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ABSTRACT

Every year, approximately 12.5 million Americans suffer an asthma attack. The
sudden attack of the disease can be triggered by more than eight hours of exposure to ppm
level environmental pollutants, such as CO, NOx, O3 and H2S. Early notification of the
pollutants can help to minimize the attacks, especially for people with vulnerable
respiratory and cardiovascular systems. The development of gas sensors that consume µW
of power and detect target gases down to ppm levels in the form of wearable accessories is
of great interest. Such systems would benefit from inexpensive, high-performance
complementary (CMOS)-based gas sensor platforms. Transition metal oxide nanowire
sensor arrays satisfy the sensing requirements because they deliver key attributes of low
cost, ppb to ppm sensitivity, and µW individual sensor power consumption.
A limitation of using metal oxides in gas sensing is their cross-reactivity to multiple
gases. Inspired by the process used in mammalian olfaction, discriminating a specific target
gas in a complex mixture can be accomplished by simultaneous collection and processing
of response data from many different elements in a multiplexed sensor array. To integrate
the array, heterogeneous populations of high-quality polycrystalline metal oxide nanowires
with uniform dimensions and well-characterized sensing properties are necessary.
Metal oxide nanowires fabricated by bottom-up synthesis methods are typically
non-uniform in geometry, impurity concentration, and crystallinity. Therefore, they are not
well suited for integration into large-scale CMOS sensor arrays. This thesis research
demonstrated a new, scalable, hybrid top-down/bottom-up fabrication method that
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produces highly uniform nanowires composed of a high-resistivity Si core that is coated
with an ultrathin polycrystalline metal oxide shell. In this work, TiO2 and SnO2 coatednanowires were fabricated by crystallizing the metal oxide shell under process conditions
optimized for high sensitivity detection of the target gases.
Individual TiO2 or SnO2 nanosensors were integrated into test structures and onto
CMOS circuits via electric-field-assisted deterministic assembly. The performance of the
nanosensors was evaluated by monitoring their chemiresistive response as they were
exposed to CO and H2. The results demonstrated device-to-device uniformity with a
variation in resistance of less than 15%. Individual sensors displayed high sensitivity and
fast response comparable to the best metal oxide nanowire sensors synthesized by bottomup methods. The nanowire sensors coated with a 15 nm-thick SnO2-shell consumed 120µW
of power to detect CO at a concentration as low as 10ppm within 65 seconds. A CMOS
chip was fabricated and tested for the integration of a heterogeneous metal oxide nanowire
sensor array. When connected to a readout circuit, gas response data from individual array
elements on the CMOS chip can be accessed, wirelessly transferred, and monitored by
physicians to provide real time health care to the users.
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Chapter 1
Introduction
The research presented in this dissertation focuses on developing heterogeneous metal
oxide nanowire sensors that fulfill the requirements for multiplexed sensor array integration, such
as high device-to-device uniformity, ppm-ppb gas detection ability, and µW power consumption.
This chapter gives a brief background of the importance of low power, high sensitivity metal oxide
sensing arrays for the detection of critical environment pollutants. Especially for people who have
vulnerable respiratory systems, monitoring the environment during normal activities in daily life is
helpful to prevent sudden attacks of asthma. A discussion of current limitations and challenges in
gas sensing devices and technologies is also included.

1.1 Introduction and Motivation
In the United States alone, approximately 25 million people have asthma.1 These people
have lower blood oxygen levels than normal due to the disorder of respiratory system caused by
the disease.2 Long term exposure to small amounts of environmental pollutants (such as CO, O3,
NOx, H2S, etc.) is very risky, even at ppm-ppb level concentrations. For example, CO molecules
can irreversibly attach to the iron center of hemoglobin, a protein in oxygen transport red blood
cells, and lower the probability of oxygen adsorption. The blood oxygen concentration is reduced
to even lower levels. Lung disfunction is worsened by the insufficient oxygen delivery, which can
lead to sudden attack of the disease3. The attack can be fatal if medical care is not supplied in time.
According to the National Institute for Occupational Safety and Health (NIOSH), the 8-hour safe
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exposure limit of CO for people with asthma is 10ppm. 4 Table 1-1 lists the effect of CO on human
health.

Table 1-1: The effects of CO on human health.5 COHb* is the percentage of CO in human blood.

[CO] (ppm)

COHb (%)

Signs and Symptoms

10
25
35
100
200
400

<10
<10
<10
>10
20
25

Maximum recommended indoor CO level
Maximum exposure for 8 hour work day
Headache and dizziness within 6-8 hours of exposure
Slight headache in 2-3 hours
Slight headache in 2-3 hours, loss of judgment
Frontal headache within 1-2 hours

800

30

Dizziness, nausea and convulsions within 45minutes,
insensible within 2 hours

1,600

40

3,200

50

6,400

60

12,800

>70

Headache, tachycardia, dizziness and nausea within 20
minutes; death within 30 minutes
Headache dizziness and nausea in 5-10 minutes; death
within 30 minutes
Headache and dizziness in 1 to 2 minutes; convulsions,
respiratory arrest, and death in less than 20 minutes
Death in less than 3 minutes

To protect people with vulnerable respiratory systems from attacks triggered by gas
pollutants, a portable environmental monitoring system that can detect specific gases down to the
ppm to ppb level, transfer the sensing data wirelessly in real-time to the health care center, and
provide feedback from the physicians to the patient is being developed.6 As shown in Figure 1-1,
the environmental monitoring system is designed as a wristband or a chest patch that can be
conveniently carried by the user during their normal daily activities. The sensing data is transferred
wirelessly to the medical center by a readout interface connected to a smart phone and the sensing
chip. An alarm triggered by the physicians can be delivered to the user if the environment pollutants
exceed safe levels.
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Figure 1-1: Wireless health infrastructure in the form of a chest pad and wrist bracelet. The gas
sensor is integrated into the wearable system. Environmental data is collected in realtime and sent
through the wireless network

As an important component of the wearable environment monitoring system, the integrated
gas sensing unit is required to have high selectivity, high sensitivity and low power consumption.
High selectivity is required to discriminate the target gases, such as CO, NOx, H2S, O3, from the
background during real-time environment monitoring. High sensitivity is necessary for the
detection of the target gases down to their safe levels, which are listed in Table 1-2. In addition to
high sensitivity, for wearable devices that can operate for a full 8 hour day, the sensor should have
low power consumption. For example, if the wearable device is powered by a rechargeable lithium
button battery7, the power consumption of the sensors must be less than 18mW for a 24 hour
operation lifespan. Furthermore, if the sensors consume less than 10mW of power, a battery-free
wearable device that harvests energy from human body (thermal, kinetic, etc.), is achievable.8
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Table 1-2: Safe levels of critical environmental gas pollutants for people with asthma.
Gas pollutants

Safe exposure level

Maximum exposure time

Reference

CO

10ppm

8 hours

[4]

O3

100ppb

8 hours

[9]

NO2

100ppb

1 hour

[10]

H2S

10ppm

8 hours

[11]

Considering the advantages of the mature complementary metal oxide semiconductor
(CMOS) integrated circuit (IC) technology, CMOS is the preferred platform for the development
of a wearable gas pollutants monitoring system. The CMOS platform provides benefits such as
nanoelectronic compatibility, small device size, low operating power and low cost.12 Therefore, gas
sensor integration should be compatible with CMOS fabrication methods.

1.2 Metal Oxide Gas Sensor Based on Chemi-resistance Change
Gas sensing is usually accomplished by measuring the change in the electronic properties
that are induced by the sensor interaction with target gases. These physical properties include
resistance, resonant frequency, color, and light absorbance. 13 Mass sensitive, calorimetric,
colorimetric sensors are typically associated with bulky and complicated mechanical or optical
measurement systems that are not suitable for integration onto a small CMOS chip.14,15,16,17 On the
other hand, resistance based sensors have simple device structures, low fabrication cost and CMOS
integration compatibility. Thus they fulfill the requirement of sensor integration onto a CMOS chip
for body-wearable gas sensing applications.16,18,19
Transition metal oxides (MOX) are the most popular materials used in the resistance based
gas sensors. For detection of critical environment gas pollutants such as CO, O3, NOx, MOX sensors
provide high sensitivity, fast response, and good stability as compared to electrochemical and
conducting polymer solid state sensors.20
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1.2.1 Sensing Mechanism and Limitations of MOX Sensors
The idea to monitor the conductivity change of transition metal oxides for gas detection
began in the 1950s when Erlangen presented his observation that ZnO conductivity changes upon
exposure to O2.21 After the initial discovery, numerous studies were carried out to investigate the
sensing performance of various MOX (SnO2, 22 ZnO, 23, TiO2, 24, WO3, 25, CuO, 26 In2O3, 27 etc.)
sensors that are sensitive to critical environmental pollutants., ,
The prevailing model to explain the influence of the gas atmosphere on the electrical
properties of metal oxides is a combination of ionsorption and reduction-reoxidation of oxygen
vacancies. 28 In the combined model, gas molecules that are ionsorbed onto the MOX surface
change the MOX conductivity by depleting or accumulating surface charges. In addition, the MOX
surface has many oxygen vacancies. These oxygen vacancies can be oxidized or reduced by the
gas, thereby trapping or donating conduction band electrons. For example, the low resistivity of
undoped SnO2 is due to the fact that the material is oxygen-deficient. It contains many ionizable
oxygen vacancies that serve as an electron donor over a wide temperature range.29,24 When SnO2 is
exposed to oxidizing gases such as O3, NO2, O2, surface acceptor states are created. Conduction
band electrons are trapped by the following surface reactions (for O2):18
O2 (g)+ 2e− → 2O− (s)

(1-1)

V𝑂 +e− → V𝑂− (s)

(1-2)

Here the sub-indices s and g refer to the surface and the gas, respectively, and V𝑂 is an oxygen
vacancy. In this case, the MOX conductivity is reduced. Reducing gases (CO, H2, H2S) react with
the pre-adsorbed oxygen species such as O− (s) and donate the trapped electrons back to the MOX,
causing an increase in the conductivity (e.g. CO): 24
CO(g)+O-(s) → CO2(g)+ e-

(1-3)

V𝑂− →V𝑂 + e−

(1-4)
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Figure 1-2: The carrier depletion or accumulation when SnO2 is exposed to an oxidizing or a
reducing gas.

The same type of redox reactions are found between the MOX and many gases. Therefore,
the resistance change induced by the surface reaction is not specific.17 In these redox reactions, the
electron exchange between the surface states and the bulk MOX takes place within a surface layer
thickness, which is comparable to the Debye length λD as shown in Figure 1-2.24 The expression
for Debye length is given by:
𝜆𝐷 = √

𝜀𝜀0 𝑘𝐵 𝑇
2
𝑞 𝑛𝑏𝑢𝑙𝑘 (𝑇)

(1-5)

where T is the temperature, 𝑛𝑏𝑢𝑙𝑘 (𝑇) is the MOX carrier concentration, and q, 𝜀0 , 𝑘𝐵 ae
fundamental constants. If the thickness of the MOX is smaller than λD, the electron density of the
entire layer is controlled by the surface reaction. Thus, the conductivity of the MOX sensor
completely depends on the surface properties, resulting in a highly sensitive surface reaction.
The ionization of the gas molecule that determines the magnitude of the surface reaction is
temperature dependent. For example, at low temperature, (<100˚C), oxygen is mainly adsorbed
onto the SnO2 in its molecular form (as physically adsorbed O2). In the mid-temperature range
(100-150˚C), one electron from the conduction band is trapped by an oxygen molecule, and
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molecular ionic species of oxygen dominates (as O2-). At high temperatures (>150˚C), two or four
electrons are trapped by an oxygen molecule, and the oxygen molecule preferentially dissociates
into atomic oxygen species (O-, O2-). 30, 31, 32 The change in resistivity increases as more electrons
are trapped by the oxygen species (O2-, O- and O2-). Neutral adsorbed molecules will not influence
gas sensing. Therefore MOX sensors are usually operated within the medium to high temperature
range from 100˚C to 300˚C.

1.2.2 Multiplexed Metal Oxide Sensor Array
Individual MOX sensors have limitations for gas discrimination because the materials
exhibit cross-reactivity with different gases; specifically, the adsorption and reaction are not highly
selective. Although many strategies have been developed to improve the selectivity by modifying
the chemical composition 33,34,35 and adding chemical filters such as zeolites, 36,37,38 there is no
universal solution to create gas-specific oxide materials. However, as the work of Axel and Buck
improved the fundamental understanding of mammalian olfaction principles,39 researchers realized
that highly selective sensing elements are not required to discriminate target gases if the sensing
elements produce different sensing responses. In the mammalian olfactory system, there are a few
different types of odor receptors. Each type of receptor responds slightly differently to each odor.
A specific odor triggers a set of signals from all of the receptors and these signals are sent
simultaneously through the neural network to the brain. The brain analyzes the variation in
responses and, finally, the odor information is extracted and confirmed.40
Mimicking the principle of the olfactory system, the concept of a multiplexed metal oxide
sensor array, known as an ‘electronic nose’, was proposed.41 Since the mid-1990s, more than 300
papers have been published annually in the ‘e-nose’ area.17 The concept of the ‘e-nose’ is described
in Figure 1-3.42 An array of MOX sensors that are diverse in the material, operation temperature or
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doping density are integrated onto a sensor platform such as a printed circuit board or a CMOS
chip. The different sensors are marked by a different color in Figure 1-3. All of the sensors are
exposed to the gas mixture and the gas responses are collected through the sensor platform
simultaneously. The sensing signals are analyzed by the backend data processing unit using pattern
recognition algorithms, including linear discriminant analysis (LDA), neutral networks, or
principle component analysis (PCA). 43 The diversity in the signals from different sensors is
extracted and treated as a distinct ‘finger-print’ of a specific gas.

Raw
Measurements

Sensor
Array

Normalized
Measurements

Signal
Processing

Feature
Vector

Dimensionality
Reduction

Classification

Figure 1-3: Scheme of the ‘e-nose’ operation mechanism for gas discrimination.42
Adopting the concept of an ‘e-nose’, the first single-chip multiplexed metal oxide sensor
array was developed by the NIST researchers Semancik et al. in 2001.44 As shown in Figure 1-4，
the array contains 48 SnO2 thick film sensors connected to individual micro-hotplates. The SnO2
layer in a single sensor is 30µm-thick, 100µm-wide and 100µm-long. These SnO2 sensors can be
heated to different temperatures ranging from 200-300˚C, providing the diversity in the chemical
reactivity for gas recognition. In this device, the power consumption for a single micro-hotplate is
30 to 45mW.45 The total power to operate the sensing array is calculated to be 1.5 to 2.2W. Using
thick film MOX sensors, ‘e-nose’ systems for gas recognition have been commercialized as the i-
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PEN (WMA Airsense Analysentechnik, Germany), KAMINA/ArtiNose (Karlsruhe Institute of
Technology/SYSCA, Germany), and FOX 2000(Alpha MOS, France).46,47
Despite the commercial success, there are many outstanding problems in adopting thick
film MOX sensors for use in low power, high sensitivity, large-scale sensing arrays. For example,
the number of sensors in the commercial ‘e-nose’ systems is limited to approximately 10 due to the
high power consumption of each individual sensor. In addition, the complicated micro-machining
process for the micro-hotplate increases fabrication costs. Because metal oxides are brittle, scaling
the MOX layer to a thickness comparable to the Debye length of less than 100nm, which is a
requirement for high sensitivity, without cracking the film is difficult.

Figure 1-4 : (a) : (a) A multisensory array constructed from 48 discrete SnO2 thin film sensors.
(b) The structure of single SnO2 thin film sensor.44 Copyright 2001 Sensors and Actuators.

