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Abstract

The motivation for this thesis work is to identify, assess, and address the chal-
lenges associated with the use of polycrystalline ZnO as a gas sensing material in vari-
able humidity environments at room temperature. In this work, synthesis-structure-
property relations link the chemistry and physics of the materials involved.

The effects of humidity on gas sensing are investigated by looking at three specific
parameters: baseline drift, sensitivity, and response time. Ethanol, a regulated
volatile organic compound, is the test gas.

In identical humidity conditions, solid state synthesized ZnO films work better
as capacitive ethanol sensors than as resistive sensors, due to faster recovery times
(tens of seconds), no baseline drift, and comparable sensitivities. Further capacitive

sensing measurements show that increasing the humidity content of either the target

gas or the sensor’s envi enhances itivity without i ing the recovery
times. In comparison, the recovery times for a test gas of water vapor alone are
longer than for any ethanol-water vapor mixture. These findings suggest that water
vapor may interact with the target gas, in addition to the sensing material. At very
high environmental humidities (90% RH), the sensing responses for ethanol mixed

with relatively dry air show surface dehydration and subsequent re-hydration in the



iii
recovery stage due to the difference in the moisture content between the target gas
and the sensor’s environment

Comparisons between the electrical properties of ZnO prepared by two different
synthesis methods (solid state metathesis ZnO and Zn metal oxidation) in different
humidity conditions revealed that synthesis tuning mitigates the influence of humid-
ity on these properties. Solid state synthesized ZnO shows non-linear asymmetric
current-voltage (/-V) responses at moderate (40% RH) and high (60% RH) en-
vironmental humidities, with three orders of magnitude increase in sensing current
relative to dry (15% RH) conditions. In contrast, films obtained by oxidation showed
less than an order of magnitude increase in sensing current under the aforementioned
humidity conditions. The asymmetry in the I~V responses of solid state synthesized

films at moderate and high humidity is due to water electrolysis.
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Chapter 1

Introduction

1.1 Objective and overview

My approach to the materials physics is to develop a material that can do some-
thing useful. To achieve this goal, it is important to control the synthesis conditions
in such a way to yield a structure with desired properties. Understanding the link
between synthesis, structure and properties makes it possible to address many real-
world problems. In this context, a current and applied challenge that is faced by
petrochemical industries is related to methane burning. The process of petroleum
production at extraction sites involves the removal of methane from crude oil re-
serves. Methane is dissolved in crude oil and is present in small amounts (less than
2-5 percent) in these reserves. Since this methane is not useful and costly to purify,

it is separated from the crude oil and subsequently burned as it is sent through a



flare stack. If the burning of methane is complete, then only CO, and H,O should

come out of the flarestack, as given by Equation 1.1.

CH, + 20, — CO, + 2H,0 (11)

However, if the separation of methane from the crude oil is not efficient then there is
the possibility of other products like ethanol, carbon monoxide and hydrogen sulfide
to be emitted from the flarestack during this process. Thus, there is a need to
monitor products that are generated during the burning of inefficiently separated
methane. This could be beneficial for the owners of the industries, as they will know
if the combustion reaction is going on efficiently or not. That in turn helps them to
fix the problems and save the energy spent on the incomplete combustion reaction.
The other incentive to monitor these products is from environmental and health
perspectives, as the governments want to control the emission of toxic species into
the environment. However, the monitoring of these products is not trivial due to

possible interference from steam, ambient humidity and temperature. Therefore, my

thesis work is motivated by the challenge of ing a gas sensing material that
can selectively detect a single gas in such a complex environment. This problem is
not at all trivial and needs much effort.

In general, gas sensors are used to monitor levels of toxic gases such as carbon

monoxide (at home), nitrogen oxides, carbon dioxide and volatile organic compounds



(at industrial sites) [1-3]. Due to the wide range of possible target gases, it is useful
to develop materials that provide selective and repeatable gas monitoring in a variety
of environments. Ideally, sensing materials should exhibit fast response and recovery
times, good sensitivity and selectivity for a single test gas, environmental stability,
low operating power and adaptability to different temperature ranges [4,5]. As gas
sensing is a surface reaction, the selection of material for gas sensing also depends on
its characteristics surface structure and whether it is reactive to the gas that needs
to be monitored. The size, shape and morphology of the material also determine
its sensitivity to the target gas. Finally, depending on whether we need to monitor
electrical, optical, or other property changes due to gas sensing events our choice of
material may be different.

Although much fundamental research has focused on metal oxides in electrical
gas sensing studies, their practical use has been somewhat limited [4,6]. This limi-
tation is due to a variety of factors such as low sensitivity at room temperature, lack
of selectivity, drifting baseline and lack of studies in close-to-real operating environ-
ments [6]. Despite knowledge that factors such as humidity affect the properties of
oxide-based sensing materials [5,7], there is a lack of focus in addressing this situ-
ation. One possible remedy to minimize interference from unintended signals is to
control surface reactivity by tuning crystallite sizes and morphologies [8]. Another
strategy to improve selectivity to a particular target gas is to filter the incoming gas

stream with a chemically selective coating that overlays the sensor element [9,10].



Gas sensing materials are typically used as either resistive or capacitive sensing

elements [5, 11]. Such sensors work on the principle that exposure to a target gas

causes a change in either the electrical resistance or dielectric
of the sensing element. Metal oxides have been studied extensively as resistive

gas sensors, but less so as capacitive gas sensors [4, 12, 13). Resistive-based gas

sensors can suffer from high il i s, which i large voltages
for sensor usage [14]. Capacitive gas sensors do not suffer from these problems, but
the electronics required for transducing the dielectric response changes tend to be
more costly to implement [4].

This thesis work investigates the effect of a wide range of ambient humidities on
the electrical and gas sensing responses of polycrystalline zinc oxide (Zn0O). My aim is
to highlight the challenges associated with the use of ZnO as a gas sensing material in
variable humidity environments, and to use correlated synthesis-structure-property
studies to identify possible remedies.

Zn0 is a 1I-VI compound semiconductor with a direct band gap in the range
of 3.40 eV to 3.10 eV [15-18]. It has an hexagonal wurtzite structure, as shown in
Figure 1.1, with lattice constant values of @ = 3.250 A and ¢ = 5.207 A [15,19].
In this wurtzite structure, each oxygen ion (0?") is surrounded by four zinc ions
(Zn**). The wurtzite structure of ZnO is the stable phase at all temperatures up
to its melting point (1977 °C), at normal atmospheric pressure [15,20-22]. ZnO in

its native form (with no intentional doping) is an n-type semiconductor [23]. The
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Figure 1.1: Representation of ZnO’s wurtzite structure. Large yellow spheres corre-

spond to oxygen and small red spheres correspond to zinc.

source of this n-type conductivity is still controversial and has often been attributed

or shallow donors such as

to defects (including Zn interstitials and O vacancie
hydrogen [15,21,24]. ZnO is a promising material in devices like light emitting
diodes [15], transparent conductive films [25], solar cells [26] and gas sensors [4].

Despite decades of research, comprehensive knowledge of the surface reactivity of

Zn0O is still not in hand [27,28]. Since ZnO shows slight solubility in water and

relative instability in high ambient humidities [29,30], the nature of this metal oxide-

based sensor’s environment can broadly affect its electrical behavior [5,16,28,31].
ZnO has been synthesized by techniques such as metal-organic chemical vapor

deposition [32], molecular beam epitaxy [33], thermal decomposition [34] and pulsed

laser deposition [35] These methods require high temperatures and /or high vacuum.

On the other hand, solid-state metathesis reaction synthesis [12] is promising due




to its high throughput possibilities even at room temperature and pressure. Fur-
thermore, this method offers an advantage of being translated from the laboratory
scale to the industrial scale very easily. It has been used by others to tune crystallite
morphologies and to produce substrate-free ZnO [12,18,36-41]. Another technique
that allows the synthesis of both substratefree and substrate-supported materials
with a variety of sizes and morphologies is metal oxidation by gas/solid phase or
liquid/solid phase reactions [42-44].

In this thesis, T describe my work on the impact of ambient humidity on the elec-
trical and gas sensing behavior of ZnO synthesized by two different methods. Chap-
ter 2 describes the fundamentals behind gas sensing and ZnO syntheses, and Chapter
3 describes techniques and instruments used for ZnO characterization. In Chapter
4, T discuss the structural, morphological and optical properties as well as growth
of polycrystalline ZnO. Chapter 5 illustrates the problems associated with resistive

sensing of ethanol in ambient temperature and humidity conditi I d

that ZnO films give repeatable and faster ethanol sensing responses when used as
capacitive sensors compared to their use as resistive sensors. In Chapter 6, I show
that ZnO synthesis conditions play a critical role in determining the electrical re-
sponses of ZnO in different humidities. Chapter 7 describes collaborative work with
Jiaqi Cheng (PhD student in the Poduska research group) to quantify the effects
of water vapor on ethanol sensing capabilities of ZnO in variable ambient and gas

humidity environments. This chapter also describes strategies to eliminate the am-



bient and gas humidity effects on the sensing responses of our samples. Chapter 8

summarizes my work on the challenges with and strategies for using ZnO films as
sensor materials in variable humidity environments. This chapter also gives future
directions for understanding and mitigating the effects of water vapor on the surface
properties of ZnO.

Synthesis studies on oxidation of Zn metal in water has evolved into a manuscript
entitled “A new route to additive-free ZnO synthesis in water” that is under prepa-
ration for submission to Crystal Growth and Design. The capacitive ethanol sensing
studies with different humidity contents in the environment as well as in the target
gas have resulted in a manuscript entitled “Humidity enhances capacitive sensing
by polycrystalline ZnO at room temperature”, that has been submitted to Sensors
and Actuators B: Chemical in August 2011. Furthermore, I have also contributed to

a paper entitled “Electronic sij of spatial ities in ZnO electrode-

posits”, which was submitted to Applied Physics Letters in September 2011.



Chapter 2

Fundamentals of ZnO Synthesis,

Structure and Surface Reactivity

ZnO is an attractive semiconductor from both fundamental and applied research
perspectives. To use ZnO as a gas sensing material, it is important to know the
operating principles behind sensors and what material properties are desirable for
their sensing elements. This chapter outlines the physics fundamentals relevant for

using ZnO as a gas sensing element.

2.1 Surface chemistry and conductivity of ZnO

Zn0 has diverse surface chemistry. Tn an hexagonal structure, ZnO has polar and

non-polar surfaces. The polar surfaces are Zn-terminated (0001) and oxygen termi-



Table 2.1: Experimental work function values of different ZnO surfaces

7n0 surface Work function (eV)
Zn-terminated (0001) 3.6 [46]
O-terminated (000T) 4.8 [46]
Mixed-terminated (1010) 4.5 [46]

nated (000T) [27). The non-polar surfaces are mixed terminated (with equal number
of Zn cations and O anions) and include (1010) and (1120) [45]. The experimental
work function value for each ZnO surface is also different, as shown in Table 2.1 [46].
Consequently, these ZnO surfaces interact differently with various species such as
water vapor, carbon dioxide or other gases [8,27,47]. Studies by others with single
crystals of ZnO in ultra high vacuum conditions show that the polar surface (000T)
has strong water dissociation that results in hydroxylation of the surface [27]. The
interaction of water molecules with a mixed terminated surface (1010) shows only
adsorption and not dissociation, based on desorption data collected at 67 °C [27].
These differences in surface reactivities have been exploited in gas sensing studies
to attain improved gas selectivity [8]. For instance, it has been found that a mixed
terminated (1010) surface shows much higher sensitivity to ethanol [8] compared to
other gases (such as ammonia and hydrogen), when tested at temperature of 300
°C.

One of the reasons that surface reactivity studies on ZnO are so complex is

that it typically has a high n-type conductivity even in its native form, when no
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intentional dopants are added. This is true even for single crystals of ZnO studied
and prepared under controlled environments [15,21,24,48]. First principles studies
show that hydrogen is the cause of n-type doping [21]. This finding was later

supported experimentally by et al. based on lumi and Hall-

effect data for a single crystal of ZnO [49]. However, in another study, Look et
al. investigated hydrothermally grown c-axis oriented ZnO and did not find the
H-related donors on the surface of ZnO [48]. The controversy about the origin of
n-type conductivity is not the focus of this thesis, but it dramatically increased the

scientific community’s interest in ZnO and its electronic properties.

2.2 7ZnO as a gas sensing material

Many recent review articles have been dedicated to gas sensing using metal ox-
ides. Some of these articles have provided crucial insights into this problem. For
example, a review by Barsan and Weimer deals with surface adsorption processes
and conduction model for polycrystalline metal oxides such as SnO; and ZnO [50].
Another article from the same group outlines the initial steps (such as the use of the

AC, DC, scopic, and mi i ) for understanding the detec-

tion of CO in the presence of humidity with polycrystalline metal oxide sensors [7].
Wang et al. provide a consolidated list of factors (such as the chemical composi-

tion, microstructure, and temperature) that influence sensitivity in such sensors [51].
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Christof Woll's paper deals with the changes in the structure and bonding of differ-
ent crystallographic surfaces of ZnO due to the adsorption of gases such as hydrogen,
water vapor and carbon monoxide [27]. In the following subsections, I will summa-
rize the most relevant points (like the effects of sensing on band structure, and the

factors that affect sensitivity) pertaining to ZnO gas sensors.

2.2.1 ZnO band structure and gas sensing

To understand the physics behind gas sensing, it is important to know how the
band structure of ZnO is modified at interfaces. Figure 2.1a shows a bulk energy
band diagram of ZnO [52]. Since ZnO is n-type in its native form, the Fermi level is
located close to the conduction band. The electron concentration in the conduction

band is given by Equation 2.1 [52].

