitrogen dioxide gas of a certain concentration, with
the assumption that a proportional relationship exists between film conductivity and surface

coverage. (Note that in these equations 5 = k,C, + kg.)

B. Power relationship between conductivity and surface coverage
Assuming that film conductivity follows a power relationship relative to the surface coverage,

a power constant S can be introduced to obtain conductivity:
I o6 (6.20)

I =ko5 =k [a — 6(_[%_0)]5 (6.21)
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Since sensor output is resistance and resistance has an inverse relationship to conductivity

(R =1/1), this equation can be rewritten as:

1
R= . (6.22)
ki [a — e(=Pt=1)]

The initial boundary condition where R = R, when ¢ = 0 can be applied to determine the

constant c:
1

1 S
@ (kz-R)

Similarly, the steady state boundary condition where R — R, as t — oo can be applied to

1
Ry=——= , c=—In
ki [oo — e~

(6.23)

resolve the constant a:

W=

a= < k;) (6.24)

Substitution of the boundary condition results back into Equation 6.22 yields the final form

of this sensor response model:

1
R= - - - = (6.25)
1 \53 1 \5 1\53 (—5t)
(7)) = |(&)" = (&) |e
A reorganized form of Equation 6.25 can be more useful for analysis:
R\ S
1 _ S8
—Bt=1In <R (6.26)
1 _ Rss K
R,

The resulting Equations 6.25 and 6.26 describe the resistance response of a FePc thin film
sensor over time as it is exposed to nitrogen dioxide gas of a certain concentration, with the
assumption that a power relationship exists between film conductivity and surface coverage.

(As before, note that in these equations § = k,C, + kg.)

117



6.2.2 Theoretical predictions and dependencies

The response models presented in the previous section can be used to predict the theo-
retical resistance response for FePc thin film sensors. For the assumption that a proportional
relationship exists between conductivity and surface coverage, Figure 6.3 details the concen-
tration dependency of the response curve based on Equation 6.18. Values for the various
constants have been arbitrarily assigned as follows: R, =1x 10® 2, R,, = 3x 103 Q, k, = 15,
kq = 5 x 1075, Note that the proportionality constant k; no longer exists because the steady
state resistance Rs has been assigned a value. From the figure, as concentration increases
from 0.5 to 100 ppm, the theoretical response curves become sharper and less gradual. It
is worth noting that in the first two minutes, the resistance response curves for the various
concentrations are virtually indistinguishable from each other, as resistance drops rapidly
from 1 x 10% to 1 x 10° Q. It is only until after five minutes of exposure that the magnitude
and rate of resistance change becomes distinguishable for the various concentrations.

For the assumption that a power relationship exists between conductivity and surface
coverage, Figure 6.4 shows the concentration dependency of the response curve for a fixed
S =5, and Figure 6.5 describes how the response curve evolves with the power law constant
S for a fixed concentration of 25 ppm. Both figures are based on Equation 6.25. Values for
the various constants have been arbitrarily assigned as before: R, = 1 x 10® Q, Ry, = 3 x
103 Q, k, = 15, kg = 5 x 107%. From Figure 6.5, like in the proportional case, the theoretical
response curves become sharper and less gradual as concentration is increased from 0.5 to
100 ppm. However in this case, the rate of change in resistance is immediately differentiable
between the various concentrations at the moment of exposure. This is due to the power law
relationship between film conductivity and surface coverage. To investigate the dependency
of sensor response on the power law constant S, Figure 6.5 shows response curves for a range
of S under a fixed concentration of 25 ppm. Observing Equation 6.25, the dependency on

S is such that as S increases, the response curve becomes more gradual. However, as S
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Figure 6.3: For the proportional conductivity versus surface coverage model, as concentration
increases from 0.5 to 100 ppm, the theoretical response curves become sharper and less
gradual as expected due to the higher concentrations of analyte gas. For the first two
minutes, the resistance response curves for the various concentrations are nearly identical
from each other, as resistance drops rapidly from 1 x 10® to 1 x 10% €. It is only until
after five minutes of exposure that the magnitude and rate of resistance change becomes
distinguishable across the various concentrations.
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increases above 10, the response curves rapidly converge. Further increasing S above 100

does not significantly affect the response curve.