1.2.3 Metal Oxide Nanowires for the Multiplexed Sensor Array
Starting in the 2000s, MOX nanowire (diameter <100nm) sensors have emerged due to the
fast development of bottom-up synthesis methods in material science. 48,24,49 Large numbers of
metal oxide (SnO2, ZnO, TiO2, etc.) nanowires can be synthesized in a single batch, which has the
potential to reduce sensor fabrication costs. 50 The nanowires inherently have high surface-to-
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Figure 1-5: (a) Fabrication of ‘e-nose’ based on three separate MOX nanowire sensors. (b) SEM
image of the ‘e-nose’; inset: separate nanowire sensors.54 Copyright 2006 Nano Letters.

volume ratios, which results in sensors that are highly sensitive to surface reactions with target
gases.17 For example, CO detection down to 150ppb was achieved using 50nm-diameter SnO2
nanowire sensor.51 Only µWs of power is required to heat a nanowire sensor to its optimal operating
temperature. This is because the nanowire sensors can be heated through direct resistive heating
without using power-intensive micro-hotplates. Prades et al. reported a 40nm-diameter SnO2
nanowire sensor that required only 30µW of power to achieve a sensing temperature of 175˚C. NO2
detection down to 100ppb was demonstrated. Using an external microheater, the power
consumption increased to 140mW.52
The high sensitivity and low power consumption of MOX nanowires provides an
opportunity to develop a battery-free environmental pollutant gas monitoring system based on a
multiplexed MOX nanowire sensing array. In 2006, Kolmakov demonstrated the first MOX
nanowire-based ‘e-nose’.53 The array included individual nanowires: TiO2, Ni decorated SnO2, and
SnO2 nanowires. The nanowires were randomly dispersed onto the SiO2/Si substrate and metal
contacts were deposited through a shadow mask, as shown in Figure 1-5. The sensor array was
heated to 350˚C and exposed to a gas mixture of CO and H2 in an air background. Although CO
and H2 are both reducing gases that cause a decrease in resistance, the two gasses could still be
discriminated from one another by analyzing the specific response pattern. The response pattern
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was created by plotting the normalized sensing signals from the three sensing elements on a radar
chart, as shown in Figure 1-6.

Figure 1-6: (a) H2 response of a MOX nanowire sensor array under two H2 partial pressures. (b)
CO response of the same array under two CO partial pressures. The response is normalized with
the maximum value. 54 Copyright 2006 Nano Letters.
Other MOX nanowire based ‘e-nose’ work includes an array of three types of SnO2
nanowires decorated with different catalytically metal clusters by Moskovits et al.,54 an In2O3, ZnO,
SnO2 and single wall nanotube array by Zhou,55 and a SnO2 nanowire mat array operated under
gradually changing operating temperatures from 250˚C to 320˚C by Kolmakov56. Images of these
multi-sensor arrays are shown in Figure 1-7. Each of these ‘e-nose’ systems incorporate three to
five elements that produce different sensing responses by either varying the material, surface
decoration or operating temperature.
Due to the challenges in fabricating uniform quality nanowires by bottom-up synthesis
methods,57 the number of nanowire sensors in the first generation nanowire based ‘e-nose’ were
limited to a maximum of 10. The benefits derived from large-scale sensing arrays, such as higher
signal-to-noise ratio, smaller standard deviation of the real time measurements, improved long term
operational reliability, are not currently obtainable using bottom-up synthesis methods.17
Additionally, the nanowire sensors in first generation systems were assembled randomly on the
sensor platform. Because placement of the nanowires was not controlled, the device yield and
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Figure 1-7: (a) An ‘e-nose’ consisting of SnO2, Ag decorated SnO2, Pd decorated SnO2
nanowires.54 Copyright 2005 Nano Letters. (b) An ‘e-nose’ consisting of In2O3, ZnO, SnO2
nanowires and single wall carbon nanotube. 55 Copyright 2007 Applied Physics Letters. (c) IR
image of the temperature gradient (520K-600K) on a SnO2 nanowire coated chip under working
condition. 56 Copyright 2008 Nano Letters
device-to-device reproducibility was difficult to predict. Thus, methods to create uniform
nanowires along with high-yield strategies to integrate wires in high density device arrays on a
CMOS chip are needed.
As discussed above, current ‘e-nose’ systems have limitations for use in battery free,
wearable devices intended for people with asthma. Therefore, to develop a wearable ‘e-nose’ with
high detection selectivity and sensitivity down to ppm-ppb levels, a multiplexed MOX nanowire
sensor array with a high device density (1024 sensors within 0.5mm2) on a CMOS platform is
proposed in this research, as shown in Figure 1-8. The chip contains at least three different types
of MOX sensors, with redundancy of up to 100 sensors of each type. Individual sensors are accessed
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electronically by the CMOS circuit, and the responses from all of the individual sensors are used
to construct a distinct gas response pattern by pattern recognition methods such as LDA. To extract
the eigenvectors of the 3D LDA space, at least three types of sensors are needed for the array. 58,59

Figure 1-8: (a) Scheme of a large-scale heterogeneous MOX nanowire sensor array integrated on
a CMOS IC. (b) Specific gas response pattern in LDA vector space

1.3 Thesis Outline
This thesis presents research conducted to support the development of a low power, high
sensitivity, CMOS-enabled heterogeneous MOX nanowire sensing array. This section provides an
overview of the results presented in each of the chapters.
In Chapter 2, a new hybrid top-down/bottom-up synthesis method is presented to produce
high density, uniform dimension and crystallinity TiO2 and SnO2 nanowires for large-scale
heterogeneous MOX nanowire sensor array integration. The nanowires are composed of a 100 to
200nm-diameter Si core coated with a 15 to 30nm-thick MOX shell. The core-shell structure
provided the high surface-to-volume ratio required for high sensitivity as well as the excellent
mechanical strength needed for on-chip integration. To enhance the sensitivity to the target gases,
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the MOX shell was crystalized under optimal thermal treatment conditions before release from the
synthesis substrate. X-ray diffraction (XRD) and transmission electron microscopy (TEM) was
used to characterize the crystallinity of the MOX shell. Three types of nanowires (30nm-thick
anatase TiO2-coated 260nm-diameter Si, 30nm rutile SnO2-coated 260nm-diameter and 15nmthick rutile SnO2 coated 130nm-diameter Si) were fabricated for integration onto the CMOS sensor
array platform.
Chapter 3 presents the integration and the characterization of individual TiO2 and SnO2
nanowire chemiresistors as sensing elements for use in the heterogeneous MOX sensor array. The
nanowire chemiresistors were integrated on a SiO2-coated Si substrate using electric field-assisted
directed assembly. A customized chemical test stand was configured for gas sensing measurements.
The improvement in gas sensitivity after crystallization was demonstrated by comparing the
activation energies between amorphous and crystallized TiO2 and SnO2 nanowires. Sensor-tosensor uniformity was confirmed by comparing the resistance variation of 30 nanowire
chemiresistors and the activation energies of two randomly chosen devices from the 30. The
performance of individual TiO2 nanowire sensors was characterized by conducting H2 sensing
measurements. Sensitivity, response time and recovery time were compared to the state-of-art
nanoscale TiO2 sensors. The possibility of using these TiO2 nanowire sensors in a battery free gas
monitoring system was also studied by measuring the consumed power to achieve a working
temperature through Joule (resistive) heating.
The sensing properties of the SnO2 nanowire devices were investigated. Better sensitivity
in CO sensing was obtained by scaling down the dimensions of the SnO2 nanowires. A Joule heated
130nm-diameter SnO2 nanowire sensor showed a 10ppm lowest detection limit (the gas
concentration when signal to noise ratio of the response equals 1) and 1min response time (the time
for the sensing signal to reach 90% of the maximum value after the sensor is exposed to the target
gas) for CO sensing. The sensors fabricated by the hybrid method developed in this thesis had
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sensing properties comparable to the best bottom-up synthesized MOX nanowire gas sensors in the
literature, but with better device-to-device uniformity.
In Chapter 4, a low power CMOS chip design is demonstrated as a sensor platform for the
heterogeneous MOX sensor array. The CMOS chip was designed to integrate 1024 sensing
elements that can be individually addressed by a multiplexer circuit. Process monitors were
included to evaluate the back-end integration process flowing, including critical steps such as the
electrical connection between post-CMOS integrated sensors and the CMOS circuit. This chapter
also included a proposed flow a CMOS-compatible MOX nanowire integration process. Unit
process steps, such as the back-end alignment overlay and ohmic contacts between the top metal
contacts and tungsten VIAs, were tested.
Chapter 5 summarizes the accomplishments presented in the dissertation and discusses the
future works to improve the MOX sensor stability and compatibility to the CMOS readout circuit
based on the challenges observed during this research.
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Chapter 2
Metal-Oxide Nanosensor Fabrication and Characterization
In this chapter, a hybrid bottom-up and top-down fabrication method was developed to
produce high-quality polycrystalline metal oxide nanowires with uniform diameter and length. The
nanowires were composed of a high-resistivity silicon (Si) core coated with a polycrystalline metal
oxide (MOX) shell. The Si core served as a template for atomic layer deposition of different metal
oxide coatings, such TiO2 and SnO2. It provided mechanical strength to the brittle metal oxide that
is easily broken during the integration process. The metal oxide shell was crystallized after the
coating process using optimized annealing conditions. X-ray diffraction (XRD) and transmission
electron microscopy (TEM) were conducted to characterize the crystal structure of the metal oxide.
The polystyrene bead assembly was carried out by Dr. Shoji Hall in Prof. Mallouk’s group
in the Department of Chemistry at Penn State University. The interference lithography was
completed by Dr. Cao Ning at the University of California, Santa Barbara. TEM imaging was
conducted by Dr. Satoshi Anada from Osaka University. Tianjiao Zhang from the Department of
Material Science and Engineering contributed to the XRD.

2.1 Introduction
This chapter describes a new process to produce heterogeneous metal oxide nanowire
sensor elements compatible with the low-power gas discrimination platform described in chapter
1 1,2,3,4 . Both top-down and bottom-up methods have been used previously to synthesize MOX
nanowires. Top-down approaches typically use electron-beam lithography and reactive ion etching
techniques to obtain planar nanowires with a highly uniform shape and electronic properties.5,6
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However, these processes are not widely used because of their high fabrication cost and the high
thermal dissipation of the resulting devices to the underlying substrate. Metal oxide nanowires
synthesized by bottom-up methods, which include electrochemical template replication, solutionbased colloidal synthesis, and vapor liquid solid growth,7,8,9 have the potential to overcome the
limitations of top-down fabricated device structures. In the most common bottom-up processes,
molecular or metal salt precursors are introduced into a reaction chamber, and then, by heating,
adjusting pH, adding catalysts, the molecular precursors are converted into an amorphous metal
oxide. Crystalline metal oxide nanowires are obtained by thermally annealing the amorphous
nanowires. A variety of crystalline metal oxide nanowires, such as SnO2, TiO2, and ZnO, have been
synthesized by these methods. 10,11,12,13
During the solution-based MOX nanowire synthesis process, parameters such as the
reactant concentration, synthesis temperature, ramp rate to the target temperature, hold time at the
target temperature, and the addition of molecular species to modify the growth, impact the nanowire
size, crystallinity, and purity. Due to the complexity of the chemistries, the relationship between
the process variables and the MOX properties are poorly understood, making it difficult to obtain
the desired structurally and geometrically uniform crystalline nanowires7. Therefore, bottom-up
methods are not currently suitable to fabricate transition metal oxide nanowires for integration into
practical metal oxide sensor array circuits.
This research produced a simple and economical synthesis method to obtain highly uniform
MOX nanostructures for sensor array integration. To overcome shortcomings in presently used
solution-based fabrication methods, the hybrid method presented here combines the merits of the
precise dimensional control in top-down fabrication with the flexibility and cost-advantages of
bottom-up methods to obtain high-quality polycrystalline MOX-coated nanowires. Nanowires were
fabricated by atomic layer deposition (ALD) of 30nm thick TiO2, 30nm SnO2 and 15nm thick SnO2
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shells on a Si nanowire template produced by deep reactive ion etching (DRIE). The amorphous
shells were crystallized by thermally annealing the TiO2 and SnO2-coated wires.

2.2 Hybrid Metal Oxide Nanowire Fabrication Process
The flexible hybrid top-down/bottom up method described here provides a low-cost and
reproducible approach to produce high-quality polycrystalline MOX-coated nanowires. A Si-oninsulator wafer (SOI, Ultrasil Corp.) was used to fabricate the Si nanowire template for subsequent
ALD of the MOX shell layer. As shown in Figure 2-1, the process started with coating the top 5
µm-thick high resistivity (>10000Ω∙cm) Si layer with a 230nm thick thermal oxide. Next, a twodimensional array of circular features (100nm to 200nm diameter, 100 to 400nm spacing) was
patterned across a 1-in2 sample area using either nanoparticle or interference lithography. 14
Additional details of the patterning process will be presented later.
The array pattern was transferred into the 230nm thick oxide, which served as a hard mask
for DRIE of the 5 µm-thick Si device layer. The Si layer was over-etched to create an undercut
between the Si device layer and the buried oxide layer, which aided in the wire release process.
After the DRIE, the polymer residue generated during the Bosch etch process was removed by O2
thermal annealing. The vertically oriented array of 100 to 200nm-diameter Si nanowires served as
the growth template to coat the 10 to 30nm-thick transition metal oxide shell. Following ALD, the
amorphous MOX shell layer was crystallized at a temperature between 600-700˚C for high
sensitivity detection of the target gases. The optimized MOX nanowires were released into an
isopropyl alcohol solution by sonication. The wire array density on the SOI substrate was
approximately 1010/mm2. Therefore, a 1mm2 piece of the SOI wafer was used to produce 1 mL of
a 104 nanowire/µL nanowire suspension. The process recipes for the Si nanowire etch and
TiO2/SnO2 ALD are provided in Appendix A-1.

25

Figure 2-1: Process flow to produce the standing Si core, MOX shell nanowires.

The field emission scanning electron microscope (FESEM) images in Figure 2-2 show the
260nm-diameter, 30nm-thick TiO2 coated wires at various steps in the fabrication process flow. A
monolayer of 400nm-diameter amidine latex polystyrene beads (Life Technologies) was compactly
assembled on the surface of the SOI wafer. The bead diameter was reduced to 250nm by an O2
plasma etch, as shown in Figure 2-2 (a). The spacing between adjacent beads was 400nm as defined
by the original diameter of the beads. If the diameter reduction exceeded 40% of the initial value,
deformation of the polystyrene beads occurred. Therefore, the minimum diameter of the etched
polystyrene beads was 250nm. Next, the pattern was transferred to the oxide layer, as shown in
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Figure 2-2: FESEM images of 30nm-thick TiO2 coated SiO2/Si nanowire fabrication. (a)
Polystyrene particle mask after diameter reduction by O2 etching; (b) 220nm-diameter SiO2 pillar;
(c) 200nm-diameter Si nanowire array after Si DRIE etch; (d) 30nm-thick TiO2 coated SiO2/Si
nanowires; Inset: top view of mask; (e) substrate after nanowire release; (f) released nanowires.
Figure 2-2 (b). A portion of the 100nm-thick polystyrene particle hemispheres remained on top of
the oxide pillars after the oxide etch. The 330nm-thick pillars served as the hard mask for Si DRIE.
Figure 2-2 (c) shows the vertical array of 200nm-diameter Si nanowires that served as a template
for metal oxide ALD coating. The nanowire diameter was reduced from 250nm to 200nm because
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the hard mask partially eroded during the Si DRIE. The Si nanowires had scalloped sidewalls due
to the Bosch process.15 However, the surface roughness at the scalloped end was minimized to
10nm by optimizing the etch process. Figure 2-2 (d) shows the nanowire array after coating with a
30nm-thick layer of TiO2 and thermal annealing. Figures 2-2 (e) and 2-2 (f) confirm that the
undercut at the base of the wires assisted in the wire release from the SOI substrate by sonication.
The nanoparticle lithography process illustrated in Figure 2-2 was used to assemble a
uniform monolayer of particles on a 4in-diameter SOI substrate. This simple and low-cost process
was used to fabricate 30nm-thick TiO2 coated and SnO2 coated Si nanowires that were 260nm in
diameter. Due to the limitations in the particle diameter reduction, it was difficult to obtain smaller
diameter nanowires using this method. As discussed in Chapter 1, reducing the wire diameter is
critical to lowering sensor power consumption.
Interference lithography was used to pattern the hard etch mask for smaller diameter wires.
The periodic pattern of high and low intensity created by multi-beam interference of a 325nm HeCd gas laser was recorded in a layer of THMR-IP3600HP-D (TOKYO OHKA KOGYO CO., LTD)
photoresist. This produced an array of 200nm-thick, 100nm-diameter circular features at a 200nm
pitch, as shown in Figure 2-3(a). The pattern was transferred from the photoresist to the oxide hard
mask. Due to the poor plasma resistance of the photoresist layer, the etch selectivity between the
resist and the oxide was approximately 1:1. Therefore, the photoresist mask was completely
removed before etching through the 220nm-thick thermal oxide layer, resulting in a final SiO2 pillar
height of 180nm, as shown in Figure 2-3(b). This oxide hard mask was used for DRIE of 4.5µmthick Si layer, producing and array of 100nm-diameter, 4.5µm-long Si nanowires coated with a
15nm-thick SnO2 shell, as shown in Figure 2-3(c) and Figure 2-3(d). Although sub-100nmdiameter Si nanowires were obtained by this technique, the maximum length of the wires was
limited to 5µm because of the low etch resistance of THMR-IP3600HP-D during pattern transfer
to oxide hard mask. Developing new mask materials or improving the selectivity of the etch recipes
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Figure 2-3: 130nm-diameter SnO2 coated nanowire fabrication process. (a) Photoresist pillar
array patterned by interference lithography; (b) Pattern transfer to 230nm-thick oxide by RIE; (c)
100nm-diameter, 4.5µm-long standing Si nanowire template; (d) 15nm-thick SnO2 coated Si
nanowires after ALD.

would allow nanowires longer than 5µm to be fabricated. Because the power dissipation to the
metal contact is inversely proportional to the wire length, longer wires are preferred to lower the
consumed power.16

2.3 Crystallizing Metal Oxide Nanowires

Before releasing the MOX-coated Si nanowires from the SOI substrate, the amorphous
shell must be crystalized to improve its sensitivity to environmental gas pollutants such as CO, NOx,
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and O3.