P =Tl e (L;TEL) (2.1)

Here ny is the density of donor atoms, n; is the intrinsic carrier concentration, Ep

is the Fermi energy, Ep; is the intrinsic Fermi energy, & is the Boltzmann constant,

and T is the temperature.

In general, when two materials are brought in contact with each other, equilib-
rium is established through the equalization of their respective Fermi levels, and the
shape of the ZnO bands is altered. If the Fermi level of the interface material is

lower than that of ZnO, then there is a transfer of electrons from the later to the



Figure 2.1: Band diagram of (a) bulk ZnO and (b,c) modified ZnO due to interface
formation. In (b) and (c), energy is plotted along the vertical axis, and distance is
along the horizontal axis. As the distance z increases, we are moving away from
surface and going into the bulk of ZnO. (b) and (c) also show that band bending is
restricted to z < %. Eg, By, Ep, Ep; stand for the conduction band, valence band,
Fermi level and intrinsic Fermi levels. Egg denote the surface states. g¢; denotes
the energy barrier encountered by electrons to move from ZnO to the interface in
(b), and vice versa in (c). ¢ denotes the work function, and x is the ZnO electron

affinity.
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former, which causes the ZnO bands to bend (Figure 2.1b [50]). These electrons are
trapped in surface states, which causes a depletion of free carriers at the interface.
Likewise, if the Fermi level of the interface material is higher than that of ZnO, then
electrons will transfer from the interface material to the ZnO, and bands will be
altered according to Figure 2.1c [52]. This will cause an accumulation of electrons at
the interface region. As a result of this equilibrium, a potential is established near
the surface of ZnO, which inhibits further flow of electrons from or to ZnO. The
distance over which this potential is seen within ZnO is denoted by z (as shown
in Figure 2.1b and ¢). Due to the electric field present in the 2<z region, there
are practically no free carriers over this distance. Hence this region is called the
space charge region. The potential created by the interface material in the ZnO is
determined by Poisson’s equation (shown here in one dimensional form), assuming

that the effect of this potential extends to some point z in ZnO [52,53].

(22)

PVE) _ —p _ B
& ¢ e
In Equation 2.2, Vi) denotes the electric potential in ZnO due to the interface
material, Eg is the electric field, p(,) is the charge density, and ¢ is the permittivity

of ZnO. Solving Equation 2.2 under boundary conditions such that the effect of

potential extends to point z gives the following expression for potential in ZnO:

_ 9 _ I: 9.1
Vi = 2 (- 5 ) 23)



and ;) as:
m,
B =4 @0 (2.4)
It is clear from Equation 2.3 that the potential in ZnO changes quadratically with

distance from the surface, as shown in Figure 2.1b,c [6,51). The maximum field

exists at the ZnO surface (z=0):

qna
Blnar) = T2 (25)

At z=1y, Equation 2.3 becomes:

(2.6)

M43 E(maz)®
V(mn):%:q;fo: (maz)T(0)

In Equation 2.6, ¢, represents the barrier height. The width of the space charge

region W can be extracted from Equation 2.6:

(27)

Considering a carrier concentration of 10! cm™3, a bulk dielectric constant of 8.8

and barrier height of 0.5 eV for ZnO, the width of this space charge region is about

20 nm [54], which is much smaller than the thickness of our gm-range ZnO films.
Due to charges stored in the space charge region that cannot move freely into

the bulk ZnO, this region has a i per unit area iated with it [53]:

(2.8)

Cinter face =
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Substituting Equation 2.7 in Equation 2.8 gives a relationship for interface capaci-

Cnterface = ,/q"': (2.9)

We have already seen that different crystallographic surfaces of ZnO have dif-

tance per unit area [55-57].

ferent work functions (Fermi levels) [46]. In polycrystalline ZnO, there are many
grains, and the surface of these grains may be terminated by Zn or O or a mixture
of Zn and O. Therefore, when an interface between two differently terminated grains
is formed, it can result in the situations depicted in either Figure 2.1b or c¢. How-
ever, the surface terminations need not be ideal and differences in surface structure
and composition will also change the band structure. Based on well accepted and
studied models for polycrystalline ZnO, the gas sensing behavior is dominated by
the interfaces shown in Figure 2.1b [50]. This is because flow of electrons is difficult
from ZnO grains that are interfaced like those shown in Figure 2.1b, but is easier
across the grains that are interfaced like the ones showed in Figure 2.1c.

If the interface shown in Figure 2.1b is exposed to ethanol (a reducing gas), the
adsorbed molecules cause the ZnO to release electrons back from trapped surface
states into the conduction band. This causes a reduction in amount of bending after

ethanol adsorption, which d i of the sensor [58]. This is because

the ethanol interaction at the interface weakens the potential and hence electric field
in such ZnO grains. Adsorption of water vapor on such grain interfaces also causes

a decrease in the resistance. Since water has a dipole associated with it, when it




16

adsorbs at the grain interface, its dipole will align and cause an accumulation of
electrons in the space charge region. This will result in decreased band bending
[7,59].

In the case of capacitive sensing by polycrystalline ZnO, the measured capaci-
tance value is the electrode area (A) times the sum of the bulk ZnO capacitance,

and the capacitance due to all the interfaces.

Creasured = A(Coutke + Cinter face) (2.10)

The bulk capacitance per unit area of ZnO can be calculated by considering bulk
permittivity and thickness.

(2.11)

The approximate bulk capacitance value obtained for our ZnO films (thickness ~
100 sm and area of 0.5 cm?) is about 30 pF.

Since ethanol adsorption causes an increase in interfacial capacitance due to
an increase in electron concentration (Equation 2.9), it also shows up in the mea-
sured value of capacitance according to Equation 2.10. Tn fact, capacitive gas sens-
ing detects changes in interfacial capacitance (Cinter/ace) due to adsorption of gas
molecules at these exposed interfaces. Due to the very large dielectric constant of
water ( 78.5) [11], the adsorption of water molecules at the grain interfaces will
also increase the interfacial capacitance. As a result, the overall capacitance of ZnO

increases with an increase in ambient humidity.



2.2.2 Review of commercial ZnO gas sensors

Commercially available gas sensors are typically based on two types of materials:
oxide materials [4,5] and conducting polymers [11,60]. Metal oxide-based sensors
(such as ZnO and Sn0O,), offer the advantages of thermal, mechanical and structural
stability at extreme temperatures [2,4,7]. These metal oxides are sensitive to a
wide variety of gases. They are non-toxic and easy to synthesize. On the other
hand, polymer-based gas sensors (such as polypyrrole and polyaniline) work well
at ambient temperatures and display higher sensitivities and shorter response times
[60]. The design of these sensors is such that a polymer layer is deposited on a
metal electrode and another metal electrode is coated on top the sensing layer.
When a gas molecule comes in contact with the polymer, it will cause a physical or
chemical change. In the case of volatile organic compounds, there is swelling in the
polymer layer (which is proportional to the concentration of the gas molecules) that
causes a change in resistance of the polymer. However, these polymers are averse to

temperatures close to their glass transiti (an of melting

point in solids). [61]. In addition, the long polymer chains in their structure can break
into smaller chains under repeated exposure to natural light with high ultraviolet
radiation [5]. Therefore, they display more thermal and structural instabilities [60].
Another major disadvantage of polymer based sensors is that their humidity response
is very high, therefore the signal due to a target gas can be lost [4].

Despite the potential advantages of metal oxide gas sensors, they have some
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technological disadvantages. This is due in part to their lack of selectivity, which
necessitates their calibration with a change in their installation environment [5,6].
Another reason is that they require high temperatures to achieve high sensitivities to
the target gases, and hence their power consumption is high. This drives the cost of
the metal oxide sensors higher than the polymer based sensors [3]. Another impedi-
ment for their application in oppressive environments comes from the integration of
these sensing materials in the sensing devices. This is due to the stability issues of the
associated circuitry in extreme temperatures, humidity, and wet environments [5].

There are many studies that demonstrate the use of polycrystalline ZnO as a gas
sensing material [5]. It is sensitive to different classes of gases like volatile organic
compounds, toxic industrial pollutants (such as SO,, HyS and NO,.) and other gases
(CO, O, Hj etc.) [4]. Seiyama et al. first reported that the conductivity of ZnO
thin films increases in the presence of gases like ethanol and propane [62]. After
this report there were numerous studies on the use of ZnO to detect all of the
aforementioned gases [5]. The bulk of the gas sensing studies deal with improving
the sensitivity to different target gases. This drive is due to the stringent regulations
set by governments on the levels of different harmful gases [2].

ZnO pellets [13], thin films [63], nanoparticles [12] and nanorods [58,64] have
been used in the gas sensing studies. The advantage of nanostructures is that the
sensitivity to a target gas is better than in bulk structures due to their large surface-

to-volume ratios [65]. For example, Wan et al. demonstrated that the film consisting
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of ZnO nanorods (25 nm diameter) show 50 times higher sensitivity to ethanol than
the bulk ZnO [58].

In addition to the size reduction, there are other methods to improve the sensi-
tivity of ZnO sensors. For example, it has been reported that individual nanorods
forming a Schottky contact with Pt show 1000 times higher sensitivity to carbon
monoxide than the corresponding Ohmic contact device [66]. Other studies show
that doping ZnO with metals (such as Pd and Nd) results in increased sensitiv-
ity [67,68]. Cao et al. demonstrated that sensitivity to ethanol is enhanced by a
factor of 2, by doping ZnO with 2 at% Nd. They attributed this increase to the
promotion of dehydrogenation reaction of ethanol [67].

Some gas sensing studies report the drift in resistance baseline of a ZnO sen-
sor [69-71]. The reason for the baseline drift is stated to be applied voltage bias
induced change in the resistance, due to oxygen adsorption and desorption. When
a bias voltage is applied, depending on the polarity of electrode, it facilitates oxy-
gen adsorption or desorption. Oxygen adsorption increases the resistance over time,
while oxygen desorption results in a decrease in the resistance with time [69]. There-
fore, the magnitude and direction of the drift varies with the time. Other studies
show that the prolonged exposure (of a few hours) of ZnO to oxygen at the desired

operating tabilizes the res baseline [70].

Like other metal oxides, the conductivity of a ZnO sensor also increases in the

presence of water vapor or humidity in the environment [51,72]. Studies by others
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show that ZnO nanowires interact with species such as water vapor and CO, [29,30].
In addition, water vapor can cause the surface of polycrystalline ZnO to be hydrox-
vlated [72]. Moreover, these surface hydroxyl groups can react with atmospheric
carbon dioxide to make amorphous ZnCOs on the surface [29]. Hence, the proper-
ties of ZnO are greatly influenced by the presence of ambient water vapor. Since
ZnO is reactive to water vapor as well as the target gas, therefore, water vapor also
interferes with the gas sensing responses of ZnO [73]. However, there is lack of focus
in addressing this situation in the context of gas sensing. Therefore, the motivation
of this thesis work is to use a range of materials physics approaches to quantify the
effects of water vapor on the electrical and gas sensing responses of ZnO.

A major challenge for metal oxides in general and ZnO in particular is the lack
of selectivity, as these materials are sensitive to almost all the gases [4]. Strategies
to improve selectivity is therefore an emerging area for gas sensing studies on metal

oxides [9,10]. Discussion about how to improve selectivity will follow in Section 7.2.

2.3 ZnO syntheses

Synthesis of a material directly impacts the properties exhibited by it. There
is always a quest for new synthesis approaches that are easy and translatable to a
large scale. Synthesis methods explored for ZnO have included magnetron sputter-

ing [74], chemical vapor deposition [32], molecular beam epitaxy [33], pulsed laser
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deposition [35], sol-gel synthesis [75], electrodeposition [76] and hydrothermal syn-

thesis [77,78]. Within the last decade, solid-state hesis reaction

have attracted attention as a high-yield way to synthesize oxides, nitrides and
sulphides [79,80]. Metathesis reactions exploit exothermic processes between fine
powders of transition metal salts and main group salts to induce self-propagating,
thermally-driven chemistry without the need for an external heat source. The re-
sulting products are polycrystalline nanoscale particles with tunable sizes and mor-
phologies. Thus, there is an opportunity to tailor the physical properties of the
resulting metal oxide nanostructures to facilitate their use in technological applica-
tions such as gas sensors [12,18,36,38-41,81,82]. Polycrystalline ZnO with a range
of crystallite sizes and morphologies has also been obtained by Zn-metal oxidation
by gas/solid phase; liquid/solid phase reactions [42-44].

In general, synthesis methods where the growth kinetics are slower yield the ZnO
structures with preferred orientation [15]. For example, preferred growth along ¢
axis is commonly obtained from techniques like magnetron sputtering and molecular
beam epitaxy [33,83]. However, it must be noted that the substrates used in these
techniques are also highly oriented, which could induce textured ZnO growth. Zn-
metal oxidation by liquid/solid phase reactions tend to give c-axis oriented struc-
tures [44]. Moreover, thermal oxidation by solid/vapor method has been used to

obtain ZnO nanorods and by lling the depositi 2 and

catalyst [65]. Nanorods of ZnO have been obtained by using a catalyst; however
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is another

without it, nanobelts have been obtained [84,85]. Hydrothermal synthesi
technique that is reported for control over sizes and morphologies of polycrystalline
ZnO films. Joo et al. [78] were able to suppress growth along the c-axis by using
fons such as Cd, Cu, Mg and Ca to form an inhibition layer on the (002) face. On
other hand, nanorods with large aspect ratios were obtained by using Al, In and Ga,

that inhibited lateral growth.