Resistance (Q)

10 | | | | |

Time (minutes)

Figure 6.4: For the power law conductivity versus surface coverage model, as concentration
increases from 0.5 to 100 ppm, the theoretical response curves become sharper and less
gradual as expected. However in this case, the rate of change in resistance is immediately
differentiable between the various concentrations at the moment of exposure.
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Figure 6.5: For the power law conductivity versus surface coverage model, as the power
law constant S is increased, the response curve becomes more gradual, and shows a longer
time to saturate. As S increases above 10, the response curves rapidly converge. Further
increasing S above 100 does not significantly affect the response curve.
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6.2.3 Sensor calibration method

A further application of the sensor response model presented in this research is the de-
termination of a calibration equation. Assuming power law conductivity, an equation can be
derived to express a generalized resistance change as a function of analyte gas concentration.

For simplicity, variable v is introduced to represent the dimensionless generalized resistance.

1
1 _ Res 5
v(R) = In i ) (6.27)
SS S
1= (%)
Equation 6.26 can thus be rewritten as:
v = —(koCo + kq)t (6.28)

Taking the generalized resistance change and dividing it by exposure duration results in the

calibration equation:

V(R2) — v(B1) = Ay = —(koCo + ka) At (6.29)
Ay
Xt - _kaCo + kd (630)

Equation 6.30 is the calibration equation stating that the generalized resistance change
over time is a linear function of analyte gas concentration, with a slope equivalent to the
adsorption rate constant and the intercept equal to the desorption rate constant. Since the
sensor initial resistance and saturation resistance values can be experimentally determined
and vary little within the same batch of vacuum sublimed FePc films, and that the values for
adsorption rate, desorption rate, and power law constant remain consistent for a particular

FePc thin film, this calibration model becomes useful for evaluating passive sensor response.
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6.3 Application of sensor response model

The response models presented in this research can be applied towards an experimental
resistance response of a FePc thin film sensor, to evaluate its applicability to actual experi-
mental data, and also to obtain values for the unknown constants. In order to achieve these
objectives, curve fits were applied to recorded sensor response data obtained from a nitro-
gen dioxide saturation experiment. Figure 6.6 shows the plot of two 450 nm FePc sensors
exposed to 100 ppm nitrogen dioxide until saturation is reached. In the figure, the dotted
line is a curve fit based on the assumption that the conductivity varies proportionally with
surface coverage (Equation 6.18), while the solid line is a curve fit based on the assumption
that the conductivity follows a power relationship with surface coverage (Equation 6.25).

For both curve fits, sensor initial and saturation resistance values were obtained from
experimental maximum and minimum resistance readings of 2 x 107 ©Q and 3.5 x 10® Q
respectively. Since the curve fit variable 3 is a function of the analyte gas concentration as
well as the adsorption and desorption rate constants (8 = k,C, + kg), the same value for
was enforced for both curve fits. Least squares fitting yielded the values 8 = 4.59 and power
law constant S = 4.8. From the figure, the model with the power relationship assumption
between conductivity and surface coverage more closely describes the experimental resistance
response. The model that assumes proportional conductivity change predicts a trend that
reaches saturation faster than actual data suggests. The result is that the gas adsorption-
desorption induced conductivity change in a rough, polycrystalline o FePc thin film follows

the more complex power law mechanism.
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Figure 6.6: Two 450 nm FePc sensors are exposed to 100 ppm nitrogen dioxide until satu-
ration is reached. Their resistance response are indicated by the discrete data points. The

dotted line is a curve fit based on Equation 6.18 while the solid line is a curve fit based on
Equation 6.25.

124



6.4 Sensor calibration and performance

The evaluation of sensor performance parameters for passive sensing with FePc thin
films is made possible by the application of the passive sensing model and the sensor cali-
bration method presented in this work. Parameters such as sensitivity and limit of detection
can be determined by gathering experimental data for use with the calibration method.
For that purpose, an experiment was performed to obtain sensor response data to various
concentrations of nitrogen dioxide.

In this experiment, two 150 nm, two 250 nm, and two 450 nm FePc thin film sensors
based on silicon dioxide substrates were subjected to nitrogen dioxide gas concentrations in an
increasing and decreasing order, from 0.1 ppm up to 2 ppm and back to 0.1 ppm at 20 °C. This
concentration ramp profile was designed to test sensor response to actual sensing conditions
at around the nitrogen dioxide gas exposure limit of 1 ppm. For each concentration, sensors
were exposed to two and a half minutes of nitrogen dioxide gas followed by another two and a
half minutes of ultra high purity nitrogen gas. Figure 6.7 shows the nitrogen dioxide exposure
timeline for this experiment. Figure 6.8 shows the resistance response of all six sensors. The
Kin-Tek gas generator provides different concentrations of nitrogen dioxide gas by varying
the dilution flow rate, thus the overall flow rate varies from concentration to concentration.
For reference, the volumetric flow rates for each nitrogen dioxide concentration step are listed
in Table 6.2. The flow rates for each nitrogen purge step are held at a constant 0.25 L/min.