17 , 18 ,19

The off-chip nanowire synthesis process described in Section 2.2 provides the

flexibility to anneal the metal oxide at temperatures above 600˚C to obtain the desired crystallinity.
If the MOX nanowires had been synthesized directly on the CMOS chip, due to the thermal budget
limit of Si CMOS devices, crystallization of the metal oxide would not have been possible.

2.3.1 TiO2 Crystallization
The 30nm TiO2 coated nanowires were crystallized in a Heatpulse 610 rapid thermal
annealing (RTA) system (AG ASSOCIATES) at 600˚C for 10min. During the crystallization step,
the process chamber was purged with 20sccm N2 and the chamber pressure was maintained at
760Torr. After crystallization, the TiO2 coated wires were released into isopropyl alcohol by
sonication. The nanowire suspension was dispersed on 3.05mm-diameter lacey carbon copper grids
(Electron Microscope Science) and was imaged using a JOEL 2010F transmission electron
microscope (TEM). The crystallinity and phase of the TiO2 shell with and without thermal
annealing was characterized by selective area electron diffraction (SAED).
The TEM results are shown in Figure 2-4. The bright field and dark field images of the ascoated TiO2 shown in Figure 2-4(a) and (b) confirmed that the TiO2 thickness was 30nm. There
was also a 70nm-thick SiO2 layer between the Si core and TiO2 shell. This SiO2 layer was generated
during the O2 cleaning step (4 hours at 700˚C) used to remove the polymer layer that formed during
the Si DRIE step. The presence of the SiO2 layer does not affect the sensing properties of TiO2, but
it does increase the wire diameter due to the 44% volume expansion of Si during oxidation. The
thickness of the SiO2 layer can be reduced by decreasing the O2 cleaning time to 1 hour and
lowering the cleaning temperature to 600˚C. The diffuse ring SAED pattern of the TiO2 without
annealing confirmed that the ALD TiO2 shell was amorphous. After N2 annealing, the SAED
pattern was spotty, indicating that the TiO2 shell was crystallized.
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Figure 2-4: TEM images of single 30nm thick TiO2 coated Si nanowires with and without a 10
minute, 600˚C anneal in N2. (a) Bright field image, (b) Dark field image and (c) SAED of an
amorphous TiO2 coated wire. (d) Bright field image, (e) Dark field image and (f) SAED of a
crystalized TiO2 coated wire after annealing.
Depending on the crystallization process, the amorphous TiO2 shell can be converted into
one of three different crystal phases: anatase, brookite, and rutile.20 Anatase and brookite are two
metastable phases that form below 600˚C and rutile is the high temperature stable phase that forms
above 600˚C.21,22 The gas sensing properties are related to the crystalline phase of the TiO2.21,23
Therefore, X-ray diffraction (XRD) and selected-area electron diffraction (SAED) were used to
characterize the phase of the annealed TiO2. Due to the small signal produced from the thin
nanowire shell, XRD spectra were obtained from a 3in-diamter wafer coated with a 30nm-thick
TiO2 thin film (X’Pert PRO X-ray diffractometer, PANalysticl Inc.). This thin film was deposited
and annealed using the same conditions as the nanowires to ensure the film properties are
comparable to the shell.
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Figure 2-5: XRD of a 30nm-thick crystallized TiO2 film on a Si substrate. The TiO2 film
underwent the same ALD coating and 10 minute, 600˚C, N2 annealing process as the TiO2 coated
nanowires.

Grazing angle scanning XRD was carried out with an incident angle ranging from 20˚ to
60˚, as shown in Figure 2-5. The peaks of the TiO2 diffraction pattern can be indexed as the pure
anatase phase by comparing to the reference database. The crystallite size (𝑑) of the annealed TiO2
is estimated by the Scherrer equation24:

𝑑=

0.9λ
 cos 

(2-1)

where λ is the wavelength of the X-ray source,  is the line broadening at half the maximum
intensity (FWHM),  is the Bragg angle. The wavelength of the X-ray was 0.152nm (Cu, Kα). The
FWHM was 0.2 ˚ and 2 was 25.28˚ from the plot. The lower bound crystallite size of the anatase
TiO2 was calculated to be 40nm according to equation ((2-1).
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2.3.2 SnO2 Crystallization
The 30nm-thick SnO2 coated nanowires were fabricated using the 200nm-diameter Si
nanowire template. The O2 cleaning of the Si nanowires was modified by reducing the temperature
and time to 600°C for one hour to reduce the thickness of the oxide shell. The bright field and dark
field TEM images shown in Figure2-6 (a) and (b) confirmed that the SnO2 coated nanowires were
composed of a 170nm-diameter Si core and a 30nm-thick SnO2 shell. The thickness of SiO2 was
reduced to less than 10nm and it is not clearly visible in the TEM images. The SAED pattern of the
as-coated SnO2 shell had diffuse rings, confirming the amorphous structure before thermal
annealing of the nanowires.

Figure2-6: TEM images of a 30nm-thick amorphous SnO2 coated-wire before annealing. (a)
Bright field image, (b) Dark field image, and (c) SAED of the nanowire.
The SnO2 nanowires shown in Figure 2-7 (a) and (b) was annealed using the same process
parameters as the TiO2 nanowires (RTA, 600˚C, N2 for 10 minutes). However, the SnO2 was not
converted to a smooth crystalline shell. Instead, the film separated into 40nm-diamter to 100nmdiameter clusters of SnO2 on the nanowire surface. According to the SAED pattern shown in Figure
2-7 (c), these clusters were crystalline SnO2. The annealing results demonstrate that the optimized
conditions to crystallize SnO2 are different than those for TiO2. Because the SnO2 and TiO2
nanowires were synthesized on separate substrates, they can be annealed separately using different
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100nm

(a)

1µm

(b)

(c)

Figure 2-7: TEM images of a 30nm-thick crystalized SnO2 coated-wire after 10min, 600˚C, N2
annealing. (a) Bright field image, (b) Dark field image, and (c) SAED of the nanowire.

process conditions. Therefore, additional experiments were conducted to identify annealing
parameters that would produce a smooth and continuous SnO2 shell on the Si nanowire.
Figure 2-8 shows TEM images of the 30nm-thick SnO2 coated nanowire after a 1 hour long,
O2 anneal at 650˚C in a 2in-diameter quartz tube. Under these conditions, the SnO2 shell was
smooth and continuous. The Debye-Scherrer rings shown in Figure 2-8 (c) demonstrated that the
SnO2 was polycrystalline. The improvement of the roughness was due to the smaller SnO2
crystallites formed during the 650˚C O2 anneal. The results are consistent with the literature, which
shows that the roughness of SnO2 increases as the crystallite size increases25.

Figure 2-8: TEM images of a 30nm-thick SnO2 coated-wire after 1 hour, 650˚C, O2 annealing.
(a) Bright field image, (b) dark field image, (c) SAED of the nanowire.
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Figure 2-9: XRD of 30nm-thick crystallized SnO2 film on Si substrates after two different
annealing conditions. The SnO2 film underwent the same ALD and annealing process as the SnO2
coated nanowires.
The XRD results of the 30nm-thick annealed SnO2 thin film also confirms that smaller
crystallites are obtained after 1 hour 650˚C O2 annealing. The planar control wafers underwent the
same ALD and annealing process as the SnO2 nanowires. The SnO2 was converted to a
polycrystalline rutile phase after both annealing conditions. However, the broadening of the peaks
from the sample that underwent a 1 hour 650˚C O2 anneal was larger than the sample annealed for
10 minutes in N2 at 600˚C. From the Scherrer equation, the crystallite size of SnO2 was calculated
by knowing the FWHM (O2: 1˚.; N2: 0.23˚.) and the Bragg angle (13.3˚). The lower bound
crystallite sizes were 10nm and 40nm, respectively.
Adopting the interference lithography approach, the template was scaled down to fabricate
core-shell wires with a 15nm-thick SnO2 shell on 100nm-diameter wires. These wires were
annealed using the conditions optimized for the 30nm-thick SnO2 shell nanowires. The TEM
images of the 130nm-diameter SnO2-coated Si nanowires following the 650˚C, O2 annealing
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(a)

(b)

200 nm

(c)

200 nm

Figure 2-10: TEM images of a 15nm-thick SnO2 coated-wire after 1 hour, 650˚C, O2 anneal. (a)
Bright field image, (b) Dark field image, (c) SAED of the nanowire.

process are shown in Figure 2-10. The SnO2 shell was crystallized to the rutile phase after the
annealing.

2.4 Summary and Conclusion
In summary, a simple and economical top-down/bottom-up hybrid method was developed
to fabricate uniform and mechanically strong MOX nanowires for sensor array integration. The
top-down pattered and etched Si nanowire template provided highly uniform and reproducible wire
dimensions. It also served as a mechanical support for the brittle metal oxide shell. The off-chip
metal oxide coating process provides an opportunity to conduct thermal treatments to crystallize
the metal oxide shells under different conditions optimized for the specific oxide material.
Using this hybrid fabrication method, 30nm-thick TiO2 coated 260nm-diameter nanowires
and 30nm-thick SnO2 coated 260nm-diameter nanowires were fabricated using a nanoparticle
lithography etch mask. To scale down the nanowire diameter, interference lithography was used to
fabricate 15nm-thick SnO2 coated 130nm-diameter nanowires. The nanoparticle lithography
process used in this research was limited in its ability to scale down the feature size, but had the
advantage of allowing pattern transfer into thicker oxide hard mask layers. The interference
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lithography enabled patterning of a uniform array of 100nm-diameter circular features, but the Si
etch depth was limited to 5µm due to the poor etch selectivity of the resist relative to the oxide hard
mask. Both of these processes could be optimized to overcome the limitations in the future.
After depositing conformal TiO2 and SnO2 shells on the Si nanowire template by ALD, the
metal oxide layers were crystallized using different thermal annealing experiments. XRD and TEM
characterization confirmed that the TiO2 shell was the desired stable anatase phase and SnO2 shell
was the rutile phase. Chapter 3 describes the assembly and integration of the polycrystalline TiO2
and SnO2 nanowires on fused silica substrates as well as their gas sensing properties.
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Chapter 3
Gas Response of Individual Metal Oxide Nanosensors
In this chapter, the sensing response of individual TiO2 and SnO2 nanowire sensors is
presented. The TiO2 and SnO2 nanowires synthesized by the hybrid top-down/bottom-up method
were integrated as individual nanowire gas sensors on a fused silica substrate and then tested in a
customized chemical test stand. Sensor-to-sensor uniformity, the influence of crystallinity,
sensitivity to target gas, and power consumption were evaluated.

3.1 Introduction
Since the mid-1990s, the gas sensing performance of transition metal oxide (MOX) sensors
has been investigated for portable device applications in medical diagnostics, environmental
monitoring, and personal health safety.1,2 Gas sensing is accomplished by heating the sensor to a
temperature between 100 to 300˚C, and monitoring the resistance change brought about by the
surface chemical reaction between the metal oxide and the target gas. A major goal of the field is
to build a multiplexed sensor array that integrates many different types of MOX sensors on an
electrically addressable complementary metal-oxide semiconductor (CMOS) chip.3 To identify the
components of a complex gases mixture, the responses from all of the individual sensors are
collected through the CMOS circuit, and then analyzed by a pattern recognition algorithm.4 The
multiplexed sensor array mimics the mammalian olfactory system, so it is often referred to as an
'electronic nose' (e-nose).5 To realize a CMOS-enabled ‘e-nose’ with low power consumption, the
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individual sensors must be reduced to nanoscale dimensions to enable self-heated operating during
the electrical readout process.5,6
Metal oxide nanowires have attracted interest because high gas sensitivity is achieved by
their high surface-to-volume ratio. When the nanowire dimension is comparable to the Debye
length in the MOX, the bulk conductivity of the MOX completely depends on the surface reaction.
Therefore, the resistance of the sensor is highly sensitive to the surface reaction.5,12,18 In addition,
due to the low thermal capacitance and small power dissipation to the contact and the environment,
earlier calculations and experimental work show that only W’s of power are required to heat an
individual MOX nanowire to its operating temperature through direct Joule heating.7,27,29 Therefore,
nanowire sensors open the possibility of arrays with low power dissipation.
Metal-oxide nanowires have been synthesized by many bottom-up techniques and
encouraging preliminary sensing results for individual sensors have been obtained.29,30,31, The major
challenges of bottom-up MOX nanowires for sensor arrays are the nonuniformity in sensor
performance and the low device integration yield. Kolmakov, et al., built an “E-nose” crossreactive sensor array based on single TiO2, SnO2 and Ni-doped SnO2 VLS-grown nanowire
chemiresistors. The array demonstrated the ability to discriminate CO and H2, but it only contained
three sensors.8 To increase the gas response accuracy and reliability, large-scale heterogeneous
MOX sensor arrays are necessary. For example, if 100 sensors of each type are integrated and their
signal averaged, the standard deviation of the sensing signal can be reduced by a factor of 10 over
a sensory array with only one of each sensor type. 9 The hybrid method presented in chapter 2
provides an opportunity to synthesize highly uniform and mechanically robust metal oxide shell
(TiO2 and SnO2)-Si core nanowires for on-chip sensor array integration.
In this chapter, the sensing performance of individual TiO 2 and SnO2 sensors is
characterized using a customized chemical test stand that has the ability to supply target gases at
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specific concentrations. The electrical and sensing results confirm the improved device-to-device
resistance uniformity (10-20% variation) with sensing performance comparable to bottom-up
fabricated nanowire sensors. The impact of MOX crystallinity on the sensitivity is evaluated by
activation energy measurements. The sensor operation temperature achieved through direct Joule
heating and the power requirements were also estimated.

3.2 Sensor Integration via Directed Electric-Field-Assisted Assembly

3.2.1 Integration of Individual Metal Oxide Nanowire Sensors
The integration of individual MOX sensors began by placing the off-chip synthesized
MOX nanowires in predetermined locations on a fused silica substrate via electric-field assisted
directed assembly.10,11 The assembly method is based on the principle that, in an aqueous
environment, the dielectrophoretic (DEP) forces resulting from the inhomogeneous electric field
induced dipoles in the conductive nanowires direct the nanowires to positions with the highest
electrical field gradient.. 10,11
In this research, to place the nanowire to a predetermined position, a spatially-controlled
inhomogeneous electric field is created intentionally by applying an AC signal across the assembly
structure, as shown in Figure 3-1. The nanowire assembly structure is composed of an interdigitated
metal electrode array, a dielectric layer to isolate the metal and the assembled nanowire, and a
photoresist well array across the gap between the interdigitated electrodes.
The assembly structure was fabricated on a 500µm-thick fused silica substrate. The
interdigitated electrodes were defined by electron beam evaporating Ti/Au (10/50nm-thick) onto a
pattern defined by optical photolithography in double layer photoresist (1µm Shipley
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Figure 3-1: (a) Top and (b) cross-sectional view of nanowire assembly structure. Parallel biased
electrodes served as the guiding electrodes. AC bias was intended to apply across the electrode
gap to form the high electric field gradient region directing the polarized nanowires toward the
electrode gap.