2.3.1 Solid-state metathesis reaction

Polyerystalline ZnO films obtained from different synthesis techniques display
a range of morphologies that depend on synthesis conditions. ZnO has three fast
growing directions, which are (0001], [0170] and [2TT0] [65]. The morphology of
Zn0 is dependent on relative surface activities of various growth facets under the
synthesis conditions [36].

lly used to ize ZnO nanoparticles

Solid-state metathesis has been
and nanorods at room temperature [12,37,39-41]. Such a reaction is exothermic in
nature, meaning that the difference in the enthalpies of formation (AH;) between
products and reactants is negative. Considering the reactants ZnCly and NaOH

mixed in molar ratios of 1:2, the chemical reaction is [12,87]:

ZnCl; 4 2NaOH — Zn(OH); + 2NaCl (2.12)
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(AHj = -47.1 keal /mole)

Zn(OH); — ZnO + H,0 (2.13)

(AH; = +13.2 keal/mole)

This solid-state synthesis of ZnO is not limited to the aforementioned zinc salt
precursor. It is possible to obtain the ZnO by reacting other zinc-based compounds

with NaOH or KOH [18,36]. One possibility is ZnSOj:

ZnSO4 + 2NaOH — Zn(OH); + Na,SO,4 (2.14)

Zn(OH); — ZnO + H,0, (2.15)

while another is Zn(NOg),:

Zn(NOs); + 2NaOH — Zn(OH); + 2NaNOjy (2.16)

Zn(OH); — Zn0 + Hy0. (2.17)

Table 2.2 summarizes the enthalpies of formation for all three reactions. In this
thesis work, ZnO is obtained by the reaction between ZnCl, and NaOH.
The morphology of solid-state synthesized ZnO can be influenced by the pres-

ence of a third reactant like sodium dodecyl sulfate (SDS), polyethyleneglycol (PEG),
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Table 2.2: Final enthalpies of formation for solid-state metathesis reactions based

on different precursors.

Starting salt | Final AH (kcal/mole)
ZnCl 33.9 [37]
ZnSOy -34.2 [87]

Zn(NOs), -44.0 [87]

cetyltrimethylammonium chloride (CTAB), or triethanolamine (TEA) [12,18,38-41].
Other studies have utilized the presence of a salt like KCI to change the particle
size [36]. The addition of a third reactant can slow down the growth of ZnO in cer-
tain directions, thereby allowing the preferential growth into rod-like morphologies
instead of nanoparticles [12,18,38-41]. Additional reactants can introduce new by—
products, many of which can be removed by rinsing with ultrapure water, alcohol,
sonication, centrifugation or oven drying [12,18,36,38-41]. The solid-state metathe-
sis reaction technique has been used to tune electronic and optical characteristics of

ZnO by changing of particle sizes and shapes [12,18,36-41].

2.3.2 Electrodeposition of Zn and its oxidation to ZnO

Recently, ZnO has been synthesized by heating Zn metal in ultrapure water

[43,44]. Zn metal can be bought from commercial sources or synthesized by different

techniques. In this thesis work, an electrodepositi ique was emy to

synthesize Zn metal films on steel el which were oxidized by




heating in ultrapure water.

Electrodeposition involves coating a material on the target electrode that is im-
mersed in a suitable electrolyte (containing cations of that material) under appli-
cation of potential [88]. One has to consider the pH and potential values at which
chemical species are stable in that aqueous solution. This can be summarized in
Pourbaix diagrams [89]. These potential vs. pH plots are based on thermodynamic
calculations of the stability of the metal oxides, metal hydroxides, and metal ions in
water. Figure 2.2 shows a simplified version of the Pourbaix diagram for Zn?*, Zn,
and Zn(OH), at 25°C and 1 atmosphere [89]. The standard potentials for electro-
chemical reactions are shown on the y-axis and measured relative to the potential

difference between a working electrode, at which the reaction occurs, and a reference

ition is

electrode. In this thesis work, the 1 potential for el
reported against a Ag/AgClyyq reference.

The phase boundaries in a Pourbaix diagram indicate reduction/oxidation (re-

dox) reactions that can occur during an electrochemical experiment.

Ox+ne” =R (2.18)

Here ‘Ox’ is the oxidized species, ‘R’ is the reduced species, and n, is the number of
electrons transferred per reaction [90]. When the potentials are more negative than

the standard reaction potential, the reduction of the ‘Ox’ species is more favored,
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Figure 2.2: Potential pH diagram showing regions of stability of Zn*, Zn, and

Zn(OH),. The dashed line indicates the limit of water stability below which hydrogen

evolution occurs. These diagrams are based on computed values of phase stabi

at 25°C temperature and 1 atmosphere pressure. It is worth noting that Zn metal
is unstable in the region of potential and pH where water is stable, and hence tends

to dissolve.
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while at more positive potentials the oxidation of ‘R’ is favored. For Zn metal
electrodeposition, the standard potential is - 0.96 V vs. Ag/AgClyqyq. The reduction—

oxidation reaction for Zn electrodeposition can be written as [88]:

ZnZt +2” = Zng) (2.19)

When the potentials are more negative than -0.96 V vs. Ag/AgClsya, the forma-
tion of Zn metal is more favorable, and above this potential Zn** ion formation
(that is dissolution of Zn metal) will occur. For electrodeposition in thesis work,
potential value of -1.2 V vs. Ag/AgCl,aq was always selected to ensure Zn metal
electrodeposition.

When Zn metal is immersed in water at ambient temperature and pressure, it
has a tendency to dissolve [91]. Due to this dissolution and subsequent reaction with
water, the formation of products like Zn(OH), is possible [89]. If the temperature
of water is higher than the stability temperature of Zn(OH), (> 50°C) then it will
convert to ZnO [92]. Oxidation of Zn metal to form ZnO films will be discussed in

Chapter 4.
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Chapter 3

Material Characterization

Techniques

Chemical composition and surface structure play an important role in the gas
sensing response of a material. We use spectroscopy, microscopy and diffraction
techniques to identify the composition and bulk structure of our ZnO samples before
using them in gas sensing studies. Electrical measurements, both AC and DC, also

give us information about the behavior of our samples in different environments.

3.1 Diffuse Reflectance Spectroscopy

Diffuse reflectance spectroscopy (DRS) on our ZnO samples is done for phase

confirmation. This is possible because ZnO shows a characteristic electronic band
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Figure 3.1: Schematic diagram of the light collection geometry used for diffuse re-

flectance spectra.

gap optical absorption in the range of 3.40 eV to 3.10 eV [15-18]. DRS works on the
principle that, if photons with energy lower than that of the band gap are incident
on a sample, no electrons can be excited into the conduction band, resulting in their
reflection or transmission. If the incident photon energies are greater than those of
the band gap, they are absorbed, resulting in a reduced intensity in the reflected
light. The reflection is diffuse instead of specular due to the rough nature of the
sample surface, as shown in Figure 3.1.

Our DRS experiments are conducted with an Analytical Instrument Systems
Model DT1000 CE UV-Visible light source (200-800 nm) and an Ocean Optics
SD2000 collection and analysis system. Photons are incident on the sample at an

angle of 45° with respect to the surface normal. Before collecting spectra, the instru-
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Figure 3.2: Example of (a) a UV-Vis diffuse reflectance spectrum for solid state

synthesized ZnO and (b) a differentiation of the raw spectrum shown in (a). The

dashed line indicates where the band gap was read from this differentiated plot.

ment is calibrated against a reference sample whose composition and surface rough-

1l in the 1 wavelength range. Thus,

ness gives
100% reflectance for the sample (at a particular wavelength) means it is as reflective
as this reference. The transition between absorption and reflection is often not very
clear in real materials due to defects in crystal structure and different sizes of crys-

tallites [93]. Spectra can be differentiated [93] and then the value of the maximum
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Figure 3.3: Spread in differentiated diffuse reflectance spectra for six ZnO samples

obtained by the same preparation method (Zn-metal oxidation in water).

(indicating the absorption edge) is quoted, as shown in Figure 3.2. Differentiation
of diffuse reflectance spectra has been reported to give more accurate and reliable
measures of band gap energies [93,94]. To obtain representative band gap values
for each sample, I collect least six different spectra at different points on a single

sample. The uncertainties we report for a set of samples are based on the spread

among such spectra. In all cases, this spread is larger than uncertainty in reading a
peak in one spectrum.
Figure 3.3 shows an example of how the band gap values were calculated for a

group of six ZnO samples prepared under identical reaction conditions. The line

5 different mea-

drawn in the middle in Figure 3.3 indicates the average of these 3

surements.
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3.2 X-Ray Diffraction

To learn about the crystal structure and lattice constants of our samples, X-ray
diffraction was used. A crystal is a periodic array of atoms in three dimensions, which
can be described as a set of basis atoms placed within a Bravais lattice. X-rays can

diff

be diffracted from electrons in a crystal. For

to occur, the

of the diffracted radiation must be comparable to the spacing of the lattice planes.
As the lattice spacing for crystalline solids is typically on the order of Angstroms,
the energy of incident X-ray photon should thus be on the order of keV. Diffraction
peaks would only be observed when Bragg’s diffraction condition is satisfied [95,96],
as given by Equation 3.1.

2dsin6 = mA (3.1)

For diffraction to occur, the path length difference of the diffracted wave should be
an integer multiple of the incident wavelength. In Equation 3.1, d is the distance
between two neighboring planes, 6 is the angle of incidence of the X-rays, A is
the wavelength of incident X-rays and m is the order of diffraction. Figure 3.4
schematically depicts Bragg’s diffraction condition [95].

A polyerystalline material has crystallites with many different orientations, so a
diffraction pattern from such a material (including our ZnO) will have a range of
peaks with different positions and intensities, each of which is consistent with the

unit cell for that material.
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Figure 3.4: Schematic diagram of Bragg’s diffraction condition from two neighboring

planes from the same family separated by distance d.

XRD data for this thesis were collected with a Rigaku Ultima IV X-ray diffrac-

tometer. The typical used in ing X-ray diffraction data were a scan

range of 20-90° in 26 with a scan speed of 6°/min and step size of 0.02° 26. The X-
ray diffractometer has two primary components: a Cu K, source and a scintillation
detector. A schematic diagram illustrating the working geometry of an X-ray diffrac-
tometer is shown in Fig. 3.5. The Cu K, source used to collect spectra for this thesis
is operated at a voltage of 40 kV and current of 44 mA. The emitted X-ray photons
from the source have a wavelength of 1.5406 A and are monochromatic. When these
X-ray photons are incident on a crystalline material at allowed Bragg angles, the
photons will be diffracted and are received by the detector. The diffracted X-ray
photons excite the electrons of the detector’s scintillating material, which return to

their ground states by releasing photons. This information is recorded in the form
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Figure 3.5: Schematic diagram of the X-ray diffraction geometry.

of intensity versus the angle between the sample and X-ray source.

By analyzing X-ray diffraction peak positions, the crystalline phase of samples
can be confirmed. In order to do so, lattice constant refinements for ZnO samples
were done by using Jade software (Materials Data Incorporated) with at least 6
peaks for each XRD pattern. Figure 3.6 shows a representative XRD pattern for |
polycrystalline ZnO. There are no significant crystalline impurity phases present
since all peaks, except for those due to the substrate, can be indexed to the stan-
dard wurtzite ZnO pattern (JCPDS 36-1451). The Joint Committee for Powder
Diffraction Studies (JCPDS), database is a reference for powder X-ray diffraction

data for many crystalline materials that have been experimentally determined [19].
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Figure 3.6: Representative X-ray diffraction pattern for polycrystalline ZnO. The
peaks are indexed according to the standard pattern JCPDS 36-1451. Peaks marked

with an asterisk (*) are due to the stainless steel substrate.
3.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is used to produce high resolution images
of the surface morphology of our materials based on topographical changes on the
surface [97). The primary probe in SEM is an electron beam that is produced by
thermionic or field emission. The electron beam is accelerated toward the sample
surface in an evacuated column that contains optics such as electromagnetic con-

denser lenses, objective lenses for focusing the beam and electromagnetic deflection

coils for moving the beam across the sample surface. When a beam of electrons is
incident on the sample surface, various types of interactions occur resulting in a va-

riety of signals [97]. These signals cannot be detected by a single detector. The most
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commonly used detector collects secondary electrons. Differences in the position and

depth at which the secondary electrons are emitted lead to contrast in the recorded

image [98]. Samples analyzed in a SEM have to be mounted on a conducting stage

to dissipate the charge that can build up during the continuous bombardment of the
electron beam on the sample surface. Therefore, if a sample is poorly conductive
then a conductive coating on the sample surface becomes important. The conductive

coating is usually thin and of such a material that it does not interfere too much

with the sample surface under analysis.

Figure 3.7: Representative SEM images of polycrystalline ZnO needles at (a) low

tion.

and (b) high magnifi

Scanning electron micrographs, utilizing secondary electron imaging (Hitachi S-
570), were collected on dried ZnO powders that were mounted on conductive alu-
minum stubs and then gold-coated. No conductive coating was required for imaging

Zn0 grown on metallic substrates. Figure 3.7 is an example of SEM images that
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show both wide field and zoom image of the needle-like habit that is observed for

ZnO films grown on a metallic substrate.

3.4 Electrical measurements

3.4.1 Current—voltage responses of ZnO

Repeatable and reliable electrical responses of ZnO are necessary to realize its
use as a gas sensor. Current-voltage responses for ZnO depend on the type of metal
contacts used and also the crystallographic face of ZnO on which contacts are made.
Table 3.1 show work function values of selected metals and ZnO surfaces.

Table 3.1: Work function values for selected metals and different ZnO surfaces.