From the resistance response data shown in Figure 6.8, a calibration plot based on Equa-
tion 6.30 can be produced. Since the sensor response characteristics are similar between the
initial increasing concentration stage and latter decreasing concentration stage, to demon-
strate the usability of the passive sensing model at more saturated conditions, only data
from the latter stage is used for the calibration plot. To convert resistance measurements
to generalized resistance change, a power law relationship was assumed with the constant
S = 4.8 adopted from the curve fit of a saturated sensor response in Figure 6.6. Figure

6.9 shows the resulting calibration plot. As described by the calibration equation, a linear
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Figure 6.7: The nitrogen dioxide concentration ramp test profile consists of a series of in-
creasing concentration steps followed by a series of decreasing concentration steps. Each
concentration step includes two and a half minutes of nitrogen dioxide exposure followed by
a nitrogen purge of equal duration. This concentration ramp profile was designed to test
sensor response to actual sensing conditions at around the nitrogen dioxide gas exposure

limit of 1 ppm.

Time (minutes)

Table 6.2: Nitrogen dioxide flow rate vs. concentration

Concentration (ppmv) ‘ Volumetric flow rate (L/min)

0.1 4.81
0.15 3.20
0.20 2.40
0.25 1.92
0.3 1.60
0.5 0.96
1 0.48
1.5 0.32
2 0.24
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Figure 6.8: Sensor response to the nitrogen dioxide concentration ramp test shows the resis-
tance change of all six sensors versus time. Initially, the rate of resistance decrease for each
exposure correlates strongly with the concentration of ambient nitrogen dioxide gas, yet as
the sensor gradually approaches saturation, this correlation loses effect. The passive sensing

model presented in this research was developed to address this issue by taking into account
the saturation state of FePc thin films.
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trend is observed between generalized resistance change and concentration. The solid lines
in the figure represent curve fits for the first sensor of each thickness. The curve fits yield
adsorption rate constants of 2.789, 11.37, and 16.15 as well as desorption rate constants of
4.533 x 1077, 3.344 x 107%, and 1.003 x 10=° for film thicknesses of 150, 250, and 450 nm
respectively. From this calibration plot, since sensor sensitivity is by definition the slope of
the linear region, the adsorption rate constant is effectively the sensitivity of the sensor. In
general MPc thin film sensor applications, thinner films typically provide better gas sensitiv-
ity due to its responsiveness and high surface to bulk ratio. Yet for the passive sensing case,
thinner films may saturate too quickly to low doses of analyte concentrations as observed in
Figure 6.8. As for film desorption rates, analysis yields adsorption to desorption rate ratios
of 1.63 x 1077, 2.94 x 1077, and 6.21 x 1077 for the 150, 250, and 450 nm films respectively.
Thus for passive sensing, not only do the thicker 450 nm FePc films possess higher adsorption
rates for better sensitivity, its greater ablility to retain adsorbed analyte and prevent it from
undergoing desorption makes it more ideal for passive sensing.

The passive sensing capabilities of FePc thin film sensors may not make sense if the sen-
sor was unable to detect meaningful levels of nitrogen dioxide. As outlined in the objectives
of this research, a passive FePc thin film sensor should detect nitrogen dioxide levels at or
near 1 ppm as this level has been set forth as the maximum permissible exposure limit over
a typical work day. To evaluate lower limit of detection, the calibration plot was redrawn on
log-log scaled axes in Figure 6.10. This scaling allows inspection of the lower concentration
data points. By definition, the lower limit of detection of a sensor is the lowest concentration
at which the response departs linearity, where a further decrease in concentration fails to
impart a proportional decrease in signal. From Figure 6.10, it is determined that 0.3 ppm
nitrogen dioxide is the concentration below which this occurs, thus 0.3 ppm is established
as the minimum reliable detection limit for passive FePc sensors of 150, 250, and 450 nm in