SPRTM3012/0.3µm-thick Microchem NanoTM PMGI SF6) followed by metal lift-off in Microposit®
1165 Remover (Shipley Co.). Pairs of 300μm-wide metal electrodes were separated by 2μm-wide
gaps, where the electric field intensity and gradient were the highest. A dielectric layer of 30nmthick Al2O3 was coated by atomic layer deposition (ALD) to isolate the metal from the assembled
nanowires. Following the Al2O3 coating, an array of 100µm-long, 1.5µm-wide, 0.3 µm-thick
SPRTM3012 microwells were patterned by optical photolithography in double layer photoresist
(1µm-thick SPRTM3012/0.3µm-thick NanoTM PMGI SF6). Then the SPRTM3012 photoresist layer
was removed from the substrate using an acetone and isopropanol spray.
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Figure 3-2: (a) 30nm-thick TiO2 coated nanowires assembled inside PMGI SF6 wells across the
gaps between 30nm-thick Al2O3 coated Ti/Au electrodes on a fused silica wafer. (b) COSMOL
simulation of the electric field gradient profile.

An AC bias of 10Vpp at 100 kHz was applied to the assembly structure following the
injection of the 3µL metal oxide nanowire solution (~106/cm3) under illumination from an OSL1
fiber illuminator (THORLABS, inc.), which was used to enhance the conductivity of the MOX. A
representative image of the TiO2 nanowire assembly with this structure is shown in Figure 3-2 (a).
This demonstrates that the TiO2 nanowires are preferentially assembled at the positions defined by
the lithographically patterned PMGI SF6 wells. Figure 3-2(b) shows the simulated electric field
gradient profile of the structure using the AC/DC module from COMSOL Multiphysics. The DEP
force (E2) is highest inside the microwell, which results in preferential assembly in the
microwells.
After directed assembly, the PMGI SF6 wells were dissolved by soaking the sample in
60˚C Microposit® 1165 for 10 minutes. The nanowires assembled outside the microwells were
removed at the same time. The sample was rinsed with water prior to device contact fabrication.
Two contacts were patterned on each nanowire using a Vistec EBPG5200 Direct-Write Electron
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Figure 3-3: (a) Integration process of the MOX nanowire sensor after directed assembly. (b)
FESEM images of an individual nanowire sensor on a fused silica substrate
Beam lithography system (DWEBL). The Ti/Ni/Au (10/260/80nm-thick) was deposited on the
nanowires by electron-beam evaporation (LAB18 Evaporation System, Kurt J. Lesker). The backend device integration process described here is illustrated in Figure 3-3 (a). Figure 3-3 (b) shows
field emission electron microscope (FESEM) images of 30nm-thick TiO2 nanowire sensors after
their integration on the fused silica substrate. The detailed fabrication process parameters are
provided in Appendix B-1.

3.2.2 Chemical Test Stand
The gas sensing properties of individual TiO2 and SnO2 sensors were recorded in different
operating environments using an Agilent 4155C semiconductor parameter analyzer. The sensor-to-
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sensor uniformity was evaluated by placing the chip in a Cascade Microtech Microchamber probe
station maintained under a 200sccm N2 purge. Activation energy measurements were taken using
a Lake Shore Cryotronics TTP6 probe station purged with either 200sccm N2 or 200sccm 10%
O2/90% N2 gas flow. The commercial Cascade and TT6 probe station chambers were not suitable
for characterization of the gas sensor response to target gases such as H2 and CO. Therefore, a
customized chemical test stand was designed and constructed for accurate concentration and time
dependent measurements of the sensor response.

Figure 3-4: Block diagram of the chemical test stand.

A block diagram showing the components of the chemical gas sensor test system is
presented in Figure 3-4. As shown in Figure 3-5 (a), the system is composed of eight parts: a
multigas controller (647C, MKS Instruments), a mechanical vacuum pump (Gast 1031-102A,
IDEX Health&Science), a temperature controller (Series SD, Watlow), a customized vented gas
manifold, a valve control unit (NI PCI-6515, National Instruments), a customized sealable device
test chamber, a 4155C semiconductor parameter analyzer and two controlled computers. The target
gas concentration and flow rates were controlled by a custom-written LabVIEW program.
The test chamber is shown in Figure 3-5 (b). The gas flows from the inlet, over the sensor
and exits through the outlet. The small 4cm3 test chamber volume allows a complete gas exchange
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Figure 3-5: (a）The components of the chemical sensor test stand: 1. MKS multi gas controller
647C; 2. mechanical pump; 3. temperature controller; 4. vented gas manifold; 5. valve and mass
flow controller; 6. device test chamber; 7. gas manifold controlled computer; 8. semiconductor
parameter analyzer (4155C)and controlled computer. (b) Device test chamber with spring loaded
connectors. (c) Sensor chip packaging.

within 1sec under a gas flow rate of 200sccm. High temperature O-rings (Markez Z1028, Marco
Rubber corp.) were used to seal the chamber. As shown in Figure 3-5 (c), a sapphire plate carrying
the sensor chip was placed upside down on top of the O-ring. Electrical connections to individual
sensors were made by wire bonding 150×150µm2 contact pads on individual sensors to one end of
large-area 4mm-wide, 20mm-long Ti/Au pads on the sapphire plate. The other end of each long
pad was aligned to a spring loaded connector outside the test chamber. A customized copper heater
stage was positioned on top of the sapphire plate. The heating stage is composed of a cartridge
heater (C1J6, WATLOW) that can heat the sapphire plate from 20˚C to 300˚C. The temperature
was monitored by a thermocouple (61XKFEX072A, WATLOW) mounted within the heating stage.
The entire sensor package stack was sealed against the O-ring for H2 and CO sensing. The details
of the sample packaging and the chemical test stand operation can be found in Appendix B-2.
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3.3 Characterization of TiO2 Nanowire Gas Sensors
TiO2 responds to gases such as CO, H2S, NOx, H2, alcohol and ammonia. 12 , 13 TiO2
nanowires are attractive for the integration of heterogeneous metal oxide sensor arrays because of
their cross-reactivity to the target gases, inherent chemical stability, simple device structure and
compatibility with the CMOS fabrication process.

3.3.1 Anatase and Amorphous TiO2 Nanosensors
As discussed in chapter 2, in order to integrate TiO2 nanowires with optimum sensitivity
into a sensor array, the TiO2 was crystallized from an amorphous to an anatase phase. In this section,
carrier activation energies of individual anatase and amorphous TiO2 chemiresistors were
determined to confirm the improvement in gas sensitivity with crystallization.
Gas sensitivity determined by the surface reaction between the MOX and the oxygen
species can be defined as Ggas/G0 or R0/Rgas. Based on the ionsorption model, the sensitivity can be
calculated by: 14
S=

𝑖𝑜𝑛 𝑏
𝐺𝑔 𝑅0 𝛤𝑡 𝑘𝑔𝑎𝑠 [𝑂𝑎𝑑𝑠
] [𝑋]𝑏
=
=
+1
𝐺0 𝑅𝑔
𝑛0

𝑘𝑔𝑎𝑠 = 𝐴𝑒𝑥𝑝(
where

∆𝐸𝐴
)
𝑘𝐵 𝑇

(3-1)

(3-2)

𝐺𝑔 𝑅0

( ) is the ratio of sensor conductance (resistance) between target gas and background gas,

𝐺0 𝑅𝑔

𝑛0 is the carrier concentration in the background gas, 𝛤𝑡 is a time constant, 𝑘𝑔𝑎𝑠 is the reaction rate
coefficient, 𝐴 is the collision frequency, ∆𝐸𝐴 is the carrier activation energy difference between
𝑖𝑜𝑛
oxidizing gas and inert gas, [𝑂𝑎𝑑𝑠
] is the concentration of surface absorbed oxygen species, [𝑋] is
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the concentration of the target gas, 𝑘𝐵 is Boltzmann constant, 𝑇 is the operation temperature and b
is the charge parameter corresponding to the absorbed oxygen species (1 for O- and 0.5 for O2-).
According to equation (3-1) and (3-23-2), the sensitivity (S) is proportional to the
exponential of the carrier activation energy difference between the oxidizing gas and the inert gas.
Therefore the comparison of sensitivities can be done by simply comparing the activation energy
difference between N2 and 10% O2 in N2. The activation energies of amorphous and anatase-phase
TiO2 were extracted from the Arrhenius plot of conductance as a function of temperature and
ambient gas type. Current-voltage (I-V) measurements were carried out for each sensor at different
temperatures and ambient gases in the TT6 probe station. The temperature was varied from 30˚C
to 150˚C in 20˚C steps. Four sets of I-V measurements were taken while purging the chamber with
200sccm N2 or 200sccm 10% O2 balanced with N2, respectively. Prior to measurement, the sensors
were preconditioned at the highest measurement temperature for 4 hours. Next, the I-V
characteristics were collected at incrementally decreasing temperatures with a 20 minute
temperature stabilization prior to each measurement. The conductance extracted from the slope of
the I-V characteristics is plotted for amorphous and anatase phase TiO2 in Figure 3-6. The change
in activation energy due to oxygen adsorption of anatase TiO2 (from 110meV to 314meV) was
much larger than for amorphous TiO2 (no detectable change in the activation energy). This confirms
the significantly enhanced sensitivity to surface chemical reaction (~100 times if the sensor is
operated at 175˚C) after the crystallization of the TiO2. This result demonstrates the advantage of
off-chip synthesis: optimizing the crystallinity to enhance the sensitivity can be achieved through
high temperature thermal annealing, which is not possible for MOX deposited directly on
CMOS.15,16
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Figure 3-6: Arrhenius plot of the conductance for (a) amorphous and (b) anatase-phase TiO2
under N2 and 10% O2 purge.

3.3.2 Device-to-Device Uniformity of Anatase TiO2 Coated Nanosensors
As described in the beginning of section 3.3, to reduce the standard deviation of the sensing
signal by a factor of 10 compared to a single sensor, 100 TiO2 nanowires should be integrated in
an array on the chip. The gas response of the TiO2 is determined by averaging the sensing signals
from all the TiO2 sensors. Therefore, the sensors must have similar device properties, including
baseline resistance and gas sensitivity. The results presented in chapter 2 showed that each batch
of 30nm-thick TiO2 shell, 260nm-diameter Si core nanowires fabricated by the hybrid topdown/bottom-up method was uniform in dimension and crystallinity. To evaluate the homogeneity
in sensing properties, the I-V characteristics of 30 TiO2 nanowire chemiresistors were measured
under a N2 purge at room temperature. The current was recorded while sweeping the voltage from
-2 to 2V in 20mV steps. The results are shown in Figure 3-7 (a) Ohmic contacts were confirmed
by the linear relationship between the current and voltage. The resistance of 30 TiO2 chemiresistors
was extracted from the slope of I-V plot near zero bias. The average zero-bias resistance was
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Figure 3-7: (a) I-V characteristics of 30 anatase TiO2 nanowire chemiresistors measured in 25˚C
N2 ambient. (b)The SEM images of the chemiresistors. The frame color indicates the
chemiresistors in the SEM image correspond to the I-V characteristic in (a)

5.0MΩ with a variation of 18% (standard deviation divided by mean). After electrical
measurements, each individual TiO2 chemiresistor was observed using FESEM to measure the wire
length between the two contacts as well as the wire diameter. The TiO2 nanowire chemiresistors
can be classified into four types as shown in Figure 3-7 (b) :(from the top to the bottom) centered
nanowires, tilted nanowires, laterally offset nanowires, and longitudinally offset nanowires. Among
the 30 devices, 60% nanowires were centered, 13% tilted, 17% offset laterally and 10% offset
longitudianlly. The I-V characteristics of the corresponding type are marked with the same color in
Figure 3-7 (a). If only the centered wire devices were measured, the resistance variation was 9%.
Therefore, half of the variation was caused by the offset or misalignment during nanowire assembly
and lithographic contact patterning. Further improvements in the integration process will reduce
the device-to-device variation in electrical properties..
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The TiO2 nanowire chemiresistors fabricated using this hybrid technique had significantly
higher uniformity in their electronic properties compared to existing state-of-the-art bottom-up
synthesized nanowire devices. Table 3-1 compares the resistance variation of the the devices
presented in this reseach with other semicoductor nanowire devices published in the literature.
Table 3-1: The resistance variation MOX and semiconductor nanowire devices.
Devices
50 In2O3 nanowire
chemiresistors
55 Si nanowire FET
40 ITO nanowire resistors
30 TiO2 coated.
nanowires

Diameter

Variation in Resistance

Reference

10nm

45%

[17]

20nm
20nm
30nm TiO2 coated,
260nm dia.

106%
108%

[18]
[19]

18%

this work

The gas sensitivity of the anatase-phase TiO2 chemiresistors was also characterized.
Equation (3-1) shows that two sensors have identical sensitivity if the change in activation energies
between N2 and O2 in the two sensors is equal. The measurements to obtain the activation energies
were carried out on two TiO2 devices from the batch with the baseline I-V characteristics shown in
Figure 3-8 (a). These devices were randomly chosen from the 30 chemiresistors. The same
measurement sequence as previously described was performed. The conductance of the individual
sensor was extracted from the I-V measurements under varying temperature. The Arrhenius plots
of individual sensor conductance are presented in Figure 3-8 (b). The activation energy of sensor 1
was 110meV in 100% N2 and 314meV in 10% O2. The activation energy of sensor 2 was 115meV
in 100% N2 and 311meV in 10% O2. The difference in activation energies for O2 and N2 resulted
in a calculated sensitivity difference of 5% for sensors operating at 175˚C.
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Figure 3-8: (a) I-V characteristics of two TiO2 nanosensors at 25°C in N2. (b) Corresponding
activation energies extracted for sensor 1 (black) and sensor 2 (red) under N 2 and 10% O2
conditions.