Metal Work function (eV) ZnO surface Work function (eV)
Aluminum 1152] Zn-terminated (0001) 3.6 [46]
Cobalt 5.1(99] O-terminated (000T) 4.8 [46]
Zine 4.4 [100] Mixed-terminated (1010) 4.5 [46]
Gold 5.1 [100]
Platinum 5.7 [100]

If the work function of the metal contact is less than or equal to that of ZnO
surface, then the junction should be Ohmic [52]. However, if the work function of
metal contact is larger than that of ZnO surface, then the junction should be rec-
tifying [52]. It is worth mentioning that this type of classification appears easy to

predict, but surface and interfacial states often defy expectations, even when dealing




38

8.83888

Current (nA)

-0

1 0 1
Voltage (V)
Figure 3.8: Example of an Ohmic current-voltage response.

with single crystals of ZnO. For polycrystals, a large number of different crystallo-
graphic surfaces are present, which makes it difficult to predict the junction behavior
with a particular metal. For an Ohmic junction, the current linearly increases with

voltage, as shown in Figure 3.8 and given by Equation 3.2.
V=1IR (32)

Low resistance Ohmic contacts to n-type ZnO are necessary for many electrical
and optical device applications [15]. There are some literature reports that show
formation of Ohmic contacts with n-type ZnO [101-103]. These Ohmic contacts
are based on pure metals such as aluminum [103] or alloys such as Ti/Al [101],
Ta/Au [102] and Al/Pt [103].

In the case of rectifying junctions, current varies non-linearly with applied volt-
age, and there is higher current for one polarization of the applied voltage than the

other. A rectifying Schottky junction can occur at the interface between an n-type
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metal

Figure 3.9: Schematic depiction of an energy level diagram of a rectifying metal-
semiconductor (Schottky) junction. Here E¢, Ep, and Ey indicate the conduction

band, Fermi energy, and valence band, respectively.

semiconductor and a metal due to the difference between the Fermi energy levels
in these two isolated materials. When an n-type semiconductor comes into contact
with a metal, the negative charge carriers near the junction move into the metal
to occupy available lower energy states. The Fermi level then becomes continuous
across the two materials. The excess positive charge in the semiconductor causes
a depletion (space charge) region [52]. Consequently, electrons in the metal cannot
move into semiconductor freely and thus face a potential barrier (Schottky barrier,
¢p), which is equal to the difference between the metal work function (¢,,) and the

electron affinity (y) of the semiconductor (as given by Equation 3.3).

9B =bn—X (3.3)

When a forward bias voltage is applied to the semiconductor, the barrier height
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will be reduced and current will flow from the semiconductor into the metal. This
current will increase as an exponential function with the increase in applied voltage,

according to the idealized Schottky relation [53].

I=aA'T? exp (’g") [cxp (%) - 1] (3.4)
=1, [exp (%) = 1J (35)

Here, I, is the pre-exponential factor that gives the saturation current, a is the
area of contact, A* is Richardson’s constant (32 A/cm?K?), T'is the temperature,
e is the electron charge, ¢p is Schottky barrier height, k is Boltzmann’s constant,
V' is the voltage, I is the current, R is the series resistance and n is the ideality
factor [53,104,105]. When the forward current (I) is much larger than the reverse

saturation current (I,) then Equation 3.5 can be written as [105]:

e(V —IR)
I=1I, ST 3.6
o exp ( T ) (3.6)
Rectifying Schottky contacts are & ial for some device appli such as light

emitting diodes [15]. Many literature reports show that high work function metals
can be used to obtain Schottky contacts, although the reported barrier heights are
often lower than predicted [15]. Metals used for achieving Schottky contacts are
typically gold [106], platinum [104] and palladium [107). Schottky contacts have
been subject to different surface treatments such as ozone cleaning [15] and laser

irradiation [104] to improve rectification.




Figure 3.10: A photograph of the current-voltage measurement apparatus used in
this thesis work. The set up consists of a cubical chamber (with a length of 25 cm
on each side) and a sample holder with pressure contacts and external connecting

leads.

For this thesis work, current-voltage (/-V) data were collected by sweeping the

voltage from -2 V to +2 V and recording the current using either a Princeton Applied
Research (PAR) EG&G Potentiostat or Hokuto Denko HA 501 potentiostat. The

data were obtained and recorded using LabVIEW (National Instruments) user in-

terfaces designed by others and modified in our group [108]. The I-Vmeasurements

were done by holding samples between stainless steel pressure contacts (0.3-1.2 cmr
surface area) while enclosed in a humidity-controlled chamber (Figure 3.10). Rela-
tive humidity (RH) values were measured using a digital humidity meter (La Crosse

% RH

Technology) with an uncertainty of




3.4.2 Hysteresis effects in current—voltage responses

Figure 3.11 shows an example of I is while ing current-voltage re-
sponse of steel electrode in an aqueous electrolyte. In I~V measurements without
an electrolyte, hysteresis has been attributed to electrolysis of ambient moisture on
ZnO [31,109). Water electrolysis at positive (anode) and negative (cathode) elec-

trodes will give rise to oxidation and reduction reactions respectively [31,109,110]:

(at anode) 2H,0 = O, + 4H* + 4e~ (3.7)
(at cathode) 2H* +2¢~ = H, (3.8)
400
200
. =
g, =
&
3200
400
2 0 2
Voltage (V)

Figure 3.11: Representative hysteretic current-voltage response for water electrolysis
at a steel electrode. The arrows on this diagram indicate the direction of increasing

and decreasing current with the voltage.

The kinetics of the electrochemical reactions that occur at electrode surfaces

are affected by the potential applied. The Butler—Vol ion gives el 1
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current and kinetic dependencies as a function of potential [88,111].

Fuly {exp (—7"‘;;?‘/) —exp (;"(1 _I;',I),FAV)} (39)
Iy = nFAKCS™Cy (3.10)

In Equation 3.9, I, is the exchange current measured in amperes, n denotes the
number of electrons involved in the reaction. a is the electrode kinetics parameter
(transfer coefficient, defined as the fraction of free energy given by electrical energy
(nFE) that affects the reaction rate). F is the Faraday constant, R is the gas
constant, 7' is the temperature and AV is the over-voltage. A is the area of the
electrode, &” the is heterogeneous rate constant which gives the rate of charge transfer
in a reaction, and €5~ and Cj give oxidation and reducing species concentrations

in bulk solution (88,90, 112]. At large over-voltages, Equation 3.9 reduces to [111]:

=1 cxp(%) (3.11)
o
I=1Ipexp (2‘1;?‘/) (3.12)

These Butler-Volmer expressions will be used in Chapter 6 to interpret the current-

voltage responses of solid state synthesized ZnO in variable humidity environments.
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3.4.3 Impedance spectroscopy

is helpful in ing bulk (grain interior)

from surface responses (grain boundaries and contacts) in polycrystalline materi-
als [113,114]. Tmpedance spectroscopy also provides useful information about the
changes in electrical response of the material caused by factors such as ambient
moisture. This information may be in the form of changes in conduction as a result
of changes in the dielectric constant of a material [11]. In impedance spectroscopy,
an AC voltage signal at a particular frequency (and at a particular DC voltage bias)

is applied to the sample, and the resulting steady state current is measured [115].

0(t) = Vypsin(wt) = Vi exp(jut) (3.13)

i(t) = I sin(wt + 0) = I, exp(jwt — ) (3.14)

In Equation 3.13, v(t) is the instantaneous voltage, Vi, is the maximum am-
plitude, w is the angular frequency, and ¢ is time. In Equation 3.14 i(t) is the
instantaneous current, I, is the maximum amplitude of current and ¢ represents the
phase difference between current and voltage in radians. For completely resistive
behavior, § would be zero [115]. The impedance of the system can be calculated by

dividing Equation 3.13 by Equation 3.14:
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Vim exp(jwt)

2) = Gt = 0)

= Zexp(jf) = Z(cosf + jsinb) = Z +jZ"  (3.15)

Z(w) is a vector quantity composed of real and imaginary parts. The absolute

magnitude of the impedance is:

12| =VZ7+ 2" (3.16)

In i the data are usually displayed with

the negative values of the imaginary part of the impedance plotted along the y-axis
and the real part of the impedance values plotted along the z-axis. An example of
this kind of (Nyquist) plot is shown in Figure 3.12a, and each point gives the values

d at one fi

of the the real and the imaginary of the i
Data collected at higher frequencies appear on the left side of the plot and those
collected at lower frequencies are displayed on the right side. The Nyquist plot
has the advantage of providing the resistance contribution to the overall impedance,
but a disadvantage is that frequency does not appear explicitly [115]. Another
representation of the same data, is a plot of the log of absolute impedance values
wversus the log of frequency (Figure 3.12b), which is called the Bode plot [116]. The
advantage of this Bode plot is that it is easy to see the dependence of impedance on
the applied frequency [115]. Both Nyquist and Bode plots will be used in Chapter

6.
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Figure 3.12: Representative (a) Nyquist plot and (b) Bode plot.
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The single semicircle seen in Figure 3.12a is attributed to the grain-boundary
controlled conduction and is often modeled as an equivalent circuit containing a
resistor and capacitor in series [113,117]. The resistance in such a circuit is related
to the grain boundary resistance encountered by electrons, whereas capacitance is
linked to the existence of depletion regions at grain boundaries [113,118,119].

A Princeton Applied Research (PAR) Potentiostat/Galvanostat (Model 273A
with Signal Recovery Model 5210 Lock-in Amplifier) was used to apply the desired
AC potential with different DC bias voltages ranging from -1 V to 1 V (1 Hz to
0.1 MHz, with an RMS amplitude of 10-25 mV). The data collection was controlled
using PowerSUITE software (Princeton Applied Research). For taking impedance
measurements, sample contacts were made in the same way as for I~V measurements

(as described in Section 3.4.1).

3.4.4 Gas sensing

Sensing responses to ethanol gas were measured for ZnO adhered to metallic
substrates. Resistive sensing data were collected using either a Hokuto Denko HA
501 potentiostat or National Instruments LCR meter (model NI PXI-1033 with
NI-4072 and modified Labview interface). Capacitive sensing data were collected
by measuring charge/discharge behavior while applying an AC voltage of 50 mV/

at 3 kHz fi using the afc ioned National Instruments LCR meter.

The gas sensing apparatus is similar to the one described for I-V measurements.
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Gas sensing measurements were done in a humidity controlled chamber at room
temperature (2042 °C) and the target gas pulse was introduced near the sample
through a syringe. Humidity values were measured using a digital humidity meter

(La Crosse Technology), and uncertainties are £7%.

For resistive sensing, sensitivities were assessed by taking a ratio of the current

values, at a particular applied voltage, with and without the presence of target

gas. In the case of capacitive sensing, were by taking the

ratio of the difference in capacitance in the presence and absence of target gas to
the capacitance in ambient air. The characteristic recovery time constants after
exposure to ethanol were measured by fitting with an exponential function. Figure
3.13 shows an example fit to obtain the recovery time constant for 5000 ppm ethanol

sensing by a ZnO film.
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Figure 3.13: An example of a capacitive sensing response (along with recovery time
fit) to 5000 ppm ethanol gas for a ZnO film at room temperature in a humidity
controlled chamber. The rise in capacitance corresponds to the introduction of

ethanol gas.
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Chapter 4

ZnO Preparation and

Characterization

The growth conditions during synthesis of a material has a direct impact on its
crystallinity, structure and morphology. Furthermore, the structure and morphology
of a material affect its properties. Polycrystalline materials have a large number
of grain boundaries, and this is not ideal from an electrical properties perspective
because they cause high resistances. However, polycrystals can be desirable for
gas sensing applications due to their large surface area available for interactions
with gas molecules [120]. With this aim, we synthesized polycrystalline ZnO by two
different methods: solid state metathesis and oxidation of electrodeposited Zn-metal
in ultrapure water. X-ray diffraction data show that ZnO obtained by both methods

is polycrystalline and has an hexagonal wurtzite crystal structure. Scanning electron
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images show that ZnO obtained by oxidation displays a needle-like morphology while
solid state synthesized ZnO displays a particle-like morphology. We conclude that
these differences could help explain why these two preparations yield very different

ethanol sensing responses.

4.1 Thin film production

This thesis work involves ZnO prepared by two different methods. The first is a
substrate-supported ZnO that is formed directly on a metal surface. The second is
a nanocrystalline ZnO powder that can be prepared as a slurry and then coated on

a metal substrate.

4.1.1 Metal oxidation

The electrodeposition of Zn was performed in a Pyrex glass cell with a Teflon
top. The steel surface on which Zn was electrodeposited was the working electrode
(WE) with a surface area ~2.3 cm?®. The thickness of steel working electrode was
0.05 cm. A Hokuto Denko HA501 potentiostat was used to apply a potential to the
WE with respect to a Ag/AgClyqyq reference electrode (RE). A gold wire was used
as a counter electrode (CE) with a surface area ~ 2.5 cm?. A schematic diagram
of the setup is shown in Figure 4.1 [112]. The electrolyte was 0.2 M ZnSO,-7H,0

(ACS reagent grade, supplied by ACP) with 0.1 M HyBOs (ACS reagent grade,



Figure 4.1: Schematic diagram of the three electrode electrochemical cell used for Zn
electrodeposition. CE stands for counter electrode, WE stands for working electrode

and RE stands for reference electrode.

Merck) prepared in water. The electrodeposition was carried out at room
temperature (2042 °C) at a potential of -1.2 V vs. Ag/AgClia for 5-30 minutes.
Electrodeposited Zn films on steel substrates were oxidized in ultrapure water
according to a procedure we adopted from the literature [44]. The resulting Zn
coated electrode was placed in a glass beaker with ultrapure water and heated on a
hot plate to a temperature of 95:£5°C. T checked the DC resistance of the samples
after every hour with a digital multimeter. Zn-metal oxidation was stopped when

the sample resistance reached 5-10  (after 3 hours), and when resistance exceeded
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20 Q2 (after 6 hours).