film thickness.
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Figure 6.9: A calibration plot for 150, 250, and 450 nm FePc thin film sensors shows the
expected linear relationship between the change in generalized resistance and nitrogen dioxide
gas concentration. The discrete data points represent generalized resistance changes due to
exposure to specific gas concentrations. The solid lines represent curve fits on the first
sensor for each thickness using Equation 6.30. The curve fits yield adsorption rate constants
of 2.789, 11.37, and 16.15 as well as desorption rate constants of 4.533 x 1077, 3.344 x 1079,
and 1.003 x 107 for film thicknesses of 150, 250, and 450 nm respectively. These results
quantitatively illustrate the trend that thicker films possess greater adsorption rate constants
which result in improved sensitivity in a passive sensing scenario.
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Figure 6.10: The lower limit of detection of 150, 250, and 450 nm FePc thin film sensors
can be determined from a log-log scaled calibration plot. By definition, the lower limit of
detection of a sensor is the lowest concentration at which the response departs linearity. It
can be observed that the change in generalized resistance loses its linear relationship with
concentration in at roughly 0.3 ppm for all three film thicknesses. Thus it is determined that
0.3 ppm forms the minimum reliable detection limit for passive sensors 150, 250, and 450

nm in thickness.
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In conclusion, the passive sensing model presented in this work can successfully model
sensor response, provided that the initial and saturation resistance levels of FePc thin films
can be experimentally determined. The power relationship between surface coverage and
conductivity change in FePc thin films seems to hold true, primarily due to the complexity
of the rough surface morphology which affects the kinetics of gas adsorption and desorption
and ultimately the film conductivity in a higher order manner. The key model parameters
determined from the curve fitting of saturated and calibrated sensors are documented in
Table 6.3. In summary, passive, integrating type sensors may lack an intuitive response
characteristic that is easily linked to concentration, but using the calibration model presented
here, it is possible to integrate data acquisition with the calibration algorithm and obtain

reasonable and reliable estimates on nitrogen dioxide concentrations as low as 0.3 ppm.

Table 6.3: Sensor parameters determined from calibration model

FePc sensor film thickness
Parameter 150 nm | 250 nm | 450 nm
Sensitivity (k) 2.789 11.37 16.15
Intercept (kq) 4.533 x 1077 | 3.344 x 107% | 1.003 x 10~°
Power law (.5) 4.8
Lower limit of detection (ppm) 0.3
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Chapter 7

Conclusions

In this research, a passive, chemical resistance based thin film FePc sensor was designed,
fabricated, characterized, and tested. The object of this research was to investigate simple
and long term monitoring of hazardous levels of nitrogen dioxide gas using passive FePc thin

films. In summary, the major conclusions are:

1. FePc thin film sensors were manufactured via physical vapor deposition of FePc powder
onto gold inter-digitated electrodes patterned on silicon dioxide and quartz substrates.
Fabrication was performed using standard microelectronics fabrication techniques on

whole wafers.

2. The general response of sensors showed two to four orders of magnitude change in
resistance on exposure to 100 ppm nitrogen dioxide at 71, 20, and -46 °C, with sensor
saturation occurring within 25 minutes of exposure. In these tests, nitrogen dioxide
sensing for MPc based materials at sub-zero temperatures was successfully reported
for the first time. It was found that the low temperatures in fact increased the overall
sensor resistance change. Nitrogen dioxide gas adsorption by the FePc thin films was

relatively unaffected by temperature.

3. Temperature dependence experiments were conducted over the temperature range of
71 to -46 °C for 450 nm sensors, under ultra-high purity nitrogen (0.1 L/min), and
subsequently under nitrogen dioxide gas (100 ppm, 0.1 L/min), to investigate intrinsic
and extrinsic conductivity levels respectively. The results showed that the FePc thin

film conductivity dependence is described by the Arrhenius equation. The measured
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activation energies of 0.76 and 0.30 eV for intrinsic and extrinsic conductivity compared

well with reported values for other MPc thin films.

. Concentration dependence experiments were performed at room temperature over the
range of 0.5 to 2 ppm nitrogen dioxide. Sensor response showed that the change in
relative resistance over time can be used to differentiate different concentrations in
this range. However, this method can only apply for sensors with FePc thin films at

relatively low saturation levels.

. Specificity tests were conducted for the common atmospheric interferants ammonia,
water vapor, and oxygen. Ammonia at the concentration of 100 ppm was able to cause
de-doping of oxidizing species on the sensor. Thus ammonia can be used as a reversing
or cleaning agent for FePc thin film sensors. Exposure to 95% relative humidity air

and 99.8% were found not to affect the FePc thin film sensors.