3.3.3 Hydrogen Response of TiO2 Nanosensors
TiO2 has excellent thermal stability in harsh environments (e.g., 500-600˚C) compared to
other metal oxides. Therefore, TiO2 has been used extensively to detect H2 for a wide range of
industrial applications such as chemical production, rocket engines and fuel cells.20 In this work,
H2 was selected as the target gas to benchmark sensor performance of the anatase TiO2 nanowires
against commercially available sensors. In addition, although H2 is not an environmental pollutant
of interest for health monitoring, it is a common reducing gas that will cause an increase in the
conductivity of the n-type metal oxide. To discriminate CO from an unknown gas mixture that
might include both CO and H2, the sensor response to H2 was characterized in the chemical test
stand described in section 3.2.2. Single anatase TiO2 sensors were packaged on the sapphire plate
and sealed in the test chamber as described in Appendix B-2.
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Figure 3-9: TiO2 nanosensor current response to H2 at (a) 120˚C (b) 150˚C and (c) 175˚C. The SEM
image of the TiO2 nanosensor is shown in (d).
Individual TiO2 nanowire sensors were heated to 120˚C, 150˚C and 175˚C while applying
a constant voltage (V=100mV) to the sensor. The current was monitored as a function of H2
concentration by an Agilent 4155C semiconductor analyzer. The gas flow alternated between the
background gas (99.98%N2 and 0.02% O2) and H2. The background O2 concentration was kept low
due to safety concerns. The flow rate was maintained at 300sccm in all sensing experiments.
The current change of the TiO2 nanowire sensor as a function of H2 concentration for the
three different operating temperatures is shown in Figure 3-9 (a)-(c). In all cases, the current
increases with increasing H2 concentration. The H2 removes the absorbed oxygen species and also
dissociates into hydrogen atoms (H*) and ions (H+). The hydrogen ions can diffuse into the TiO2
interstitial positions, ionize and donate electrons to enhance the conductivity of TiO2. The chemical
reaction equation given by:21,22
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𝐻2 + 𝑂− → 𝐻2 𝑂 + 𝑒 −

(3-3)

𝐻2 → 2𝐻 + + 2𝑒 −

(3-4)

shows the removal of the absorbed oxygen species and the dissociation into hydrogen atoms (H*)
and ions (H+), which can diffuse into the TiO2 interstitial positions, ionize and donate electrons to
enhance the conductivity of TiO2. Ionisorption of H2 on the TiO2 suface is propotional to
temperature.28 As shown in Figure 3-9 (a), at a low temperature (120˚C), because the reactivity is
low, low sensitivity is obtained (S=1.2 for 2500ppm H2). The response time (time for the sensing
signal to reach 90% of the maxium value) is 1 hour and the recovery time (time for the sensing
signal to decrease to 10% of the maxium value) is 4 hours. As the temeperature increased, the
sensitivity, response time and recovery time all improve. When the temperature is increased to
175˚C, as shown in Figure 3-9(c), the sensitivity increases to 32 with a much shorter response time
of 29 minutes and a recovery time of 15 minutes. The sensitivity, response time and recovery time
of the TiO2 nanowire chemiresistors in this work are compared to the state-of-art TiO2 sensors in
Table 3-2. The individual anatase TiO2 nanowire sensors have sensing properties equivalent to or
better than high-performance devices in the literature, confirming their compatibility with largescale heterogeneous integration with CMOS electronics.
Table 3-2: Comparison of the H2 sensing properties between the anatase TiO2 nanowire studied in
this work and state-of-art anantase TiO2 chemiresistors.
Type

S

trecovery
(minutes)
16

Temp.
(˚C)
180

[H2]
(ppm)
1000

Reference

3

tresponse
(minutes)
20

Nanotube
Thin film

2.5

1.5

NA

250

1000

23

Thin film

19

0.3

NA

370

5000

24

Nanotube

26

30

30

150

1000

25

Nanowire

25

29

15

175

1000

This work

22
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The sensitivity as a function of H2 concentration for individual TiO2 nanosensors is plotted
in Figure 3-10. The sensitivity increases linearly with H2 concentration when the concentration is
below 1000ppm. However, when the H2 concentration increases above 1000ppm, the sensitivity
saturates. The results can be explained by the Langmuir isotherm model22. As illustrated in Figure
3-10(b), when H2 is adsorbed on the TiO2 surface, electrons are transfered from the H+ species to
the TiO2, increasing the conductivity of the TiO2. Ionized H+ acts as a surface state with an energy
level near the conduction band edge of TiO2. The energy band bends downwards towards the
surface (more n-type) because TiO2 gains electrons from the surface reaction. The band bending
increases as a function of H2 concentration until the fermi level of the TiO2 equals the energy level
of the adsorbed H+. When the fermi level aligns with the H+ energy state, the ionsorption of H2 is
in equilibrium with the desorption, and additional band bending of TiO2 is prevented. When the
band bending stops, saturation occurs, and the conductivity (sensitivity) no longer changes.
Gas sensors are usually operated in the linear response region; in other words, sensitivity

Figure 3-10: The sensitivity as a function of H2 concentration measured at sensor operating
temperatures of 120˚C, 150 ˚C and 175˚C. (b) The energy band diagram of TiO2 and adsorbed H+
for low and high H2 concentration exposure
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is propotional to the concentration of the gas analyte. There is a tradeoff between the sensitivity
and maximum detection limit. Higer sensitivity is achieved in the smaller TiO2 nanowire due to
larger surface-to-volume ratio. However, the reposonse of the smaller diameter nanowire saturates
at lower gas concentrations because the energy band of the smaller diameter wire bends more to
compensate the same amount of surface charge induced by the gas. This phenomena can be
explained by charge neutrility. For example, assuming that the amount of surface positve charge
brought by the adsorbed H+ is identical in both cases of a thin film TiO2 sensor and a thick film
TiO2 sensor, the induced negative charge inside TiO2 must be equal to the surface charge. From
Poisson’s equation26, this negative charge is calculated by integrating the energy band bending over
the entire TiO2 layer as given by:
𝑡

Q=− ∫0 𝜌(𝑥)𝑑𝑥=

𝜀𝜀0
𝑞

𝑡

∫0 [∇2 𝐸(𝑥)]𝑑𝑥

(3-5)

where 𝜀 is the relative permitivity of TiO2, 𝜀0 is the vacumm permitivity, 𝑞 is the elementary
charge, t is the thickness of TiO2, x is the distance from the surface, E(x) is the carrier energy in
distance x, and ∇2 𝐸(𝑥) is the energy band bending. Therefore, smaller thickness TiO2 must have
larger band bending to achieve the same integration value. Although a thicker TiO2 layer can
achieve a higher linear detection limit, it has a lower sensitivity because the surface-to-volume ratio
is smaller.
The hybrid fabrication method developed in this work provides a convenient way to tune
the dynamic response range by changing the TiO2 thickness on the Si nanowire core. The thickness
of the TiO2 layer can be adjusted for sensors that require higher sensitivity or dynamic range.
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3.3.4 Self Heating of Nanowire Sensors
The results presented in section 3.3.3 heat the entire MOX sensor chip to over 100˚C to
activate the gas sensing surface reaction. However, as discussed in chapter 1, the integration of a
large-area heaters onto CMOS chips results in high power dissipation of >500mW (48 sensors),
which limits the use MOX sensors for self-powered microsystems. In contrast to thin film sensors,
it is possible to achieve the optimal operating temperature in the range of 100˚C to 300˚C by
resistive heating from the sensing current passing through the TiO2 nanowire. Specifically, Joule
heating is possible due to the small thermal capacity as well as the low heat loss when MOX sensors
are scaled to the nanometer level.27,29
To estimate the operating temperature of an electrically contacted TiO2 core-shell nanowire
sensor biased at a constant current, the sensitivity to 2500ppm H2 was measured under two different
biases. The current densities in the 30nm-thick TiO2 shell were 7.3×105A/cm2, 8.2×105A/cm2 at 8V
and 10V applied biases, respectively. The response to 2500ppm H2 is shown in Figure 3-11 (a). For
the 8V bias, the H2 response is negligible because the surface temperature is estimated to be below

Figure 3-11: (a) TiO2 nanosensor current response to 2500ppm H2 under three different bias. (b)
TiO2 nanosensor sensitivity response to 2500ppm H2 from 100-180°C
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100˚C. The sensitivity to 2500ppm H2 is 1.02 when the bias is 10V. The corresponding sensor
temperature can be inferred by extrapolating the value of the sensitivity vs. temperature curve
shown in Figure 3-11 (b). This curve was obtained from the H2 sensing results collected by heating
the TiO2 nanowire sensor using an external stage, as presented in section 3.3.3. From the calibration
curves, the temperature corresponding to the 10V bias is below 120˚C. However, because a surface
reaction between TiO2 and H2 is observed, the temperature of the sensor is estimated to be above
100˚C.
An operating temperature of 120˚C is assumed to analyze the upper bound of the actual
power dissipation value. The power dissipation is produced by heat transferring from the nanowire
to the contact, the ambient gas and the substrate through thermal conduction, convection and
radiation. Detailed and accurate modeling of thermal transport requires a numerical solution. To
estimate the distribution of heat losses and understand the relationship between heat losses and
nanowire morphology, simplified thermal transport equations were applied in this work. In the
simplified model, the nanowire is suspended in air and the heat loss to the fused silica substrate
occurs through radiation. Because the thermal conductivity of metal is high, heat can transfer
quickly to the surroundings. Therefore the temperature of the metal is maintained at 25˚C. The
equations describing the heat loss to the metal contact (𝑃𝐿 ), gas ambient (𝑃𝐺 ) and substrate through
radiation (𝑃𝑟𝑎𝑑 ) are given by (3-6), (3-7) and (3-8): 27

𝑃𝐺 ≈ 𝛼√

𝑃𝐿 ≈ 4𝑆ҡ(𝑇 − 𝑇0 )/𝐿

(3-5)

𝑅
𝑃1
𝑃2
∗(
+
) (𝑇 − 𝑇𝑜 )𝑆 ∗
𝑇0
√𝑀1 √𝑀2

(3-6)

𝑃𝑟𝑎𝑑 ≈ 𝜀𝜎𝑆 ∗ (𝑇 4 + 𝑇 3 𝑇0 + 𝑇 2 𝑇02 + 𝑇𝑇03 − 4𝑇04 )/5

(3-7)

where ҡ is the thermal conductivity of TiO2, 𝑇 is the temperature in the center of the nanowire axis,
𝑇0 is the temperature of the environment, 𝑆 ∗ is the surface area of the nanowire, 𝑆 is the cross
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section area of TiO2 shell, L is the distance between the metal contacts, 𝛼 ≈ 1 is a numerical factor,
P1,2 and M1,2 are the partial pressure and the molar masses of the gases, R is the universal gas
constant, ε is the emissivity factor of the nanowire and σ is the Stefan-Boltzmann constant. The
total power consumption of the nanowire chemiresistor obtained from the experiment was 200µW.
Assuming the temperature gradient between the center of the TiO 2 wire and the metal contact is
linear (T-T0)/L=1.9×106K/cm and substituting the parameters of the actual sensor and gas ambient
(P1=1.01×105Pa, M1=28g/mol, S=2.1×10-10cm2, S*=4×10-9cm2) into equations (3-6), (3-7), and (38), the power dissipation from heat loss to the metal contact (𝑃𝐿 ), the gas ambient (𝑃𝐺 ), and the
substrate (𝑃𝑟𝑎𝑑 ) were calculated to be 205µW, 10µW and 0.076µW respectively. The upper bound
of the total dissipation power is the sum of 𝑃𝐿 , 𝑃𝐺 and 𝑃𝑟𝑎𝑑 , which is 215µW. The theoretical value
of the power consumption is larger than that from the experiment because the temperature is
overestimated. However, this model still provides important guidance to identify the dominant
factors in power dissipation. According to the model, the power consumption of the nanowire
chemiresistor is dominated by the heat loss of the metal contact PL, which is proportional to the
cross-sectional area of TiO2 shell and the length between the two metal contacts. The cross sectional
area of the TiO2 shell is related to the Si nanowire template and the TiO2 film thickness by:
𝑆=

1
2
𝜋 [(2𝑡𝑇𝑖𝑂2 + 𝑑𝑠𝑖 ) − 𝑑𝑠𝑖 2 ] = 𝜋𝑑𝑠𝑖 𝑡𝑇𝑖𝑂2
4

(3-8)

where 𝑡𝑇𝑖𝑂2 is the thickness of TiO2 shell and 𝑟𝑠𝑖 is the radius of Si nanowire template. From this
relationship, scaling the Si core nanowire diameter down to 100nm would reduce the power
consumption to 50µW. This would increase the number of nanowires that can be integrated onto a
battery free, wearable sensor array platform that harvests 10mW power from the human body28, as
discussed in Chapter1, from 50 to 200.
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3.4 Characteristics of SnO2 Nanosensors
As discussed in chapter 1, different types of metal oxide materials are needed for gas
discrimination using a heterogeneous sensor array on a CMOS platform. SnO2 is another metal
oxide of interest because SnO2-based sensors show good sensitivity to the gaseous environmental
pollutants such NOx, CO and O3.31,30,33 In addition, SnO2 is a well-studied metal oxide because high
quality nanostructures are easier to synthesize compared to other metal oxides. From 1970 to 2010,
the literature focused on SnO2; gas sensors accounted for 42% of the metal oxide publications, with
ZnO at 16%, and TiO2 at 13%.29 Heterogeneous sensor arrays either based on homogeneous SnO2
sensors heated to different temperatures or on SnO2 and TiO2 have been demonstrated.8,30 However,
the number of sensing elements in these arrays is too small to achieve good detection accuracy. In
addition, sensor-to-sensor uniformity is difficult to achieve using current bottom-up nanowire
synthesis methods. The research presented here focused on demonstrating how SnO2-shell/Si-core
nanowires produced by the hybrid fabrication method described in chapter 2 could be used to
achieve uniform sensor performance in terms of sensitivity and response time.

3.4.1 Rutile and Amorphous SnO2 Nanosensors
Improvements in the sensitivity of SnO2 nanosensors to oxidizing gases after crystallization
are presented in this section. As discussed in 3.3.1, the sensitivity is proportional to the difference
in the carrier activation energy between inert and oxidizing gases. Hence, the comparison of
sensitivities can be done by simply comparing the activation energy difference. Two sets of I-V
measurements from 20˚C to 150˚C were carried out in 100% N2 and 10% O2 in N2 for amorphous
SnO2 and rutile-phase SnO2. The conductance values extracted from the I-V curves are plotted as a
function of temperature and ambient gas in Figure 3-12. The activation energy difference was
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calculated to be 86meV for amorphous SnO2, as shown Figure 3-12(a), and 281meV for rutile SnO2,
as shown in Figure 3-12(b). At a fixed temperature of 200˚C, a standard operation temperature for
SnO2 based sensors, the sensitivity of the rutile SnO2 is approximately 100 times larger than the
amorphous SnO2.

Figure 3-12: Carrier activation energy of (a) amorphous and (b) rutile SnO2 under N2 and 10%
O2, respectively.

The sensitivity improvement of SnO2 after crystallization demonstrates the advantages of
off-chip synthesis. SnO2 was thermal annealed at 650˚C for 1 hour, a process not compatible with
direct integration onto a fully processed CMOS IC.

3.4.2 Device to Device Uniformity of Rutile SnO2 Coated Nanosensors
As described in 3.3, in a heterogeneous metal oxide nanowire sensor array, the sensing
response for each different type of metal oxide will be obtained by averaging the signal of all the
homogeneous sensors. To investigate the sensor uniformity, the baseline resistance values of 30
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Figure 3-13: (a) I-V characteristics of 30 rutile SnO2 nanowire chemiresistors measured in 25˚C
N2 conditions. The resistance variation near zero bias is approximately15%. (b) The SEM images
of the chemiresistors. The frame color indicates the chemiresistor in the SEM image corresponds
to the I-V characteristic in (a).

SnO2 nanowire chemiresistors were extracted from their I-V characteristics near zero bias at 25˚C
under nitrogen purge. The I-V curves of the devices are shown in Figure 3-13(a). The current was
recorded while sweeping the voltage from -2 to 2V in 20mV steps. The average resistance and
variation of the 30 SnO2 chemiresistors was 0.2MΩ and 15%, respectively.
Figure 3-13(b) shows FESEM images of the typical devices corresponding to the four
assembly outcomes described in section 3.3.2. The results of this experiment demonstrates that 70%
of the nanowires were aligned centered, 12% tilted, 6% laterally offset and 12% longitudinal offset
(from top to bottom).The corresponding I-V characteristics were marked with the same color as the
images in Figure 3-13(a). Considering only the centered nanowires, the resistance variation was
reduced from 15% to 9%.
The uniformity of gas sensitivity was also investigated for the rutile SnO2 chemiresistors.
Two SnO2 sensors were chosen randomly from the centered devices. The baseline resistance of the
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two sensors is shown in Figure 3-14(a). The sensitivities of the two sensors were compared by
comparing the change in carrier activation energies due to the oxygen species adsorption. The
measurements were carried out as described in section 3.3.2. Using Origin to linear fit the data
points in Figure 3-14(b), the slopes of the curves are extracted and the activation energies are

Figure 3-14: (a) I-V characteristics of two SnO2 nanosensors in 25°C, N2 conditions. (b)
Corresponding activation energies extracted for sensor 1 (black) and sensor 2 (red) under N2 and
10% O2 conditions.

calculated from the slopes. The activation energy difference for sensor 1 (black) was 275meV and
for sensor 2 (red) 276meV. At a sensor operating temperature of 200˚C, the sensitivity difference
was 3%.