4.1.2  Solid-state metathesis reaction

Polycrystalline ZnO powder was prepared by using a solid state metathesis re-
action technique [12,37], which has proven to be a versatile synthesis method for
producing metal oxide particles with sizes ~10-1000 nm [18,36,38-41,80]. The reac-
tion technique described here is adapted from a procedure given in the literature [12].
ZnCly (ACS reagent grade, Merck) and NaOH (ACS reagent grade, Caledon) were
weighed separately in a 1:2 molar ratio. The salts were ground separately in agate
mortars for 10-15 minutes to produce even, fine powders that were then blended

together. During blending, a reaction between these salts ocours:

ZnCl, + 2NaOH —» Zn(OH); + 2NaCl (4.1)

(AH, = -47.1 keal/mole)

Zn(OH); — ZnO + H,0 (4.2)

(AH; = +13.2 keal/mole)

Taking into account the total heats of formation for the two reactions given in

Equation 4.1 and Equation 4.2, the ion of ZnO is ther i favor-

able due to the fact that the net enthalpy of formation (AHy) is negative. The water
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that comes out due to the reaction described in Equation 4.2 is in vapor form [12],
although some of this vapor subsequently condenses onto ZnO as it cools. After com-

plete reaction (1-2 minutes of stirring), the product was rinsed with large amounts of

ultrapure water (18.2 MQ-cm, B 1 to remove d salts and

NaCl produced during the reaction. The remaining white solid was air-dried and
then oven-dried at 115 °C for at least 24 hours. The resulting dried ZnO product was
suspended in ethanol (95% ethanol and 5% water) to yield a concentration of 100
/L, after which 200 ppm of HCl was added and the suspension was sonicated for 20
minutes. ZnO dropcoated films were produced by drying ~ 0.3 ml on a conducting
substrate (stainless steel or other substrates like Co and Zn) and then air-dried.
Film thicknesses were estimated to be 100+50 um based on calculation of the area

of ZnO film and its concentration in the drop.

4.2 Structural analysis

The structural analysis of el 1 Zn and the suby product ob-

tained after its oxidation in ultrapure water was done using X-ray diffraction (XRD).
The transformation of electrodeposited Zn to ZnO is shown in Figure 4.2. The refined
lattice constants for electrodeposited Zn (a = 2.66340.001 A and ¢ = 4.94640.001 A)

match well with standard values (a = 2.665 A and ¢ = 4.947 A, JCPDS 04-0831) [19].

Refined lattice constants for ZnO (a = 3.2520.002 A and ¢ = 5.20740.002 A) also
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Figure 4.2: Representative XRD patterns for (a) electrodeposited Zn and (b) ZnO
obtained by oxidation of electrodeposited Zn. The peaks denoted with asterisks (*)

are due to the stainless steel substrate.
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match well with accepted values (a = 3.250 A and ¢ = 5.207 A, JCPDS 36-1451) [19].

Solid state metathesis reactions also yield polycrystalline ZnO powder in the
wurtzite structure (Figure 4.3). It is worth noting that insufficient rinsing after the
solid-state reaction can lead to left-over salt in the final product (as seen in Figure
4.3a), in line with findings by other researchers [12]. Furthermore, refined lattice
constants a = 3.252+0.001 A, ¢ = 5.2104+0.001 A match well with accepted values
(a=3.250 A and ¢ = 5.207 A, JCPDS 36-1451) [19]. We note that dispersing ZnO
powder in solvents like ethanol and coating it on a substrate did not alter the ZnO
X-ray diffraction patterns.

Based on X-ray diffraction data shown above, the ZnO obtained by oxidation
of Zn metal gives preferred orientation compared to solid state synthesized ZnO. In
solid-state synthesis, others have shown that ZnO growth can be tempered by the
use of additives to obtain nanorods instead of nanoparticles [12,38-40], but we do

not explore this here.
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Figure 4.3: Representative XRD patterns for ZnO powder prepared by a solid-state
metathesis reaction. (a) Insufficient rinsing with water results in the leftover NaCl
salt, which can be removed with rinsing with sufficient amount of ultrapure water,
as shown in (b). The peaks denoted with asterisks (*) are due to the plastic sample

holder in which ZnO powder was held for this measurement.



4.3 Morphological features

Scanning electron images reveal interesting mor between
electrodeposited Zn before and after oxidation. Figure 4.4a shows that electrode-
posited Zn displays plate and block morphologies with a predominant hexagonal
habit. These morphologies and apparent crystallite sizes are dramatically different
from those obtained after the conversion to ZnO (Figure 4.4b,c,d). ZnO adopts a
more acicular morphology, with many needles nucleating from a common area to
yield flower-like bunching. Close inspection of the needles reveals that some are
hollow tubes. In all cases, the sizes of the ZnO crystallites are much smaller than
the Zn crystallites from which they started [121].

The grain size decrease during the first stage of oxidation, along with the dramatic
change in crystal habit from Zn to ZnO, points to crystal growth via a Zn dissolution
mechanism. When Zn metal is placed in water, it can dissolve, as indicated in the
Pourbaix diagram given in Chapter 2 (Figure 2.2). This dissolution of Zn metal is
possible even at room temperature and has been observed experimentally [43,91].
According to Reference [91], grain edges are the most likely points where dissolution

of Zn metal can occur:

Zn — Zn** + 2 (4.3)

Zn** + 2e” + 2H,0 — Zn(OH), + H, (4.4)
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Figure 4.4: Representative SEM images of (a) electrodeposited Zn exhibiting an
hexagonal plate like morphology, (b) changing to small ZnO crystallites after heating
for 3 hours of oxidation (c) and into fully developed flower-like needle morphology
after 6 hours of oxidation. A high magnification image of ZnO after 6 hours of

oxidation reveals hollow needles (d).
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Zn(OH), —> Zn0 + HyO (4.5)

Zn ions react very quickly with water molecules to form Zn(OH), and hydrogen
is simultaneously evolved (Equation 4.4). Since the temperature in our experiment
is 9545°C, which is higher than the stability temperature of Zn(OH),, it transforms
to ZnO according to Equation 4.5.

We propose that formation of ZnO could occur progressively at many grain edges,
and that these ZnO crystallites grow with time [121]. Smaller crystallites and under—
developed flower-like needles are visible after oxidation for 3 hours, as shown in
Figure 4.4b. By increasing the oxidation time to 6 hours, more developed flower—
like bunches are observed all over the ZnO surface (Figure 4.4c). These flower-like
bunches consist of needles, as seen in Figure 4.4d. Needle-like ZnO is often observed
with aqueous growth techniques [122-124].

For ZnO prepared by solid state metathesis (shown in Figure 4.5), we get much
smaller particles with ill-defined faces. This is consistent with earlier reports [12].
As discussed in Section 2.3.1, different morphologies of ZnO by similar reactions
have also been obtained.

The observed differences in the morphologies of the ZnO obtained by these two
synthesis methods could influence their electronic behavior. This will be discussed

in more detail in Chapter 6.
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Figure 4.5: Representative SEM images of ZnO particles obtained by a solid-state

metathesis reaction.



4.4 Optical analysis

Using the procedure described in Chapter 3, band gap values for our samples

were lated from diffuse reflectan For solid state synthesized

Zn0, DRS data yielded band gap values of 3.2240.03 eV, which overlap with values
for oxidation of Zn metal (3.21+0.04 eV). These values also show good agreement
with reported ZnO band gap values of 3.40-3.10 eV [15-18,21].

Although the band gap values are similar for metathesis and oxidized ZnO, in-
teresting luminescence differences were observed when these samples were viewed
under broad spectrum illumination from a mercury lamp using a Leica DM-2500
optical microscope. We note that the color rendering in the optical images printed
in this thesis are a good approximation (but not perfect) to the colors seen by eye
while using microscope. Solid state synthesized ZnO exhibits uniform yellow lumi-
nescence, as shown in Figure 4.6a. Yellow luminescence in ZnO is often attributed
to the presence of oxygen vacancies [125,126] or negative oxygen interstitials [127).
In contrast, three dominant types of luminescence (green, blue and orange) were
observed for ZnO samples obtained by oxidation, as seen in Figure 4.6b. The green
luminescence has been correlated with Zn vacancies [23]. Blue luminescence has
been attributed to Zn interstitials [128], and orange luminescence has been related
to oxygen interstitials [120] or fewer oxygen vacancies [125].

The assignment of various luminescence colors to different type of defects and



63

Figure 4.6: R ive optical mi i images under broad

spectrum illumination from a mercury lamp for (a) solid state synthesized ZnO and
(b) ZnO obtained by Zn metal oxidation. The difference in the colors are likely

related to different kinds of electronic defects in these materials.



64
impurities is controversial, because there is not one-to-one correspondence between

color and defect type [15]. In order to establish whether or not the luminescence

iffe in stoichi ry, X-ray

changes seen here are related to the hotel

spectroscopy of these films can be done. Therefore, substantial work is needed to
determine the exact origin of the luminescence differences between ZnO prepared by

these two different methods.



Chapter 5

Gas Sensing Responses of ZnO:

The Test Case of Ethanol

The development of gas sensing materials that can repeatably and reliably sense
a target gas is an ongoing challenge, especially in environments that involve variable
moisture levels. With this aim, we studied gas sensing responses of polycrystalline
Zn0 films to ethanol (a regulated volatile organic compound [1]), in low and high
humidities at room temperature. Dropcoated films of polycrystalline ZnO (prepared
by a solid-state metathesis) show better sensitivity as resistive gas sensors than
films obtained by oxidation of electrodeposited Zn. In both cases, they suffer from

baseline drift issues and slow recovery times, In contrast, capacitive gas sensing

for dropcoated ZnO films shows faster and more repeatable responses than resistive

sensing. Our results demonstrate that an increase in ambient humidity increases the
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sensitivity and recovery time for the dropcoated films. In order for our materials
sensors to be useful in harsh humidity environments, sensors incorporating them
would need to be calibrated to account for capacitance baseline differences with

relative humidity changes.

5.1 Resistive vs. capacitive sensing

Resistive sensing is the most commonly used mode for gas detection by ZnO [4].
It is based on monitoring changes in resistance (or current) with time under the
application of a fixed bias voltage. Gas sensitivity is due to the interaction between
the surface of the sensor and the target gas. Therefore, surface chemistry plays
an important role in the gas detection. The ZnO surface, when exposed to air,
has a tendency to adsorb oxygen and form O; [58,130,131] by capturing the free
electrons from the surface of ZnO. Therefore, ZnO displays high resistances in the
presence of these adsorbed oxygen species. Ethanol detection by polycrystalline ZnO
is attributed to the reaction between adsorbed O; and ethanol vapor. Since ethanol
is a reducing gas, it reacts with the surface oxygen species and subsequently releases
trapped electrons back into the conduction band, which increases the conduction
of the sensor [58,130,131]. The ZnO samples tested by us also show a decrease
in resistance (or increase in current) at fixed bias voltage when exposed to ethanol

vapor. Gas sensing studies are typically done at elevated temperature (150-400°C)
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due to the low sensitivity at room temperature [132]. At elevated temperatures
(above 150°C) the adsorbed oxygen species change from O (molecular form) to O~
and O~ (atomic forms), which increases sensitivity due to a change in the reaction
mechanism [50].

As discussed in Section 2.2.1, ethanol adsorption causes an increase in interfacial

capacitance due to an increase in electron concentration.

Clnterface = (5.1)
Therefore it also shows up in the measured value of capacitance.
Coneasured = A( + ECinter face) (5.2)

thickness

Hence, in the case of capacitive gas sensing, changes in the interfacial capacitance

(Cinterface) due to ad: ion of gas are Due to the very large

dielectric constant for water (78.5) [11], the adsorption of water molecules at the
grain interfaces will also increase the interfacial capacitance. As a result, the overall

capacitance of ZnO increases with an increase in ambient humidity.

5.2 Challenges with resistive sensing

Dropcoated ZnO films prepared by solid state metathesis have large forward

currents and small reverse currents at moderate humidities (40+7% RH) as shown in

Figure 5.1a. This causes orders of itude of diffe in the baseline resistan
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Figure 5.1: current-voltage curve for d d film at 40+7%

RH showing the applied bias voltage (solid circles) at which the sensing data in (b)
and (c) is taken. These films show current increases in the presence of ethanol (5000
ppm) at room temperature under (b) forward bias (at +1.5 V) or (c) reverse bias (at

1.5 V). (d) shows an example of baseline drift encountered in resistive sensing (at
+400 mV). The baseline drift is evident in all cases, but the direction and magnitude
of the drift are not consistent over time. The dashed vertical lines indicate when the

target gas was introduced to the measurement chamber.
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depending on the applied bias. For example, reverse (negative) bias of ~1.5 V gives
MQ resistances while forward (positive) bias of +1.5 V give kQ-range baselines.
Figure 5.1b,c compares the sensitivity of ZnO to 5000 ppm ethanol at high DC
bias (both forward and reverse). It is worth noting that these resistive sensing
measurements were taken only after exposing the films to the desired bias for at
least 3 hours at 4047% RH and room temperature. However, the data shown in the
Figure 5.1 and subsequent figures is offset along time axis. This is done to only show
the data related to the introduction of ethanol pulses to ZnO films placed inside the

chamber. itivities are better for forward bias (20£3% at +1.5

V) than for reverse bias (843% at -1.5 V). These sensitivity values are an order of

magnitude lower than that reported for ethanol sensing by ZnO at temperatur
> 250°C [67]. There is also considerable baseline drift.

There are studies that show baseline drifts associated with resistive gas sensing by
ZnO [69,71], and other metal oxide sensors [7]. This drift is due to oxygen adsorption
and desorption induced changes in the surface resistance, as explained in Section
222 [69]. A representative plot of baseline drift encountered in resistive sensing
measurements for dropeoated ZnO films tested in humidity controlled chamber with
40:7% RH at room temperature (without exposing it to ethanol), is shown in Figure
5.1d.