. Operational longevity tests were conducted using a temperature cycle of -50 to 80
°C under flowing nitrogen gas, with sensor resistance continuously monitored and
recorded. Repetitive thermal cycling results indicate that FePc thin films possessed
excellent stability under these conditions. The only notable change in resistance was
due to the desorption of atmospheric oxygen, which occurred since the sensors were
stored under air. All sensors were able to achieve stable equilibrium under the ni-
trogen environment within 3-7 cycles, upon which resistance levels became a strict
function of temperature. Storage longevity tests indicate that sensor storage under a
dry, dark or UV shielded, enclosed container can preserve sensor baseline resistance

levels indefinitely.

. To investigate the effects of sensor fabrication parameters, the film thickness, substrate
type, and post-deposition heat treatment effects were analyzed. Under SEM, as film
thickness increased from 50 to 450 nm, larger grains and greater surface roughness

was observed. On n-type oxidized silicon, p-type oxidized silicon, and quartz substrate
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types, FePc thin films showed similar morphology as well as similar sensor response.
Post-deposition heat treatment results indicated that FePc thin films saturated faster
when heat treated in the range of 20 to 190 °C. In general, as-deposited 450 nm a-
FePc thin films without any heat treatment provided ideal passive sensor response
characteristics. These sensors possessed the highest sensitivity to nitrogen dioxide
concentrations (0.3-2 ppm), exhibited the largest order of magnitude change (2 x 107
to 3.5 x 10% Q), showed good stability under thermal cycling and storage, and were

not significantly affected by high humidity or high oxygen concentrations.

. Theoretical models for surface and bulk conductivity were presented as methods to
obtain film conductivity values from measured resistance, based on the sensor electrode
geometry. Comparison with published MPc conductivity values suggest that the bulk
conductivity assumption yields comparable intrinsic values of 2.2 x 107° and 2.49 x
1078 Q= tm~! at 80 and -50 °C respectively. These results indicate that for the rough
microcrystalline morphologies of a-FePc thin films, the bulk conductivity model more

adequately describes the actual conductive mechanism.

. A theoretical model for passive sensor response was derived with reference to estab-
lished equations on gas adsorption-desorption kinetics. Experimental sensor saturation
data revealed that film conductivity follows a power law of surface coverage. The pas-
sive sensing model also predicts a linear, proportional relationship between normalized
resistance change and analyte gas concentration, forming the basis for a calibration
plot. Experimental sensor response to a concentration gradient showed that the model
was able to provide excellent predictions for 150, 250, and 450 nm FePc sensors in
response to various concentrations of nitrogen dioxide. The calibration plot indicated
that the 450 nm FePc films possessed the best sensitivity for passive sensing, and that
reliable detection of nitrogen dioxide gas concentrations around 1 ppm was achievable,

with a lower limit of detection of 0.3 ppm.
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In conclusion, a passive FePc thin film sensor for the detection of nitrogen dioxide gas
was fabricated and demonstrated. The research presented in this dissertation is unique for
two main reasons. The first is that a passive sensing approach for an environmental sensor
based on FePc is fundamentally different from what has been done with other MPc sensors.
Passive sensing was made possible due to the high adsorption characteristics of the engineered
FePc thin film and the formulation of a passive response calibration model. The second is
that nitrogen dioxide sensing with MPc thin films has not been previously reported at sub-
zero temperatures. Other research into MPc thin film sensors for the detection of nitrogen
dioxide have at lowest been demonstrated at room temperatures. The FePc thin film sensor
in this research was able to operate at temperatures as low as -46 °C. It is worth noting
that at these conditions, the FePc thin film was more sensitive towards the detection of
nitrogen dioxide gas. For the above reasons, the approach of using a cost-effective, passively
monitored FePc thin film nitrogen dioxide sensor is different from previous work involving
active sensor systems and shows promise for use as an actual field sensor. Table 7.1 provides
a summary of all the parameters regarding the passive FePc thin film sensor presented in

this research.
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Table 7.1: Summary of sensor parameters

Parameter ‘ Value

Film thickness 450 nm

Intrinsic resistance* >2.0 x 107 Q
Intrinsic conductivity™* <1.1x107% Q7 tm~!
Extrinsic resistance** <35x 103 Q

Extrinsic conductivity**

>6.5x 1072 Q~1m~1

Adsorption rate constant/Sensitivity (k)

16.15

Desorption rate constant (kg) 1.003 x 1075
Power law constant (.5) 4.8

Lower limit of detection 0.3 ppm
Response time <1 min
Temperature range -46 to 71 °C
Intrinsic activation energy 0.76 eV
Extrinsic activation energy 0.30 eV

* Under Ny at 20°C
** Under NO, saturation at 20°C
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