3.4.3 Carbon Monoxide Response of SnO2 Coated Nanosensors
The CO sensing performance of the SnO2 nanowire sensors is discussed in this section.
When the SnO2 shell is exposed to CO, pre-adsorbed oxygen species, such as O-, on rutile SnO2
surface react with CO through the reaction shown in (3-9).31
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𝐶𝑂 + 𝑂− → 𝐶𝑂2 + 𝑒 −

(3-9)

The surface oxygen concentration is reduced and the electrons trapped by the surface oxygen state
are released back to the conduction band of the SnO2. As a result, the conductivity of the SnO2
increases with increasing CO concentration. The chemical reactivity is enhanced by increasing the
operating temperature of SnO2 reaching a peak in sensitivity in the range of 200-250˚C. 31,32,,33
Individual SnO2 nanowire sensors were bonded to the sapphire plate and sealed inside the

Figure 3-15: (a) I-V characteristics of a 30nm-thick rutile SnO2 coated nanosensor at 200˚C
under the synthetic air flow, inset: the SEM image of the sensor before CO sensing; (b) Current
response under constant bias to the introduction of 200ppm CO
test chamber as described in Appendix B-2. The sensors were heated to 200˚C by external heater
stage. An I-V measurement of the sensor was completed to confirm the electrical connection. Next,
the sensor was biased at 20mV and the current was recorded as a function of CO concentration. As
shown in Figure 3-15(b), the current increased when the sensor is exposed to 200ppm CO. The
sensitivity of the 30nm-thick SnO2 coated on a 260nm-diameter Si nanowire sensor to 200ppm CO
is 1.05 and the response time is approximately 1min. Better sensitivity is required for sub 200ppm
CO sensing. Increasing the heater temperature for higher sensitivity was not possible because the
contact of the SnO2 sensor degraded above over 200˚C.
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As discussed in 3.3.4, improvements of sensitivity can be achieved by scaling the sensor
dimensions. Smaller nanowires would have more surface band bending and larger resistance

Figure 3-16: (a) CO current response of a 15nm-thick SnO2 nanosensor. Inset: normalized current
change vs. CO concentration. (b) SEM image of the SnO2 nanosensor before the CO sensing. (c)
Temperature distribution of the nanowire surface under 3V bias. (d) Temperature distribution
along the axis of the nanowire

change. Therefore, a second batch of SnO2 chemiresistors were fabricated with a 15nm-thick SnO2
shell coating on 130nm-diameter Si nanowires. In addition to the higher sensitivity, according to
the calculations presented in section 3.3.4, the power required to Joule heat the smaller diameter
wires to the same operating temperature is lower. Hence, the CO sensing was done by biasing the
15nm-thick SnO2 sensor at 3V to obtain a current of approximately 40µA (current
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density~4×105A/cm2). The temperature needed for the surface reaction was provided by Joule
heating. An FESEM image of a small-diamter SnO2 chemiresistor is shown in Figure 3-16(b).
During the sensing measurement, the gas was introduced into the test chamber under a fixed flow
rate of 300sccm, and the gas mixture was switched between synthetic air and CO. Figure 3-16(a)
plots the current response as a function of CO concentration from 180ppm to 10ppm. The
sensitivity is proportional to the CO concentration in this range with lowest detection limit of
approximately 10ppm.
Due to the difficulty of experimentally measuring the actual temperature of SnO2 nanowire,
the temperature distribution along the length of a single SnO2-coated Si nanowire chemiresistor
biased at a current density of 4×105A/cm2 was estimated using numerical simulation (COMSOL
Multiphysics). The electrical and heat transfer models were used to solve for a steady state solution.
The simulation used Au and Si material parameters provided in COMSOL’s internal database, and
the SnO2 values given Table 3-3:
Table 3-3: The parameters of SnO2 used in COMSOL simulation
Parameter

Value

Reference

Conductivity

1000S∙m

Thermal conductivity

12W∙m K

35

Heat capability

15J∙kg-1K-1

36

-1

34
-1

The simulation results are shown in Figure 3-16 (c) and (d). The highest temperature of the
nanowire occurs at the mid-point between the two contacts and decreases to the lowest temperature
where the wire contacts the Au pads. The highest and lowest nanowire temperatures were estimated
to be 160˚C and 80˚C, respectively. This indicates that the power dissipated by the SnO2 nanowire
sensor to achieve an operation temperature of 160˚C is 120µW. As discussed in Chapter 1, the
upper exposure limit for CO in an indoor environment is 10ppm. These results demonstrate that the
SnO2 is able to reach the 10ppm detection metric while only consuming 120µW power.
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3.5 Summary and Conclusion
In summary, the sensing performance of TiO2 and SnO2 sensors based on nanowires
fabricated by the top-down/bottom-up hybrid method described in chapter 2 was investigated. The
nanowires were integrated onto a fused SiO2 substrate via electric-field-assisted assembly. The
sensitivity improvement after crystallization was demonstrated by comparing the activation energy
difference between amorphous and crystalline MOX chemiresistors. The crystalline nanowire
chemiresistors had a larger activation energy change that indicated higher sensitivity. The deviceto-device uniformity of both the anatase TiO2 and the rutile SnO2 chemiresistors was demonstrated
by comparing the baseline resistance of 30 devices in N2 at 25˚C and the sensitivity of two sensors
within this popuation. The variation of baseline resistance was found to be 18% and 15% for TiO2
and SnO2 nanowire chemiresistors, which is significantly less than state-of-art bottom-up nanowire
devices. The sensitivities determined by the activation energy difference were found to be within
5% of one another for two individual TiO2 and SnO2 nanowire sensors. These results confirmed
the improved sensor-to-sensor uniformity as compared to MOX nanowires synthesized using
current bottom-up methods, including electrochemical, thermal evaporation and vapor-liquid-solid
method.
Sensing in H2 for the TiO2 chemiresistors and CO for the SnO2 chemiresistors was carried
out to characterize device performance. Sensitivity, response time, recovery time and Joule heating
power of individual TiO2 and SnO2 chemiresistors were obtained from the experiments, and found
to be comparable to the state-of-art TiO2 and SnO2 sensors. The results presented here confirm that
the MOX nanowires fabricated by the hybrid methods in this thesis work are compatible with
CMOS-enabled low power gas sensor arrays for the wearable gas monitoring applications.
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Chapter 4
CMOS Chip and Sensing Array Integration
This chapter will introduce to a low power CMOS chip that was designed in collaboration
with Prof. Benton Calhoun’s group at the University of Virginia and fabricated at the MIT Lincoln
Laboratory. The chip serves as a device platform for two 32×32 heterogeneous metal-oxide (MOX)
nanowire sensor arrays. A post-CMOS MOX nanowire assembly process is presented for
monolithic integration of the nanosensors on fully fabricated CMOS chips. Preliminary
measurements of test structures, including registration markers and contact chains, are described.

4.1 Introduction
Over the past 40 years, the Si-based electronics industry has continued to produce less
expensive electronic memory and faster, more powerful processors by shrinking the size of Si
transistors. 1,2,3,4,5 This is described by Moore’s law: for each new generation of memory chip and
microprocessor unit on the market, the number of components on a chip doubles approximately
every two years.6 This challenge has been met by aggressive scaling of the transistor dimensions.
However, as the transistor gate length shrinks to sub 10nm sizes, scaling will eventually reach the
physical limit of atomic structure.1,7,8,9 Therefore, advancing Moore’s law will become more and
more difficult. An alternative pathway for growth of the semiconductor and electronics industry
was proposed and acknowledged by International Technology Roadmap of Semiconductor (ITRS)
in 2009, which is known as “More than Moore”. This relates to “the incorporation into devices of
functionalities that do not necessarily scale according to Moore’s Law but that provide additional
value to the end customer in different ways”.10 These approaches include heterogeneous integration
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of various sensors and actuators onto a CMOS chip to construct microsystems that have entirely
new functionalities, such as gas and biomolecule sensing.11,12
Mature CMOS fabrication processes are available in many integrated circuit (IC) foundries
around the world. Therefore, it is cost-effective to use existing CMOS fabrication technologies to
create a sensor platform for heterogeneous MOX nanowire sensor array integration. The layout of
a proof-of-concept CMOS chip, on-chip assembly and integration of MOX nanowire arrays, and
preliminary measurements of test structures on the CMOS chip will be discussed in this chapter.

4.2 Layout of the CMOS Chip
A customized CMOS chip was designed to serve as a platform for the integration of a
multiplexed MOX nanowire sensor array. These chips have applications in body-wearable
environment monitoring, which requires continuous monitoring of ambient air quality and
pollutants throughout the day. The CMOS chip was fabricated at the MIT Lincoln Laboratory
foundry using their 90nm technology process. The chip contained the CMOS device layer and three
metal interconnect layers. Customized alignment marks and protection circuitry were added for the
post CMOS MOX nanowire array integration. A field emission scanning electron microscope
(FESEM) image of the foundry fabricated chip is shown in Figure 4-1(a).
Figure 4-1 (b) shows the layout of the sensor chip after the MOX nanowire integration. A
pad ring is included at the periphery of the chip. The pads are assigned for CMOS I/O, selective
signal input and sensing signal readout. Inside the pad ring are two 32×32 multiplexed MOX
nanowire sensor arrays, process monitors, and single nanowire test structures. Select signals are
applied through the digital pads in the pad ring, decoded by the multiplexer and passed to the
corresponding sensor element in the 32×32 array. Continuity test structures are included to verify
the electrical connection between the sensor electrodes and the underlying CMOS layer. Single
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nanowire structures that connect nanowires to 50µm-wide electrodes are used for direct
measurement of sensor response without selecting the sensor via the multiplexer. The fabrication
of process monitors is completed during the post CMOS integration process so there is an empty
area left for these structures on the foundry fabricated chip as shown in Figure 4-1 (a).
A detailed description of the CMOS chip, including the dimensions and coordinates of each
structure, is listed in Appendix C-1.

Figure 4-1: (a) FESEM image of the CMOS chip (top view). (b) Layout of the CMOS chip after
the integration of MOX nanowire sensors array.

4.3 Multiplexed Metal Oxide Nanowire Sensor Array Integration Process
The post-CMOS process to integrate the nanowire sensor array onto the fully fabricated
CMOS chip is illustrated in Figure 4-2. First, Ti/Au (10/50nm-thick) interdigitated guiding
electrodes are fabricated by the first layer electron-beam lithography, followed by metal
evaporation. These electrodes are aligned such that the source/drain VIAs of the access transistor
are located in the center of the 2µm-wide interdigitated electrode gap. Next, photoresist wells were
patterned by the second layer electron-beam lithography to define the position of
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Figure 4-2: Post CMOS integration process of the MOX nanowire sensor array.

the nanowires with respect to the access transistors on the CMOS. Electric-field-assisted directed
assembly was carried out to position individual MOX nanowires at predetermined locations within
the wells as described in Chapter 3. 13 During assembly, a protective circuit is used to prevent
damage to the CMOS transistors from charge accumulation and electrostatic discharge. After
directed assembly, the nanowires remained on the chip surface for subsequent processes.13
Redundant nanowires outside of the microwells were removed while dissolving the photoresist
layer in Microposit Remover 1165 (Microchem). Finally, the contacts for individual nanowire
sensors and the process monitor were fabricated by third layer of electron-beam lithography
followed by metal evaporation. The detailed process steps and recipes for this integration process
can be found in Appendix C-2.
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This post CMOS integration process bridged the gap between mature CMOS technology
and emerging MOX nanowire sensor technology. Multiplexed sensor chips integrated by this
process will play an integral role in real-time gas sensing and contribute to the development of
“More than Moore” approaches: adding diversification to the chip.

4.4 Preliminary Results of the CMOS Integration Process and Circuit Test
One challenge for the on-chip nanowire integration is aligning the features on the foundry
fabricated CMOS chip to the back-end lithographic pattern, including the interdigitated guiding
electrodes, photoresist wells and nanosensor contacts. The strict design rules imposed by the
foundry prevented fabrication of standard electron-beam alignment marks (10µm metal square) on
the final patterned VIA level. However, advanced alignment techniques offered by the Vistec
EBPG5200 Direct-Write Electron Beam Lithography system (DWEBL) allowed the incorporation
of customized electron-beam alignment marks that met the circuit design standards. These
customized marks were tested on a planar Si wafer prior to incorporating them on the CMOS chip.
A second challenge is minimizing the contact resistance between the post-CMOS structure
and the CMOS device layer. The connection between the post-CMOS structures and the CMOS
device layer is completed through the third-level tungsten VIAs. However, when tungsten is
exposed to air and moisture, the surface of tungsten oxidizes to form a thin layer of WOx. 14
Removing the WOx layer before metal deposition of the post-CMOS structure is essential to reduce
the contact resistance between the back-end integrated sensors and the CMOS access transistors.
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4.4.1 Alignment of Back-End Device Features Using Via Array
Four sets of square tungsten VIA arrays are included at the corners of the CMOS chip to
serve as customized alignment marks for electron-beam lithography. Test structures composed of
three square arrays were fabricated on a planar oxidized Si substrates, as shown in Figure 4-3 (a).
Each array contained 140nm-wide, 140nm-long Ti/Au (atomic number 79) square patterns that
emulate the W (atomic number 74) VIAs on the CMOS chip, as illustrated in Figure 4-3 (b). The
squares as well as a first layer verniers were fabricated on the Si wafer by electron-beam lithography
patterning followed by a metal evaporation. Next, a second layer electron-beam lithography
patterned the second layer vernier using the customized alignment mark sets. The alignment was
accomplished by overlapping the FESEM image of the 10µm-wide, 10µm-long array of Ti/Au

(a)

(b)

10µm

100nm

(c)

(d)

100nm

400nm

Figure 4-3: Alignment test using 140nm-wide, 140nm-long Ti/Au square array: (a) three different
size square arrays; (b) 140nm square features in the array; (c) first layer vernier; (d) misalignment
between the 1st layer vernier and the 2nd layer vernier.
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squares to a software generated ideal square array that had the same feature dimensions. The center
coordinates of the alignment mark were confirmed after performing a Fast Fourier Transform of
the overlapping images. Then second layer electron-beam pattern was exposed accordingly.
The misalignment was evaluated by measuring the distance between the edges of first and
second layer verniers. As shown in Figure 4-3(d), the horizontal misalignment offset is 27nm and
the vertical offset is 35nm. The offsets in both directions are smaller than the 100nm offset tolerance.
Therefore, the discrete 140nm-wide, 140nm-long VIA arrays customized alignment marks were
added to the CMOS chip design.

4.4.2 Contact Resistance Measurement

As discussed previously, a thin layer of WOx is present on the surface of the third level
VIAs because the CMOS chip is exposed to air during the integration. Removing this WOx layer
was crucial to minimizing the contact resistance between the CMOS device layer and the sensors.
A WOx etch recipe was developed in a PlasmaTherm Versalock720 reactive ion etch system to
remove the WOx before the contact metal deposition. The recipe is listed in Table 4-1.

Table 4-1: WOx etch recipe in Versalock 720.
Gas

Pressure

Flow rate

Power

Etch rate

CF4

80mTorr

150sccm

50W/500W(RIE/ICP)

35nm per minute

To estimate the contact resistance between the CMOS device layer and the contacts of
nanowire sensors, continuity structures were fabricated using the WOx etch recipe before metal
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deposition. Detailed fabrication steps are listed in Appendix C-2. The FESEM image of the topview of the structure is shown in Figure 4-4 (a). Figure 4-4 (b) illustrates the cross-section of the
structure. Current-voltage (I-V) measurements were performed to extract the contact resistance.
Figure 4-4(c) shows the distribution of the contact resistance obtained from nine continuity
structures. The contact resistance was estimated to be in the range of 10 to 20Ω, which is small
compared to the metal oxide nanowire resistance of 0.1MΩ.

Figure 4-4: (a) FESEM image of the continuity structure (top view). (b) Cross section of the
continuity structure. (c) Histogram of the contact resistance.