We calculated the sensor recovery times by fitting the current-time data to an

exponential function as outlined in Chapter 3. For dropcoated ZnO, recovery time
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Figure 5.2: DC bias lowering to 400 mV (indicated by the circle in (a)), reduces
the baseline drift (shown in (b)) while sensing 10000 ppm ethanol at 40+7% RH for
the dropcoated film, but does not completely eliminate it. The dashed vertical lines

indicate when the target gas was introduced to the measurement chamber.
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constant values for ethanol sensing (5000 ppm) at high forward bias voltage are
300420 seconds, while values drop to 220430 seconds for high reverse bias voltages.
These recovery times are an order of magnitude longer than the ZnO sensors operated
at temperature of 300°C [14,58,133]. This is likely due to the fact that different kinds
of adsorbed oxygen species at different temperatures will induce reaction mechanism
changes [50). Typical recovery times for gas sensors available in the market are on
the order of 10-20 seconds. It is worth mentioning that the baseline drift is reduced
while testing the dropcoated ZnO films at low DC bias (400 mV) for ethanol sensing,
but it is not completely eliminated (Figure 5.2b). The baseline drift at low bias was
observed every time this measurement was performed even after allowing the sensor
to stabilize for upto 8 hours in 40+7% RH at room temperature.

Compared with dropcoated films, ZnO films obtained by oxidation show very
low resistances (around 50-100 ), which would be considered ideal for low-power
resistive sensing devices. But similar to dropcoated ZnO, these films also suffer
from the problems of incomplete recovery to baseline after responding to 5000 ppm
ethanol (Figure 5.3). As summarized in Table 5.1, the sensitivity values for these
samples at room temperature are much lower than dropcoated films (1.4:0.2%), but,

the recovery time constants are not much different.
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Figure 5.3: Selected responses of ZnO films obtained by oxidation of Zn-metal to
5000 ppm ethanol at 40+7% RH show an incomplete recovery to baseline even at
100 mV bias voltage. The dashed vertical lines indicate when the target gas was

introduced to the measurement chamber.

Table 5.1: Comparison of resistive ethanol (5000 ppm) sensitivity and recovery times

for ZnO films at 40+7% RH.

Synthesis Sensitivity (%) | Recovery time (s)
Solid state metathesis 2043
at positive bias
Solid state metathesis 8+3 220430
at negative bias
Zn metal oxidation 1.440.2 200-£40




5.3 Successes with capacitive sensing

The problems of significant baseline drift disappear and recovery times are much
faster when our ZnO films are used as capacitive sensors. Furthermore, while ex-
ploring this mode of sensing in detail, we also find interesting trends pertaining to
moisture effect on sensing responses. It is worth noting that, due to our instru-
ment’s limitations with large capacitance values, the 10-100 uF values for ZnO films
obtained by oxidation were too large for us to measure.

Careful experiments show that ambient humidity plays an important role in
sensitivity and recovery times of our ZnO films. We find that there is a humidity
range (near 4047% RH) where the sensitivity and recovery time constant for the
5000 ppm ethanol are optimum (Figure 5.4). Below this humidity range, the signal-
to-noise ratio is too low and hence sensitivity is very low. Above this humidity range
the sensitivity is high but the recovery time constant is longer (Table 5.2). However,
these recovery times are still faster than those reported for room temperature sensing
of ethanol by polyerystalline ZnO prepared by other methods [57]. In comparsion to
resistive sensing, the capacitive sensing for the same dropcoated films show an order
of magnitude lower recovery time constant.

As discussed earlier, the capacitance changes for ZnO films are due to changes in
dielectric constant after exposure to ethanol. However, ambient humidity changes

also affect the dielectric constant because of water’s large dielectric constant (78.5
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75

Table 5.2: Variation of capacitive ethanol sensitivity (at 5000 ppm) and recovery

times at different humidities for dropcoated ZnO films.

THumidity (R

Sensitivity (%)

Recovery time constant (s)

1547
40+7
60+7

240.5
7+1
2042

2045
3010
6015

at room temperature [11]). For this reason, the capacitance baseline increases with

increasing relative humidity. Therefore, analysis of sensitivity and recovery time

constant as a function of ambient humidity is important. It highlights the fact that

capacitive sensors based on ZnO might be most useful if kept at a single relative hu-

midity in order to get reliable and reproducible responses to a target gas. Strategies

for achieving this goal are discussed in Chapter 7.

In summary, capacitive sensing by our dropcoated ZnO films offer advantages of

eliminating baseline drift as well as faster responses compared to resistive sensing.



76

Chapter 6

Ambient Humidity Effects on ZnO

Electrical Properties

Results in Chapter 5 show that our ZnO samples, when synthesized by a solid

state metathesis reaction, have better potential as a capacitive rather than resistive
sensing material. This chapter explores the physics behind these performance dif-
ferences. Ambient humidity plays a key role in the sensing response, which has im-
plications for applied uses of ZnO even beyond sensing devices. We show that ZnO
obtained by oxidation of Zn metal shows negligible humidity impact on its electrical
responses. In contrast, solid-state synthesized ZnO shows significant changes in elec-

trical responses under different humidity conditions that can be linked with water

electrolysi




7
6.1 Synthesis tuning to mitigate humidity effects

Zn0 is known to be slightly soluble in water [29,30]. Therefore, it is not surprising
to see that changes in ambient humidity can affect the conductivity of ZnO (31,109,
110,134]. In Chapter 4, I described the synthesis details of ZnO films obtained by
oxidation of Zn metal. These ZnO films show only slight changes in current-voltage
(I-V) responses with increasing humidity (Figure 6.1). This is a surprising result
compared with the changes we see in solid-state synthesized ZnO (which is described
in next section).

The differences in the humidity reactivity of ZnO synthesized by different meth-
ods are likely influenced by different crystallite morphologies (Figure 6.2). Needle—
like structures in ZnO tend to maximize non-polar surfaces such as (1010) and
(1120) [65). It has been reported that these low energy, non-polar surfaces have

less surface reactivity to water than polar surfaces [27,47], which leads to different

1 of needle morphologies in

to ambient humidity. Therefore, the
7n0 obtained by Zn metal oxidation may be a reason why this preparation yields

material that is less prone to ambient humidity changes.
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Figure 6.1: Current-voltage responses for ZnO obtained by oxidation of Zn metal
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plot shows 5 sweeps.
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Figure 6.2 SEM images of (a) ZnO obtained by a solid-state metathesis reac-
tion, and (b) ZnO obtained by oxidation of Zn metal. Needle-like morphologies are

prevalent in (b).
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Figure 6.3: Hysteretic current vs. voltage responses for a drop-coated ZnO film on
steel substrate at (a) 15% RH and (b) 40% RH, are likely due to the presence of
adsorbed water. The arrows in (b) indicate the direction of increasing and decreasing

current with the voltage.
6.2 Impact of humidity on solid state synthesized

ZnO

6.2.1 DC current-voltage responses

The current-voltage (I-V) responses for dropcoated films of solid state synthe-
sized ZnO are drastically different when tested under dry (15% RH) and moderate
(40% RH) ambient humidity conditions. Desiccated films show symmetric current-
voltage behavior, along with lower current values (Figure 6.3a) and re-hydrating to
ambient humidities introduces asymmetry (Figure 6.3b). This trend can be observed
by repeating this measurement over several hundred desiccation cycles. In addition

to humidity-related changes in DC I-V responses, we also see the evidence of -V
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Table 6.1: Representative comparison of increase in current with relative humidity
based on I-V data for ZnO films prepared by solid state metathesis and Zn metal

oxidation.

Relative humidity | Relative increase in / at 2 V | Relative increase in [ at 2 V
with respect to 15% RH with respect to 15% RH
for solid state hesi for Zn metal oxidation
40£7% RH 100-1000 2-3

60£7% RH 1000-1500 34

hysteresis even in dry (15% RH) conditions (Figure 6.3). This -V hysteresis is
likely due to water-related electrochemistry [109). Moreover, as shown in Table 6.1,
it is clear that ZnO films prepared by solid state synthesis show 100-1500 times
increase in current at moderate (40%) and high humidities (60%). Unlike this, ZnO
films obtained by Zn metal oxidation show only 2-4 times increase in current with

respect to their current values in dry (15% RH) humidity conditions.

6.2.2 Impedance spectroscopy

As mentioned in Chapter 3, AC impedance spectroscopy can be helpful for sep-
arating bulk responses (grain interior) from surface responses (grain boundaries and

contacts) in polycrystalline materials [113,114).

The imped of d 1700 films show evidence of water—
mediated conduction. Figure 6.4a is a representative Nyquist plot for a desiccated

sample (at 1547% RH) that displays a single semicircular arc. We attribute this
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Figure 6.4: Representative (a),(c) Nyquist and (b),(d) Bode plots at 15+7% RH

(open circles) and 40+7% RH (solid squares) for dropcoated ZnO film. The arrows

in (a) and (c) indicates the direction of increasing frequency.

feature to grain-boundary controlled conduction, which is often modeled as an equiv-
alent circuit of a resistor and capacitor in parallel [113,117]. The resistance in such
a circuit is related to grain boundary resistance encountered by electrons, whereas
the capacitance is linked to the existence of depletion region at the grain bound-
ary [34,113,118,119,135]. At 40£7% RH, the dropcoated films show a semicircle
at high frequencies and straight line feature at low frequencies (< 10 Hz), as shown

in Figure 6.4c. Tn the case of the straight line feature, impedance increases linearly
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with the decrease in applied frequency, known as the Warburg impedance [136]
7 —= (6.1)
W X
Vw

This feature is not typical in solid state i ! but it is 1y

observed in electrochemical impedance data that are obtained in the presence of
water or other liquid electrolytes where ions can diffuse easily [137]. Thus, there
is a strong indication that the absorbed water is present in reasonable quantity in
samples exposed to ambient humidity. Therefore, impedance is controlled by grain

boundaries at high ies, whereas at low fr ies it is by diffusion

of ions present near the grain boundaries.

6.3 Interpreting asymmetric I-V responses

Asymmetry observed in I-V data at moderate humidities (> 40% RH) for drop-
coated ZnO films could be caused by either rectification (Schottky junction between
metal contact and ZnO) or by water electrolysis. We now discuss each of these possi-
ble explanations. However, before proceeding further with the interpretation of I-V
asymmetry, it is worth mentioning that this asymmetry is not related to electrode
area differences, since this effect persists even when the relative areas of the top and

bottom electrodes were varied from 1:1.5 to 1:10.
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6.3.1 Rectification

The I-V responses in Figure 6.3b look similar to Schottky-like rectification be-
havior. In order to test the validity of the Schottky-like rectification argument, ZnO
was dropcoated on different conducting substrates with a wide range of work func-
tions [100], including Zn (4.4 eV) and Co (5.1 eV). The I-V responses for these films
at 40% RH look qualitatively similar (as shown in Figure 6.5) to those obtained for

films on steel substrates.

(a) (b)aoo
20
Zn0izn o] znoico
5 g
2 0] 20
G 100+
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Figure 6.5: ZnO film dropcoated on (a) Zn (¢ = 4.4 V), and (b) Co (¢ = 5.1 eV)

substrates tested at 40% RH show similar responses regardless of substrate work

functions.

To quantify diffe these -V for d: d ZnO films on different

substrates can be fit to an idealized Schottky relation.

(6.2)

1= 1o (L7

nkT
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Figure 6.6: Example of an ideal Schottky equation fit of a current-voltage response

for dropcoated ZnO at 4047% RH.

By fitting the current voltage data to this equation, barrier height (¢5) and ideality

, and the

value (n) are extracted. An example of such a fit is shown in Figure 6.
extracted values are summarized in Table 6.2 and shown graphically in Figure 6.7a.
The expected values of ¢p are calculated by subtracting the ZnO electron affinity
value of 3.7 eV [138] from the metal work function values. Comparing the expected
¢p values with those extracted from our [-V data, it is obvious that these values
do not agree well. We would have expected barrier voltages to increase as the

work function of the substrate increased. Since it did not, it suggests that the /-V

asymmetry is not due to ZnO/substrate Schottky junctions.
Another observation against a Schottky barrier based asymmetry is that -V

data taken at different relative humidities show a decrease in Schottky barrier height
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Table 6.2: Data obtained from fitting I-V responses at 40£7% RH to the ideal
Schottky equation. The predicted values of ¢ assume a ZnO electron affinity of 3.7

eV and n>1.

Substrate | ¢ (eV) | ¢p (eV) | expected ¢p (eV)
Steel | 5.0 [99] | 0.69+0.03 13
Zinc 4.4 [100] | 0.7740.06 0.7
Cobalt | 5.1 [100] | 0.8240.04 14

Table 6.3: Data obtained from fitting I-V responses of dropcoated films on steel

substrate at different relative humidities to Schottky equation.

Relative humidity | o n
15+7 %RH 0.7940.02 | 2316
4047 %RH | 0.70£0.03 | 94
60+£7 %RH | 0.66:0.01 | 1042

with the increase in relative humidity as summarized in Table 6.3 and shown graph-
ically in Figure 6.7b. This is not expected because the ZnO/substrate Schottky
barrier should not change with variation in atmospheric humidity. Furthermore, the
values of n in Table 6.3 are much larger than unity, which indicates that the non-
linearity in our /-V responses is not close to the ideal Schottky exponential function
(for which n should be equal to 1) [53].

We also note that this current-voltage asymmetry is not observed for all metal
oxides. For example, CuO powder (technical grade, BDH) dispersed in ethanol and

then dried and tested under similar conditions, did not display asymmetric [~V
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Figure 6.8: Current vs. voltage responses for a drop-coated CuO film on a steel

substrate in ambient 40% RH.

behavior (Figure 6.8).

6.3.2 Electrolysis

The I-V hysteresis (Figure 6.3) and impedance spectroscopy data. (Figure 6.4)
suggest that water electrolysis is another possibility for the I~V asymmetry. During
an [~V measurement, when the ZnO film/substrate interface is positively charged
and a ZnO/water vapor interface is negatively charged, water electrolysis would
produce Hy at the ZnO/water vapor interface. Hence, it could be reasonable to fit
these I~V responses with the Butler-Volmer relation (given by Equation 6.3).

no(1— a)FAV) ©3)

I = Iy exp ( T
We note that this expression has the same functional form as the Schottky for-

mula given in Equation 6.2. We fit the I-V curves to Equation 6.3 and extracted a
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Figure 6.9: Example of current-voltage response (for dropcoated film of ZnO pre-
pared by solid-state synthesis) at 40+7% RH, fit to Butler-Volmer equation.

product of heterogeneous rate constant and concentration from the pre-exponential

term and the transfer coefficient a from the exponential term. An example of such

a fit, and resulting values obtained from it, are shown in Figure 6.9. A graphical

hown in Figure 6.10.
We note that the literature values of k%CH~*)Cf and a are reported for the
hydrogen evolution reaction in liquid, where voltage is measured against a reference

electrode [88]. However, all of our IV measurements are done in air without using

Irogen

any reference electrode. Therefore, as a self check, we carried out the hy
evolution reaction on dropcoated ZnO film on a steel substrate in 0.1 M KCI without
using a reference electrode. Using Equation 6.3 to extract the fit parameters, we find

the value for k°Cl~*'C§ for this reaction to be within an order of magnitude from

the value obtained for our ZnO in air. Hence, the values of the fit paramete
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Figure 6.10: Variation in fit parameters #CH~* C and a (a) for dropcoated films

on steel, zinc and cobalt substrates (all at 40% RH) respectively, and (b) for changes

in relative humidity (all on steel substrate). The control in (a) represents the values

of fit parameters for ZnO film on steel substrate in 0.1 M KCI solution without a

reference electrode.
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obtained from Equation 6.3 on I-V curves for different substrates seem plausible,
though we reiterate that these specific values are not meaningful without a true

reference electrode.

6.3.3 Conclusion

The consistent values obtained for fitted barrier heights (¢) on different sub-
strates (at the same relative humidity) suggest that Schottky rectification is not the
origin of the observed I~V asymmetry. In contrast, the trends obtained for product
of heterogeneous rate constant and concentration (k’CY~*'C4%) along with the evi-
dence from AC and DC measurements, suggest that water electrolysis is responsible
for I-V asymmetry observed for these dropcoated ZnO films. We infer that there

may be preferential absorption of water to the top surface of our ZnO films.

6.4 Implications for device applications

The ambient humidity impact on AC and DC electrical responses has implica-
tions for ZnO use in device applications, but it does not impede our ability to use
polycrystalline ZnO as a capacitive gas sensing element. As mentioned in Chapter 5,
the resistive sensing mode suffers from baseline drift as well as slow recovery times.

Capacitive sensing at sufficiently high i these problems because

humidity effects (due to water-based ionic conduction) are not important relative to
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the intergranular contact i d at higher i ies such as 3 kHz
used in our experiments.

In a broader context, our findings underscore the need for awareness of water in-
terference on electrical responses of metal oxide materials, especially when these are
targeted for use in junction based devices [15] and in solar cells [26]. For example,
it has been shown that the ambient moisture exposure alters both surface and bulk
luminescence of ZnO powders [139]. Therefore, it may be helpful to use such metal
oxide materials in controlled humidity environments for reliable and repeatable per-
formance in functional devices. Furthermore, much research effort (mainly on the
synthesis front) is needed to lessen water interactions with metal oxide materials.
This goal might be achieved either by controlling morphology of these materials
to produce crystallites with their less water-reactive faces exposed or encapsulation
with a hydrophobic layer to limit the amount of water vapor that reaches the sensor

surface [9, 10].



Chapter 7

Assessing and Controlling
Humidity Effects in ZnO-based

Gas Sensors

Decoupling moisture effects from gas sensing responses is important to improve
a sensor’s selectivity and reliability in different humidity conditions. This chapter

describes the collaborative work that is underway to address this challenge.

7.1 Quantifying ethanol detection sensitivities

In Chapter 5, T described that an increase in ambient humidity enhances the

capacitive ethanol sensitivity of solid-state synthesized ZnO. To understand the role
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of humidity further, I worked with Jiaqi Cheng (a PhD student in the Poduska
research group) to quantify the effect of humidity in ethanol gas on capacitive gas
sensitivity and recovery times [140]. A manuscript describing the following work was
submitted for peer-review to Sensors and Actuators B: Chemical on 10th August
2011. What follows is an extended summary of the submitted manuscript.
Through a series of experiments on solid-state synthesized ZnO films maintained
at different relative humidities, we find that increasing the humidity of the cham-

ber or the humidity of the ethanol pulse enhances the capacitive sensitivity. The

test chamber humidity was controlled and modified by using different saturated salt
solutions (potassium acetate, potassium carbonate or potassium nitrate) to achieve
relative humidities of 15%, 40% and 90% respectively. These saturated salt solu-
tions give a characteristic relative humidity value at room temperature [141]. The
humidity content of the ethanol vapor (5000 ppm) was modified by mixing water
vapor from the saturated air above the aforementioned salt solutions. Therefore, we
controlled both the chamber humidity and gas pulse humidity independently. Figure
7.1 shows representative responses when the chamber is maintained at 40% RH. Tt
is clear that when the ethanol pulse contains more moisture, the magnitude of the
response increases.

A dry air pulse with 15% RH results in a decrease in capacitance, but an ethanol
pulse mixed with dry air increases the capacitance. To explain these observations,

it is helpful to consider how the capacitance is related to different parameters in
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Figure 7.1: Variation in the responses of ZnO at 40+7% RH with different amounts
of moisture mixed in 5000 ppm ethanol. A dry air pulse (with 15% RH) causes a

decrease in capacitance.
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our sensor. We invoke a parallel plate capacitance model for our ZnO films, where
different target species can adsorb.

=2t “; €2

(7.1)

In Equation 7.1, C is the effective capacitance, €, is the permittivity of vacuum,
A is the electrode area, ¢ is the dielectric constant of ZnO, €, is the dielectric
constant of the material between the ZnO and the metal electrodes and d is the
separation between metal electrodes [142]. €, changes with the variation in humidity
and with the type of target gas such as ethanol. In ambient humidity, water vapor
adsorbs on ZnO and its dipoles align along the surface, causing an increase in electron
concentration [59]. Since water has a high relative dielectric constant (~78.5) [11],
the capacitance in the presence of moist air will be higher than the measured value
in the dry air. The amount of adsorbed water also varies with the relative humidity,
and as a result, different baseline capacitances are observed at different humidity
levels (Figure 5.4). Likewise, ethanol has a relative dielectric constant of ~25 [143]
and hence for a given humidity level, capacitance will increase with exposure to
ethanol vapor. On the other hand, when the surface is exposed to a dry air pulse, it
results in desorption of water vapor from the surface and the capacitance decreases
(Figure 7.1).

We can also explain the increase in capacitance of ZnO upon exposure to ethanol
vapor based on band structure changes. When as-grown n-type ZnO is exposed

to air, oxygen molecules adsorb on it and form O3 due to electron capture from
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Figure 7.2: Schematic depiction of an energy level diagram of a rectifying oxygen

semiconductor (Schottky) junction. Here z denotes the distance from the surface,
and 7 indicates the width of the space charge region in ZnO. Ec, Ep, and By
indicate the conduction band, Fermi energy, and valence band, respectively. Ess
denote the surface states, that are occupied by adsorbed oxygen species. gg, denotes

the energy barrier encountered by electrons to move from ZnO to the surface oxygen

5. ¢ denotes the work function, and y is the electron affinity.
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the conduction band [6,58]. This decreases the electron concentration in conduction
band and causes band bending along with the creation of an electron depletion region
(space charge region), as shown in Figure 7.2 [6,51]. According to the Schottky
barrier model, this depletion region has a capacitance associated with it [53,55, 56].
This capacitance is related to electron concentration (n) in the bulk and barrier

height (¢) by following Equation 7.2 [55-57].

Cu \/T., (7.2)

As a result of these adsorbed oxygen species, the capacitance of ZnO is reduced.
On the other hand, when the ZnO surface is exposed to ethanol, it interacts with
the adsorbed oxygen and the electrons are released back to the conduction band.
This increases the electron concentration and decreases the barrier height, thereby

increasing the capacitance.

Table 7.1 summarizes the sensitivity values (at 40% RH in the chamber) obtained
for ethanol pulses with different relative humidities. These sensitivity values are
better than those reported for other ethanol sensors tested at room temperature
[144]. Higher sensitivities to ethanol have been achieved by operating the sensor at
elevated temperatures (above 150°C) [132]. This is due to the sensing mechanism
changing as consequence of adsorbed oxygen species change from O; (molecular
form) to O~ and 0%~ (atomic forms), which increases the sensitivity [50].

It is important to mention that increasing the content of water vapor in the

ethanol pulse does not impact the recovery time (Table 7.2). This similarity in
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Table 7.1: Variation of capacitive ethanol sensitivity (at 5000 ppm) at 40% RH for

ZnO films.

Humidity content
in ethanol (%RH)

Sensitivity (%)

15
40
90

7£1
161
3242

Table 7.2: Recovery time data for capacitive ethanol responses (at 5000 ppm)

recorded at 40% RH. The water vapor (100% RH) entries correspond to water vapor

injection in the chamber at 40% RH and 90% RH, respectively.

Target gas with %RH

Recovery time constant (s)

Ethanol mixed with 15% RH air

Ethanol mixed with 40% RH air

Ethanol mixed with 90% RH air
Water vapor at 40% RH
Water vapor at 90% RH

18+2
19+1
19+2
34+3
TT+£3

recovery times could be due to the formation of an ethanol-water complex and its

subsequent adsorption on the ZnO surface. Earlier studies have shown that ethanol

can acquire complex hydration structures due to interaction of water and ethanol in

both gas as well as condensed phases [145]. However, the recovery times for water

vapor pulses alone are slower in different humidity environments. This increase in

recovery time might be because water vapor desorption from the ZnO surface slows

down with higher water vapor pressure.
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Figure 7.3: Representative responses of ZnO to an ethanol mixture diluted with dry
air (15% RH) shows the dehydration of the films in the gradual fall below baseline

and subsequent recovery to baseline.

Another interesting effect observed during capacitive ethanol sensing at very high
relative humidities (90% RH) is the appearance of a different feature (recovery below

baseline) in the recovery stage, as shown in Figure 7.3. This type of recovery feature

is not observed in data collected at lower chamber humidities. This feature appears
to be related to the large difference in the humidity content of the target gas and the
chamber. However, the sensor recovers to the baseline by rehydrating to ambient
humidity level. Table 7.3 shows that the sensitivities at 90% RH are even larger

than those recorded at 40% RH.

The enhancement of capacitive ethanol sensing responses both with the humidity
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Table 7.3: Variation of capacitive ethanol sensitivity (at 5000 ppm) at 90% RH for

ZnO films.

Humidity content in | Sensitivity (%)
ethanol gas pulse (%RH)

15 20+1
40 311
90 5042

in the target gas as well as ambient chamber humidity has important implications.
At very high ambient humidities (90% RH), the largest sensitivities are achieved.
However, the sensor is not ready for another sensing event for longer time due to
rehydration of ZnO surface to match the ambient humidity. As discussed in Chapter
5, at very low humidities (15% RH) the ethanol sensitivity is very low (~ 2%).
Therefore, the best operating condition for these ZnO sensors is near 40% RH. The
trend in sensitivity enhancement with humidity may not be unique to ethanol and
may hold true for other reducing gases as well. For example, studies by others on
carbon monoxide (CO) show that sensitivity increases with increase in humidity (7).
Other studies show that sensitivity to alcohol increases up to 50% RH, but after
that it decreases [73]. It is important to mention that these and other studies have
focussed on sensitivity and not recovery properties.

Our studies demonstrate that increasing the moisture content of ethanol gas
does not change sensor’s recovery times. These findings point to the fact that water

vapor not only interacts with the sensing material, but also with the target gas. Since
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water is present in many sensing environments, understanding the role of water in

gas sensing is essential to improve sensor performance.

7.2 Reducing the impact of humidity and improv-
ing selectivity with zeolite-coatings

The filtering action of zeolites has been used to improve selectivity of the gas
sensors because target gases with different sizes and/or masses will not diffuse at the
same rate through them [146]. Furthermore, catalytic conversion of target gases can
result in products to which the sensing materials show either enhanced or suppressed
responses [10,147]. In the context of this thesis work, we discuss the role of zeolite
coatings as filters on ZnO based sensor element materials.

Zeolites are both naturally occurring as well as synthetically produced mate-
rials which consist of porous interconnected aluminosilicate structures [148]. The
aluminum and silicon atoms in the zeolites are tetrahedrally coordinated by oxy-
gen [149]. This gives them a net negative charge, which is counteracted by cations
such as Na*, Mg?* and Ca®* incorporated in the pores [146,149]. Depending on the
size and shape of their pore structure, when they are exposed to different molecules
(whether in an electrolyte or air), zeolites may be selective in which molecules can
pass through their pores [148]. Different zeolites have varying degrees of water sorp-

tion capacity, therefore some zeolites have the potential to filter the humidity from
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target stream [149]. Hydrophobicity in zeolites is controlled by the silica to alumina
ratio in their structure, and zeolites with larger ratios of silica to alumina tend to
be more hydrophobic [149].