4.5 Summary
Miniaturization of the transistors described by the Moore’s law will eventually reach the
physical limitation. The “More than Moore” paradigm is aimed at adding functional devices such
as sensors, actuators, biochips to CMOS integrated circuits.15 The research in this thesis was the
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first step in developing a monolithic back-end integration process to create CMOS-enabled MOX
nanowire sensor arrays. The chip design included two 32×32 nanowire sensor arrays, process
monitors, and customized electron-beam lithography alignment marks.
A post-CMOS integration process was proposed to integrate heterogeneous MOX
nanowire sensor arrays on the CMOS chip. The alignment of the backend integration structures to
the CMOS device layer was validated. Preliminary integration results showed the contact resistance
between the sensor contacts and CMOS device layer was in the range of 10 to 20Ω.
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Chapter 5
Conclusions and Future Work

5.1 Summary
The motivation to develop a highly sensitive, low power, body-wearable gas monitoring
system based on a CMOS-enabled heterogeneous metal oxide nanowire array originates from the
desire to minimize asthma attacks induced by undetected long-term exposure to low concentrations
of harmful gas pollutants. Clinical use requires that the sensing unit provides high reliability and
accuracy for real-time gas detection. Because of the difficulty in obtaining uniform metal oxide
(MOX) nanowires using the prevailing bottom-up synthesis methods, current MOX nanowirebased arrays have limitations in the array size as well as the reproducibility of device integration.
These sensing accuracy and reliability constraints make current bottom-up synthesis methods
unsuitable for their integration into practical microsystems.
The research presented in this thesis provided an approach to integrate a large scale, highly
ordered, heterogeneous MOX array onto fully process CMOS electronics. In Chapter 2, a new topdown/bottom-up method is presented to fabricate Si core-polycrystalline MOX shell nanowires
with high dimensional and crystalline uniformity. The mechanical strength of the nanowires is also
improved by adopting a Si core for on-chip integration. Three types of MOX nanowires (30nmthick anatase TiO2 coated 260nm-diameter, 30nm-thick rutile SnO2 coated 260nm-diameter, 15nmthick SnO2 coated 130nm-diameter) were fabricated using this method.
In Chapter 3, individual nanowires fabricated by the hybrid method were integrated at
predetermined locations onto a fused silica substrate via electric-field-assisted assembly. The
polycrystalline TiO2 and SnO2 nanowire sensors showed comparable sensing properties (sensitivity,
response time, and recovery time) with improved sensor-to-sensor uniformity (less than 18%
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variation in 30 devices) than state-of-the-art MOX nanowire devices fabricated using conventional
bottom-up synthesis. The power consumption of individual sensors was also evaluated for batteryfree device applications. The current power consumption level of a single sensor is the range of
100’s of µW, and can be further reduced by scaling down the nanowire diameter.
In Chapter 4, a CMOS chip design was presented as the sensor platform for the
heterogeneous MOX nanowire sensor array. The CMOS chip has the capability to integrate two
1024 nanowire arrays in which each individual nanowire sensor can be address by the multiplexer.
The chip also contained several different process test structures, including contact continuity test
structures, single sensor structures, and 4-point test structures. A CMOS compatible MOX
nanowire integration process was proposed. Several preliminary tests, which included confirming
the alignment between the CMOS chip and post-CMOS electron-beam lithography patterned
structures, accessing the resistance between the CMOS circuit and the nanowire contact, were
completed to verify the feasibility of the process.

5.2 Future work

5.2.1 Improving Metal-Oxide Nanosensor Stability and Reliability
As discussed in Chapter 1, increasing the operating temperature is a common way to
enhance the detection sensitivity of MOX sensor devices. However, at high operating temperatures,
the stability of the MOX sensors degrades. When the sensors were heated to above 200˚C, the
device structures were damaged as shown in Figure 5-1. The device failure was the result of large
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Figure 5-1: (a) A 260nm-diameter TiO2 sensor after biasing at 20V. The nanowire was exposed
to H2 and N2 (contact: Ti/Ni/Au=10/280/80nm-thick). (b) A 260nm-diameter TiO2 sensor after
heating to 205˚C for over 5 hours while exposed to H2 and N2 (contact: Ti/Ni/Au=10/280/80nmthick). (c) A 260nm-diameter SnO2 sensor after heating to 220˚C for 1 hour in air (contact: Ti/
Au=300/80nm-thick). (d) A 130nm-diameter SnO2 sensor after biasing at 5V in air (contact:
Ti/Ni/Au=20/130/130nm-thick).

stresses generated by the thermal coefficient of expansion (TCE) mismatch between the contact
metal, substrate, and nanowires.
To avoid sensor failure induced by thermal stress, other methods that enable the
dissociation and ionization of gas molecules at lower temperatures should be explored. Based on
early experiments, adding catalytic noble metal (Au, Pt, Pd, Ag) nanoparticles to the MOX sensor
changes its surface potential, and facilitates the dissociation of the target gas molecules. As a result,
higher gas sensitivity is achieved. For example, Moskovits et al. 1 demonstrated a factor of 10
enhancement in sensitivity after decorating SnO2 nanowires with Pd nanoparticles. Kumar2, Ning,3,
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Kim4, Manorama5, et al. also illustrated that after metal (Au, Pd, Ni) nanoparticle decoration, metal
oxide nanosensors had increased sensitivity. The sensors based on modified MOXs can operate at
temperatures of 100˚C or lower while still achieving low concentration sensitivity. Lowering the
operation temperature not only reduces the possibility of sensor failure but also decreases the power
consumption. Therefore, surface modification of MOX sensors is attractive for the development of
battery free gas detection devices.

5.2.2 Nanowire Sensor for Independent Heating and Readout

Figure 5-2: (a) A two contact sensor device. The gas response signal is superimposed on the
heating current. (b) A four contact sensor structure. The gas response signal and the heating
current are separated.

As shown in Figure 5-2(a), the sensors presented in this thesis adopted a two contact structure
in which the gas sensing signal is superimposed on a resistive heating current. One concern for the
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two contact structure is that the sensor current under fixed bias varies because the resistivity of the
MOX changes with the ambient gas concentration and type. When the sensor is exposed to an
unknown gas mixture, it is difficult to determine the bias required for a given temperature of the
sensor. This presents a major challenge for future design and control of the sensor circuit. To
overcome this difficulty, a four contact device structure is proposed. The nanowires used for this
structure have a low resistivity Si core, a MOX shell and a dielectric isolation layer between the
shell and core. The sensing signal from the MOX shell is separated from the heating current. Instead
of directly heating the MOX shell, the Si core serves as a nanoheater as shown in Figure 5-2(b).
The bias of the Si core to support a certain temperature is independent of the gas concentration.
Hence, this structure allows flexible integration with the CMOS readout design.

5.2.3 High Yield Metal-Oxide Nanowire Arrays via Electric-Field-Assisted Assembly
To reproducibly integrate a large-scale MOX nanowire array on the CMOS chip, the
assembly yield must be higher than 90%. In this research, the assembly conditions were not
optimized, and the nanowire assembly yield was in the range of 30 to 50%. Comprehensive
investigations of the parameters affecting the assembly yield such as nanowire density, microwell
dimensions, the magnitude and frequency of the AC bias must also be optimized.6 The density of
nanowire solution can be calibrated by a hemocytometer and the dielectrophoretic force on the
MOX nanowires at different conditions (frequency, bias, etc.) can be estimated in COMSOL
Multiphysics.
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Appendix A
Fabrication of Metal Oxide Nanostructures
The silicon (Si) core and metal oxide (MOX) shell nanowires discussed in Chapter 2 were
fabricated using the process described in this section. Table A-1 lists the detailed process steps
required to make 260nm-diameter Si core, 30nm-thick amorphous TiO2 (or SnO2) coated nanowires.
Table A-2 summarizes the process steps for 100nm-diameter Si core, 15nm-thick amorphous SnO2
coated nanowires. Crystallization of the metal oxide (MOX) shell is done after the atomic layer
deposition (ALD) as described in section 2.2.

Table A-1: Fabrication of amorphous MOX shell-Si core nanowires by particle lithography.
Process

Process Recipe

5µm thick n-type SOI wafer
Oxidation

Resistivity>10000Ω∙cm
220nm-thick by wet oxidation: 1000˚C, 40 minutes
a. Mix 10μL of sulfuric acid (98%) with 1mL of 1 vol. % styrene
in ethanol.
b. Blend 10μL of prepared solution with 290μl of the 1 vol. %
styrene in ethanol.
c. Add 300μl of the 6.9 wt. % aqueous dispersion of 400 nm
polystyrene particles (PS) suspension to the mixture
a. Clean 2cm-diameter petri dish with ethanol rinse and DI
water
b. Place the SOI substrate in the dish and fill half way with DI
water
c. Disperse 0.5mL of the diluted PS suspension to create a
monolayer of the particle.
d. Wait 2-3 days for the water completely evaporate

Preparation of particle
solution

400nm-diameter Admine
Latex particle lithography

Anchor the PS
PS dimension reduction
(Plasma-Therm
Versalock720 ICP-RIE）
Oxide etch
(Plasma-Therm
Versalock720)

Bake at 105˚C for 30 seconds
Time=45 seconds, Pressure=100mTorr, ICP/RIE=0/90W,
O2=45sccm, Temp=25˚C
Time=140 seconds, Pressure=5mTorr, ICP/RIE=50/700W,
CHF3:CF4=30:10sccm, Temp=5˚C
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DRIE of Si etch
(Alcatel Speeder 100 DRIE
system)

Time=7.5 minutes, Pressure=30mTorr, Temp.=20˚C,
power=1500W
flow: SF6/C4F8/O2=50/300/100 sccm
Pulse: SF6/C4F8/O2=1.1/2/1.5 seconds
Etch rate=860nm per minute
Thermally oxidized 4 inch-diamter Si handling wafer is used.

O2 cleaning (RTA)

600˚C for 10min

ALD
(Cambridge Savannah TM
200)

30nm-thick TiO2 coating: 150˚C, 651 cycles
One cycle: DI: N2: Tetrakis(dimethylamino)titanium(TDMAT):
N2=0.015:30:0.3:30 seconds.
30nm-thick SnO2 coating: 150˚C, 600 cycles,
One cycle:
DI:N2:Tetrakis(dimethylamino)tin(IV):N2=0.015:30:0.03:30
seconds

Table A-2: Fabrication of MOX shell-Si core nanowires by interference lithography.
Process
5µm thick n-type SOI wafer
Oxidation

holographic 2D-dot pattern
(Laer: He-Cd gas laser with
λ=325nm, =45o)

Process Recipe
Resistivity>10000Ω∙cm
220nm-thick oxide by wet oxidation: 1000˚C 40 minutes
a. Clean sample with acetone (2 minutes) and methanol (1
minute) in ultrasonic bath, then, DI-water rinse and N2 blowdry
b. Dehydrate at 115˚C for 10 minutes
c. Spin XHRiC-11 (ARC) at 2000 rpm for 40 seconds, bake
1minute at 175˚C, wait for 2minutes
d. Spin THMR-IP3600HP-D resist at 5000rpm for 30 seconds;
bake 1.5 minutes at 90˚C
e. Expose the resist with an energy dose of 55mJ twice for 2Ddot pattern with the sample orientation rotated 90˚
f. Post-exposure-bake (PEB) at 115˚C for 120 seconds, wait for
2 minutes.)
g. Developing the resist in AZ300MIF developer for 12
seconds, then, DI-water rinse (low DI water flow) and N2
blow-dry (low gun pressure, less than 20psi)
h. O2 plasma descum with 300mT/100W for 20 seconds

Oxide etch
(Plasma-Therm
Versalock720)

Time=115 seconds, Pressure=5mTorr, ICP/RIE=50/700W,
CHF3:CF4=30:10sccm, Temp=5˚C

DRIE of Si etch
(Alcatel Speeder 100 DRIE
system)

Time=7.5 minutes, Pressure=30mTorr, Temp.=20˚C,
power=1500W
flow: SF6/C4F8/O2=50/300/100sccm
Pulse: SF6/C4F8/O2=1.1/2/1.5 seconds
Etch rate=860nm per minute
Thermal oxidized 4’’ Si handling wafer is used.

O2 cleaning
(RTA)

600˚C for 10 minutes

ALD
(Cambridge Savannah TM
200)

15nm-thick SnO2 coating: 150˚C, 600 cycles,
One cycle:
DI:N2: Tetrakis(dimethylamino)tin(IV):N2=0.015:30:0.03:30
seconds.
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Appendix B
Chemical Test and Sensor Packaging

B.1 Device Integration Process after Nanowire Assembly
After the metal oxide nanowires were placed in the predetermined positions via electricfield-assisted assembly, the electrical contacts were fabricated using the process flow provided in
Table B-1.
Table B-1: Fabrication process of metal oxide nanowire chemiresistors
Process
SiO2 substrate with nanowires in
PMGI wells
Dissolve the PMGI layer and
remove the misaligned nanowires
outside the wells

Pattern the contacts

Metal evaporation and Lift-off

Recipe for each step
1165 60˚C for 10minutes
Rinse gently with DI water and dry with N2
Spin MMA EL11(MicroChem) at 5000rpm for 45seconds
Bake at 150˚C for 90 seconds
Spin PMMA(MicroChem) A3 at 5000rpm for 45seconds
Bake at 180 ˚C for 90seconds
10nm-thick Au coating by thermal evaporation (Kurt J.
Lesker LAB18 Evaporation System)
Electron beam lithography(Vistec EBPG5200 Direct-Write
Electron Beam Lithography System) : dose 350µC/cm2,
beam current 4nA for the 500nm-wide lines; 100nA for the
100µm-wide pads
TFA Au etchant 15 seconds and rinse the sample with
water, N2 dry
Develop: MIBK:IPA(1:1) 60 seconds, IPA 20 seconds
Oxygen descum (Metroline M4L Plasma System):
O2:H2=100:50sccm, Pressure=400mTorr, Power=200W,
Time=15 seconds
Electron-beam evaporation Ti/Ni/Au=10:250:80nm
Dissolve photoresist and liftoff metal in Microposit
Remover 1165, 60˚C, 5 hours
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B.2 Chemical Test Stand Gas Lines and Sensor Chip Packaging
A structure containing 12 bonding pads used to package the sensor chip for characterization
was fabricated on a sapphire wafer as shown in Figure B-1 (a). The sensor chip was attached in the
center of the plate using indium. Next, the contacts to the chip were connected to the large pads on
the sapphire plate using a wire bonder (Model 8849, West Bond Inc.). The bonding conditions are
summarized in Table B-2.

Figure B-1: (a) Ti/Au bonding pads patterned on a sapphire wafer. (b) Test chamber with homemade
spring loaded pin electrical connectors. (c) Sensor bonded to the pads and sealed upside down in the
test chamber.

Table B-2: Wire bonding parameters.
Bond

Power

Time

Pressure

1&2

320W

0.03 seconds

low

After wire bonding, the sapphire plate was aligned to a customized electrical connection
board shown in Figure B-1 (b). The sapphire plate was flipped upside down and each pad was
aligned to a spring loaded connector. The heater stage and an aluminum cover were placed on top
of the sapphire plate. The structure was sealed by tightening with set screws, as shown in Figure
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B-1 (c). After sealing the device in the test chamber, the sensor response could be measured by
operating the test stand.
The test stand setup is shown in Figure B-2. The valves and the mass flow controllers (MFC)
of the test stand illustrated in Figure B-3 were labeled using the same names corresponding to
Figure B-2.

Figure B-2: Block diagram of the customized chemical sensor test stand.

Figure B-3: The valves and MFCs are labeled in the test stand.
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Using the chemical test stand for the gas sensing experiment, the operation was composed
of three processes: checking seals, running the gas test, and cleaning gas lines.

Figure B-4: The operation sequence for the sensor test stand.

Sealing the Test Stand
After loading the sample in the test stand, as described in the beginning of Appendix B-2,
the seal must be checked before running any sensing experiments. The steps to complete this
process are provided below:
1. Close all the gas supply valves shown in Figure B-5.

Figure B-5: Gas supply valves are located on the left side above the test stand computer desk.
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2. Close the vent valve and open the pump #1 and #2 as shown in Figure B-6.

Figure B-6: The vent valve and the pump valve #1 are inside the cabinet of the gas
manifold. The pump valve #2 is located on the right side above the test stand computer
desk.
3. Turn on the pump as shown in Figure B-7.

Figure B-7: A stair is needed to reach the power switch on the pump, which is located on
top of the cabinet.
4. Pump the system until the gauge reaches a low pressure (-30in Hg) in approximately 1min.
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Figure B-8: The vacuum gauge is inside the cabinet of the gas manifold. When the system
is pumping down, the pressure achieves -30in Hg within 1min.
5. Close pump valves #1 and #2 when the pressure reaches -30in Hg.
6. Turn off the pump.
7. Wait for one hour to and check the pressure again. The leak-back rate should be 0.5inch Hg
per hour. If the test chamber seals well, there should be no visible change on the pressure
indicator.
8. When the seal checking is completed, open the vent valve and the background gas supply valve.
Use background gas to purge the chamber when the system is in ‘stand-by’ mode.