Most of the zeolites developed and exploited earlier were for petroleum purifica-
tion applications [150]. These have small pore sizes (~1 nm) that can be used for
catalysis of smaller molecules (such as volatile organic compounds, Hy and Oy) [150].
Following this lead, such catalytically active zeolites have mostly been investigated as
coatings on gas sensing materials for these smaller molecules [146,151-153]. For ex-
ample, studies by Fukui and Nishida on LayO3-Au:SnO, coated with a zeolite known
as ferrierite show a selective response towards carbon monoxide over ethanol [151].
This was attributed to the catalytic conversion of ethanol to ethylene, to which the
sensing layer shows smaller sensitivity [151]. Mann et al. used a coating of zeo-
lite on Cr,_,Ti,0, and achieved improved selectivity for nonane gas compared to
other alkanes (such as heptane, octane and decane) [152]. This was attributed to
conversion of nonane to methyl propane and water, to which this sensing material
displays enhanced sensitivity [152]. Binions et al. demonstrated that coating zeolite
on the surface of Cryg5Tio0503 and WO3 improves selectivity toward ethanol gas
over isopropyl alcohol [10]. This was attributed to a catalytic reaction of ethanol in
the zeolite layer [10].

Much of the research work (some of which is described above) on the develop-

ment and use of zeolite coatings on gas sensing materials has focused on improving
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selectivity toward a particular target gas. However, there is a need for identifying
and modifying zeolite coatings in a way that they can simultaneously improve se-
lectivity and reduce the interference of ambient humidity on gas sensing responses
of oxide materials. To this end, we have started a collaboration with Dr. Bionions
(University College London, and Queen Mary University of London) to investigate
how ambient humidity effects can be reduced with the use of zeolite coatings on our

Zn0 samples.
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Chapter 8

Summary, Conclusions, and

Broader Contexts

8.1 Summary and conclusions

My the

work has assessed and addressed the challenges of working with poly-
crystalline ZnO in variable humidity environments by correlating synthesis, struc-
ture, and physical properties. Furthermore, I have also explored how to circumvent
the problems associated with the use of this material as a gas sensor in ambient
environments. The effects of humidity were investigated by looking at three specific
parameters: baseline drift, sensitivity, and response time. For this purpose, the hu-

in the measurement chamber as well as in the target gas stream was changed.

At moderate chamber humidities (~ 40% RH), resistive sensing on solid state synthe-
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sized films gave longer recovery times (on the order of several hundred seconds) and
showed resistance baseline drifts. In contrast, the corresponding capacitive sensing
measurements gave shorter recovery times (tens of seconds), and showed no baseline
drift with comparable sensitivities. Due to the superior performance of our films in
capacitive sensing mode, the effects of chamber and gas humidity were explored in
more detail in this measurement mode.

For itive sensing i ing the chamber humidity as well as

humidity content of the ethanol enhances the sensitivity without changing the recov-
ery times. On the other hand, recovery time to water vapor alone was longer than
for ethanol-water vapor mixtures. These findings point to the fact that water vapor
possibly interacts with the target gas in addition to the sensing material. Moreover,

at very high chamber humidities (90% RH), we observe another phenomena that is

surface de-hyd and sul re-| ion in the recovery stage of ethanol

sensing responses. The appearance of this feature in the recovery stage is clearly
linked to the difference in the moisture content of the target gas and the chamber
humidity. Based on these findings, we propose the optimum humidity conditions for

capacitive sensing for our ZnO films to be around 40% RH. We conclude that our

ZnO films work better as capacitive sensors in ambient humidities; however, humid-

ity influences the sensing properties in a non-trivial way. Further work needs to be
done to understand the interaction of water vapor with the sensing material as well

as the target gas.
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In order to find out whether the impact of humidity is inherent to bulk ZnO or if
surface factors are also playing a role, we compared the electrical properties of ZnO
prepared by solid state metathesis with Zn metal oxidation. It is worth mentioning
that both preparation methods yield crystalline ZnO, but solid state metathesis
gives crystallites with granular morphologies with ill-defined faces, while Zn metal
oxidation gives a needle-like crystallite morphology. Comparing the current-voltage
(I-V) responses in different humidity conditions for both preparation methods, solid
state synthesized ZnO films are influenced more by ambient humidity than the ZnO
obtained by oxidation. The current values obtained for solid state synthesized ZnO
in moderate (40% RH) and high humidity (60% RH) conditions were three orders of
magnitudes higher than the values in dry (15% RH) conditions. On the other hand,
films obtained by oxidation only showed less than an order of magnitude increase in

current under the ioned humidity itions.

Solid state synthesized ZnO films also display asymmetric I~V responses under
moderate and high humidity conditions. Analysis of I-V data for these films revealed

that the observed is due to

of water vapor at the
top surface of films and its subsequent electrolysis. Based on these comparisons, it is
clear that synthesis tuning does have an impact on the electrical properties of these

ZnO films under different humidity conditions. However, to ascertain the exact role

of crystallite size and morphology on the properties of ZnO under different humidity

conditions, further work needs to be done.
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8.2 Future work and broader contexts

This thesis work highlights the challenges of working with a single material as a
gas sensing element in different ambient environments. Most semiconductor metal
oxides are known to suffer from poor selectivity among different target gases [4,6].
Therefore, the true solution to realize a reliable gas sensor likely lies beyond a single
gas sensing element and in the use of a sensing array. A sensing array should
consist of different sensing elements, such that each member of the array shows
a distinguishably different response to a target gas. Some transition metal oxides
such as MoO3 and WOj3 are not sensitive to all gases. For instance, MoOs is not
sensitive to CO, and WOy is not sensitive to gases like SO, and propanol [4]. These
metal oxides in conjunction with ZnO could be used in a sensing array. If this array
is exposed to a particular gas, the sensing response by each member of the array
will be different for this gas. These responses can then be fed to pattern recognition
software for analysis and identification. This concept has been explored before to
improve selectivity [1,154]. However, two major challenges are associated with such
an approach. One is the synthesis of different materials for the array and fitting them

The second challenge is

together on the sensing platform is

developing pattern recognition software that has the capability of storing and sorting

the responses of sensing clements in the array and subsequent analysis.

To obtain a clear understanding on the role of crystallite morphology on the
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properties of polycrystalline ZnO, structures with preferentially exposed polar and
non-polar surfaces could be synthesized using a technique demonstrated by Joo et
al. [78]. By using tools like a Kelvin Probe Microscope (KPM), the effect of vari-
ous ambient and gas humidity environments on the surface states of preferentially
exposed polar and non-polar surfaces could be tracked. A Kelvin Probe Microscope
is a scanning probe tool similar to the Atomic Force Microscope (AFM). In this
method, a metallic tip electrically coupled with the sample surface is scanned over
it at a constant distance. The difference between the work functions of the tip and
the sample surface results in a potential difference, and hence in an electric force.
This force can be eliminated by applying an external bias voltage that has the same
magnitude as the contact potential but an opposite polarity. This external bias that
eliminates the force due to the contact potential is equal to the difference in work
function between the tip and the sample. In this way the work function of the sample
surface can be calculated, if the work function of the tip is known [7]. Comparing the
KPM data for preferentially exposed polar surface and non-polar surface samples un-
der different ambient and gas humidity conditions could provide information about
which crystallite morphology are more prone to these changes. Moreover, it will also
give us information about how the ethanol-water vapor mixture is impacting these
surfaces.

Zn0 has applications in optical (solar cells [26]) and electronic devices (light emit-

ting diodes [15]). For these applications, interactions between ZnO and its ambient
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environment can be very undesirable and lead to performance challenges, if they
alter the optical and electronic responses. ZnO samples targeted for the aforemen-
tioned applications could be systematically studied under different humidity condi-
tions with infrared spectroscopy to assess changes in surface adsorbates. Infrared
spectroscopy (IR) is used to study the different vibrational modes in solids [155]. In
this approach, ZnO samples should be stored under different humidity conditions.
The infrared spectrum of surface of the samples stored under different humidity
conditions should be obtained at regular intervals (of few weeks) and comparisons
should be made among these spectra. Storage in moderate to high ambient humidi-
ties can lead to chemical changes like formation of hydroxyls or carbonates on the
surface of ZnO [29]. These adsorbed surface species have typical signatures in the
IR spectra [155]. For instance, IR studies by others show that hydroxylation of ZnO

surface results in sharp OH stretching vibrations at around 3600 cm™', which are

typically absent in hydroxyl-free ZnO surface [156]. Therefore, one could track the

adsorption of these species under various humidity conditions with time. Such a
study could be helpful in determining the humidity range and the time for which
these ZnO materials could be used in aforementioned applications without the risk
of degradation.

Another useful study would be to follow the effect of particle size and grain

boundaries in different ambient humidity environments on the electrical properties

using the i spectroscopic Some studies explore the effect
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of grain boundaries on the electrical properties using impedance spectroscopy at
high temperatures [34,157]. We have found from I~V data that annealed solid state
synthesized ZnO (with larger particles) is little less sensitive to ambient humidity.
Annealing at 850°C is the optimum temperature where grain growth occurs with
minimum weight loss for ZnO powders [158]. The AC impedance spectroscopy be-
havior of the annealed samples could be recorded under different humidity conditions
as well as in the presence of ethanol vapor. AC impedance studies are helpful in
identifying the bulk and surface contributions to the electrical properties, so changes
observed in the impedance behavior will help us understand the role of grain bound-

aries on the adsorption processes in different envi It is worth mentioning

that AC impedance studies are impacted by measurement history, therefore such
measurements must be repeated few times and sufficient time should be given be-

tween each measurement to obtain consistent results.
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Appendix A

A.1 Bias dependent changes in AC impedance spec-
tra

Dropcoated ZnO films show DC bias dependent changes in addition to humidity—
related changes in their impedance spectra. Therefore, we discuss the AC impedance
measurement results for two sets of experiments. In one set of experiments involving
impedance measurements, the relative humidity was kept at 40% RH (where the [~V
asymmetric response shown in Figure 6.3b are observed) and the DC bias voltage
during the measurment was varied from -1 V to 1 V. In another set of experiments,
impedance measurements were the taken at 15% RH (dry) conditions and the applied
DC bias was changed as described above. First, we show that in the relative humidity
range of 40+7% RH, the AC impedance plots display DC-bias dependent changes
(Figure A.1). We note that these measurements have been obtained (and such

features observed) on many dropcoated ZnO films and were observed repeatedly
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c.¢) and Bode plots (b,df) at
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even after measurements at different DC bias voltages.

‘When the applied DC bias is less than zero, the size of the impedance semicircle
in the Nyquist plots decreases (Figure A.la) but is still larger than the semicircle
displayed for positive DC bias values. A negative DC bias gives lower currents (Fig-
ure 6.3b), which may correspond to less water electrolysis at the exposed interface.

Consequently, as the applied AC f is reduced, the capaciti at

grain boundary increases and conduction is only due to diffusion of the adsorbed
water ions.

For positive DC bias (Figure A.lc) there is no Warburg-like signature. Instead,

the size of the i d. i-circle d ignifi with increase in bias.
O'Hayre et al. has observed DC bias dependent reduction in impedance within
single grain of a ZnO varistor [159] and Xu ef al. have observed this decrease
in semicircle size with increase in DC bias for a ZnO single crystal nanobelt held
between two palladium contacts. They have not mentioned any clear reason for
the observed reduction in the size of the impedance semicircle. It is also worth
mentioning that the real part of the impedance was reduced by 2 orders of magnitude
in comparison to those at negative and zero DC bias. This finding is again consistent
with the I-V responses at 40% RH, where the current is 100-1000 times greater
than at negative DC bias. Since positive DC bias means positive voltage at the
ZnO/substrate interface and negative polarity at the ZnO/contact and air interface,

there is more likelihood of increased electrolysis of adsorbed water molcules and the
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corresponding hydrogen evolution reaction at the exposed interface. Cosequently,
we do not see the Warburg-like signature at the positive DC biases, which means
that grain boundary conduction does not go into diffusion control at low frequencies
(< 10 Hz). At 1V DC bias, where the turn-on for I~V responses in dropcoated
films occur, in corresponding AC measurements the value of resistance is even lower.
There is also evidence of inductive effects at low frequencies.

When the films were desiccated and tested at 15% RH, significant changes in
impedance spectra were observed relative to data collected at 40% RH. Figure A.2a
shows that there is no Warburg-like signature occuring at negative DC bias at low
frequencies and that the size of the impedance semi-circle grows. This is again
consistent with IV responses where negative bias current decreases by an order of
magnitude. Glot et al. have observed this type of increase the size of impedance
semi-circle with reduction in relative humidity [160], but they have not seen the
‘Warburg-like signature that we observe here. The DC bias dependent changes along
with relative humidity induced changes have not been observed synergistically. The
reason for the absence of Warburg-like signature at low frequencies at this relative
humidity (15% RH) is that at moderate humidity (40% RH) there is enough moisture
on the surface and between the grains that limits the low frequency impedance
response to diffusion control. Even at this low humidity (15% RH) the size of the
impedance semi-cirle reduces with increases in DC bias. This is again consistent

with the symmetric /-V behavior observed in this humidity range.
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Figure A.2: Bias dependent changes in Nyquist (a,c,e) and Bode plots (b,d,f) at

15£7% RH from -1 V to 1 V.
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It is evident from above AC impedance observations (at different DC bias and
relative humidity conditions) that our solid-state synthesized ZnO films are reacting
with absorbed moisture in a non-trivial manner. This underscores the need to control
the surface reactivity of ZnO to minimize the interference from ambient moisture for

using it as a reliable gas sensing material.
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