Nanosensor Characterization
The gas sensing experiments were run following the instructions given below:
1. Open the gas supply valves shown in Figure B-9 as well as the main valve of the target gas
cylinder inside the gas cabinet. Verify that the output gas pressure is in the range of 20-30psi,
which is required to open the electrical gas valve ESV3.
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Figure B-9: Gas cylinder is inside the gas cabinet near the entrance of service corridor.

2. Use the Labview program ‘RunRecipe_Main_2.vi’ to produce a gas mixture with the desired
concentration.
3. Open the electrical gas valves and setup the gas flow rate based on the desired gas mixture as
shown in Figure B-10. The green color indicates the valves are ‘open’ and the red color
‘closed’. The valves must be open for background gas (Purge Valve 2), target gas (Gas 1
Valve3), mass flow controller (Purge Mass F and Gas 1 Valve 3 MF), SDI, and GSV8MF
shown in Figure B-10 to form a gas loop.
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Figure B-10: The user screen from the gas flow control program ‘RunRecipe_Main_2.vi’.
If the gas is controlled under manual mode, the Manual update button must be depressed after the
gas flow valve is input in the program window. The setting values of the MFC and valves are sent
to the gas manifold only after the manual update button is depressed. Actual flow rate can be read
from the screen of an 8 channel MKS 647C multi-gas controller as shown in Figure B-11. Each
channel is connected to a specific mass flow controller. In the current test stand setup, only CH2,
CH3 and CH8 are used. The flow rate of background gas is shown in CH2, target gas in CH3, and
the gas mixture to the test chamber in CH8. The actual flow is equal to the number shown in the
multigas controller 647C multiplied by the full range of the mass flow controller connected to that
channel. For example, in Figure B-11, the number of CH2 is 1. The full range of the mass flow
controller connected to CH2 is 2000sccm. The flow rate of the gas flown through CH2 is given by
1*2000sccm=2000sccm.
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Figure B-11: Digital display screen of the multi gas controller 647C.

4. After completing the sensor measurements, the target gas valve and main values of the gas
cylinders should be closed, as shown in Figure B-6 and Figure B-9.

Purging the Test Chamber
A pump-purge process is required to remove residual gas from the lines. The cleaning
process includes three purge and pump cycles as summarized below:
1. Use the background gas to purge the chamber by setting the flow rate of the background gas to
2000sccm and purge for 5 minutes.
2. Pump the system using the procedure described in the seal check section. Vent the system after
pumping down the gas line.
3. Repeat steps 1 and 2 at least 2 more times.
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4. Remove the sample from the test chamber.
5. Use a clean glass slide to seal the chamber and purge the chamber with 2000sccm background
gas. The system should be under constant gas purge to prevent moisture from entering the gas
lines.
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Appendix C
Design of the CMOS Chip and Nanosensor Array Integration

C.1 CMOS Chip Layout
The CMOS chip that was fabricated at Lincoln Labs is described in detail in this section.
The area of a single die is 2.3mm-long and 1.25mm-wide. It includes two 32×32 multiplexed
nanosensor arrays, three types of integration process monitors, a pad ring, alignment marks for
electron-beam lithography, and protective circuitry (see Figure C-1). The pad ring is located at the
periphery of the die. The sensor array, decoders and the integration process monitors are in the
center of the die and they occupy an area of 1.8mm×0.8mm. Customized electron-beam alignment
marks are located in the four corners of the chip. A protection circuit with two contact pads in the
bottom right corner is used to prevent the underlying transistors from potential damage induced by

Figure C-1: Schematic of the CMOS chip layout.
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the high electric field during the metal-oxide nanowire assembly. Setting the origin in the bottom
left corner (see Figure C-1), the position of every part is introduced below. (Unit: µm)

Pad Ring
The pad ring contains 35 pads that are located around the periphery of the die: 5 on the left,
5 on the right, 13 on the top, and 12 on the bottom. The function of each pad is provided inFigure
C-2. The decoder requires 5 pads to enable 32 output lines. Therefore, 15 pads in total are used to
select a certain column, row and back gate. The least significant bits (LSB’s) are shown in Figure
C-2. In addition, another 14 pads are connected to either ‘1’ (1~1.5V) or ‘0’ (0V), marked as VDD
(‘1’) or VSS (‘0’), to set the operation voltage of the transistors. The Iin pad is used to connect an

Figure C-2: Schematic of the pads in the pad ring.
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external current source to an array element selected by the decoder. Voltage drop across this
element can be measured at the Vout pad. The dimension of the VIAs array for a single pad is 75
µm-wide and 100 µm-long. The coordinates of the center of each pad are listed in Table C-1 (for
pads on the left and right edges) and Table C-2 (for pads on the top and bottom edges).

Table C-1: Coordinates for centers of pads (count from top to bottom) in the pad ring.
1st

2nd

3rd

4th

5th

Left pads

50, 948.295

50, 785.385

50, 623.375

50, 460.915

50, 298.45

Right pads

2250,
850.985

2250,
687.985

2250,
524.985

2250,
361.985

2250,
198.985

Table C-2: Coordinates for the center of each pad (count from left to right) in the pad ring.

Top
Bottom

Top
Bottom

1st

2nd

3rd

4th

5th

6th

7th

283.61,
1200
274.745,
50
8th
1294.38,
1200
1383.265
, 50

428.01,
1200
450.250,
50
9th
1438.775,
1200
1538.77,
50

572.405,
1200
605.755,
50
10th
1583.17,
1200
1694.257
, 50

716.8,
1200
761.260,
50
11th
1727.565,
1200
1849.78,
50

861.195,
1200
916.765,
50
12th
1871.96,
1200
2005.285
, 50

1005.59,
1200
1072.265,
50
13th
2016.36,
1200

1149.985
,1200
1227.765
, 50

NA

32×32 Nanosensor Array
There are two independent 32×32 sensor arrays on the chip. The distance between them is
775.880µm in the horizontal direction. The center of the 1st column and 1st row sensor of the left
array is located at the coordinates (-682.974,-299.811), see Figure C-3 . Correspondingly, the 1st
column, 1st row sensor of the right array is located in the top right corner of the array. The pitch in
the sensor array is 22µm for the columns and 10 µm for the rows. For a single nanosensor, there
are three groups of VIAs connecting the metal oxide nanosensor to the underlying CMOS circuit.
These VIAs groups are noted as drain, gate, and source respectively (from left to right).
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Figure C-3: Schematic of the sensor array and the VIAs group of a single array element.

When a sensor is selected, the current flows from Iin pad to the sensor. The corresponding voltage
drop can be measured through the Vout pad. The other elements that are not selected present high
impedance.
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Process Monitor Structure
Process monitors were added to evaluate the post CMOS integration process. There are
three types of process monitors: continuity test structures, single wire test structures, and 4-point
structures. Their position is shown in Figure C-4.
Continuity structures are used to verify the electrical connection between the sensor
electrodes and the underlying CMOS circuit through the tungsten VIAs. They are located at the
bottom and of the die. The 1st to 7th (counting from left to right) continuity test structures below the
left array start from coordinates (407.475, 256.535) with a horizontal pitch of 132µm. The 8th to
12th continuity test structures below the right array start from coordinates (1359.315, 256.535) with
the same pitch. A top view and cross section of the continuity test structure from the top of the chip
to the metal3 layer are shown in Figure C-5. Contacts marked as 1, 2, 3, and 4 are 50µm-long,
50µm-wide square metal pads on the top. The pitch of 6 VIA groups is 1.5µm. By probing

Figure C-4: The process monitor located below the sensing array (continuity test structures are
included in the green dotted line box, the single wire test structures purple dotted, and the four
point test structures blue).

107

Figure C-5: Top view and cross section of the continuity test structure which is used to estimate
the contact resistance between the top sensor electrodes and the underlying CMOS circuit.

different contact pads and performing I-V measurements, a plot of resistance vs. contact spacing
curve is obtained. The contact resistance can be determined by the intercept of the curve.
Single-wire test structures contacted by the square pads were added for direct measurement
of the sensor response without the multiplexer (see Figure C-6). There are four rows (8 individual
devices in each row) of single wire test structures in one die, two below the left array and two below
the right array. The individual test structures are aligned to the sensing array. The center coordinates
of the first test structure in these four rows are (451.4, 610.376), (451.4, 374.374), (1227.37,
492.729), (1227.37, 374.73) respectively. The pitch of adjacent structures in the same row is 88µm
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as shown in Figure C-6. In the single wire test structure, the distance between the electrodes is the
same as that in the array.
Four point test structures contacted by 50µm square pads are used to estimate the contact
resistance between the metal oxide nanowire and the source/drain electrodes while exposed to
different gases. There are two rows of the four point structures in one die (7 test structures each
row). The centers of the first structures are located at coordinates (451.400, 492.730) and (1237.37,
610.373) for the left row and the right row, respectively. The pitch is 110µm (see Figure C-7). The
single-wire and four point structures are not connected to the CMOS multiplexer. Therefore, their
dimension and the vertical position are not fixed and can be changed if needed.

Figure C-6: A scheme of the single wire test structures used for directly measurement of MOX
nanowire sensors.
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Figure C-7: Schematic of the four point test structure that is used to estimate the contact resistance
between MOX nanowire and the metal contact.

Protection Circuit
A protection circuit was included to prevent damage to the underlying CMOS transistors
from The AC electric field used for metal oxide (MOX) nanowire assembly. The underlying
transistors were connected to external bias through two contact pads on the top layer. The centers
of the two 100µm-wide, 100 µm-long square contact pads are located at the coordinates (2035.355,
369.020) and (2035.355, 259.020). The top pad is biased at 1.5V and the bottom one is grounded.
After array integration, the two pads will either be removed or grounded together.
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Customized Alignment Marks of Electron-Beam Lithography
As shown in Figure C-8, four different size arrays (two 30µm-long, 30µm-wide and two
3µm-long, 3µm-wide) composed of 140nm-long, 140nm-wide tungsten VIAs were used as

Figure C-8: Schematic of the customized alignment mark composed of four 140nm VIA arrays.
customized electron-beam lithography alignment marks in the post CMOS integration process.
Every corner in a single die has an alignment mark as shown in Figure C-8. The coordinates for the
center of the array are listed in Table C-3.
Table C-3: Center coordinates of the VIA array.
30µm-long, 30µmwide via array
3µm-long, 3µmwide via array

Top Left

Top Right

Bottom left

Bottom Right

110,1210

2180,1210

110,40

2180, 40

40, 1140
160,1210
40,1090

2250, 1140
2130,1210
2250, 1090

40,110
160,40
40,160

2250, 110
2130, 40
2250, 160

Vernier
On the foundry fabricated CMOS chip, a 140nm-long, 140nm-wide tungsten VIA at the
coordinate (2275, 230) was added as one part of the alignment vernier to evaluate the misalignment
between the post CMOS structures (assembly electrodes, sensor electrodes, process monitor) and
the underlying CMOS circuit as shown in Figure C-9. The second part of the vernier is patterned
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Figure C-9: Vernier to evaluate the misalignment between the first layer electron-beam
lithography pattern and CMOS circuit.
as a concentric box in the post CMOS structure patterning. The misalignment is estimated by
measuring the center offsets between the VIA and the box patterned in post CMOS integration
process.

C.2 Sensor Array Integration Process on the CMOS Chip
The CMOS chip for the sensors array integration after the third level VIA and planarization
of the surface were completed, as shown in Figure C-10, was fabricated by Lincoln Lab.

Figure C-10: CMOS chip after Level 3 VIA and surface planarization are completed.
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The first step in the integration process is fabricating the interdigitated electrodes, the gate
contacts in an array (optional), pad ring, protective circuit pads, the vernier and new alignment
marks as shown in Figure C-11. All structures must be aligned to the CMOS circuit. The width of
the interdigitated electrodes is 19.8µm and gaps between them are 2.2µm. The misalignment
tolerance is 100nm in the X-direction.

Figure C-11: Fabrication of assembly electrodes, pad rings, protective circuit contact pads and
alignment marks of electron-beam lithography.

Table C-4: Steps to fabricate the assembly electrodes on the CMOS chip
Process

1st electron-beam
lithography
patterning of the
pads

Metallization and liftoff

Description
Spin MMA EL11 at 5000rpm for 45 seconds
Bake at 150˚C for 90 seconds
Spin PMMA A3 at 5000rpm for 45 seconds
Bake at 180 ˚C for 90 seconds
Electron-beam lithography: dose 350µC/cm2
Develop: MIBK:IPA(1:1) 60 seconds, IPA 20 seconds
Oxygen descum (M4L): O2:He=100:50sccm, Pressure 400mTorr,
Power 200W, Time 15 seconds
(Versalock) W oxide etch, CF4 150sccm, 80mTorr, 50W/500W
(RIE/ICP)
Thermally evaporate Cr/Au=10:50 nm-thick
Microposit Remover 1165 60˚C, 5 hours
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The second step is patterning 500nm-wide, 7µm-long microwells for nanowire assembly.
The pitch of the wells is 22µm in the X-direction and 10µm in the Y-direction. Contact windows
for the probe pads of the protective circuit and the assembly electrode are also fabricated in this
step. The misalignment tolerance for this layer is >1um in both the X and Y directions. (See Figure
C-12)

Figure C-12: Patterning the microwell array and contact windows for the electrode pads.
Table C-5: Steps to fabricate the microwell array.
Process

2nd electron-beam
lithography for Microwells
array patterning

Description
Spin PMGI SF6 at 4000rpm for 45seconds
Bake at 190˚C for 5min
Spin ZEP520(ZEONREX Electronic Chemicals) at 3000 for 50
seconds
Bake at 180 ˚C for 3 minutes
Electron-beam lithography: dose 200µC/cm2
Develop ZEP520: 3min in n-Amyl Acetone, 30 seconds in
MIBK:IPA(8:1), rinse with IPA
Develop SF6: 1minute 101A
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The third step is directed assembly of the metal oxide nanowires in the microwells. An AC
signal of sine wave, 400 kHz, 10Vpp (peak to peak), is applied across the interdigitated guiding
metal electrodes. The varying electric field extends through the microwells to the solution
containing nanowires-- either isopropanol alcohol (IPA) or DI water and interacts with the
suspended MOX nanowires. The nanowires are directed to the microwells and are preferentially
assembled as shown in Figure C-13. The protective circuit is connected to the 1.5V DC bias. All
the transistors in the CMOS circuit are set to be ‘on’ to avoid potential breakdown induced by the
high AC electric field on the surface.

Figure C-13: Placing the metal oxide nanowires in microwells via directed electric-fieldassisted assembly
After the directed assembly, misaligned nanowires are removed by dissolving the 500nmwide, 7µm-long ZEP520 photoresist wells in 60˚C Microposit Remover 1165 for 10min. Then the
source and drain contact pads in the sensor array and the process monitor are patterned followed
by metal evaporation as shown in Figure C-14.

115

Figure C-14: Contact fabrication of the sensor array and process monitors.

Table C-6: Steps to fabricate the contact pads post nanowire assembly.
Process

Description

Remove misaligned
nanowires

1165 60˚C 10 minutes; rinse gently with water

3rd electron-beam
patterning for
contacts of MOX
nanowire sensors
and process monitor

Spin MMA EL11 at 5000rpm for 45 seconds
Bake at 150˚C for 90 seconds
Spin PMMA A3 at 5000rpm for 45 seconds
Bake at 180 ˚C for 90 seconds
Electron-beam lithography: dose 350µC/cm2
Develop: MIBK:IPA(1:1) 60 seconds, IPA 20seconds
Oxygen descum (M4L): O2:He=100:50sccm, Pressure 400mTorr,
Power 200W, Time 15 seconds
(Versalock 720) W oxide etch, CF4 150sccm, 80mTorr, 50W/500W
(RIE/ICP), 1 minute

Metallization and liftoff

Thermally evaporate Cr/Ni/Au=10/150/80 nm-thick
Microposit Remover 1165 60˚C, 5 hours
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