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Abstract

Humidity sensors are one of the most widely used sensors in commercial and industrial ap-

plications for environmental monitoring and controlling. Although related technology have

been studied intensively, humidity sensing in harsh environments still remains a challenge.

The inability of current humidity sensors to operate in high temperature environments is

generally due to the degradation of the sensing films caused by high temperature, high hu-

midity level, and/or contaminations. Our goal is the design and fabrication of a humidity

sensor that is capable of working under high temperatures and in a condensing environ-

ment. The targeted application of this sensor is in the polymer electrolyte membrane

(PEM) fuel cell, where humidity control is crucial for performance optimization.

In this work, ordered macroporous silicon is thoroughly studied as a humidity sensing

layer. In addition to the advantages of traditional porous silicon for gas sensing (high

resistance to high temperature and good compatibility with current IC fabrication process),

the ordered macroporous silicon used in these experiment has uniform pore size, pore

shape and distribution. All the vertical aligned pores can be opened to the environment at

both ends, which can significantly increase the efficiency of gas diffusion and adsorption.

Moreover, this special structure opens the door to uniform surface modifications for sensing

enhancement.

Both ordered macroporous silicon based heterostructure and self-supporting membrane

are fabricated and investigated as a humidity sensor. Heterostructure sensors with different

thin film surface coatings including bare Si, thermally grown SiO2, atom layer deposited

ZnO, HfO2, and Ta2O5 are characterized. Post micro-fabrication is achieved on this ordered

porous structure without affecting the material and its sensing properties. It has been

proven that the ordered macroporous silicon with Ta2O5 surface coating shows the best
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sensing property due to its ultra-hydrophilic surface. The sensor shows high sensitivity,

fast response times, small hysteresis, and extraordinary stability and repeatability under

high temperatures and in condensing environment. It demonstrates great potential and

advantages over existing commercial humidity sensors in the fuel cell application field.

In addition to ordered macroporous silicon, well aligned 1D ZnO nanorods/nanowires

-another widely used nanostructure in gas sensing- is also investigated as humidity sensing

materials. Both vertically and laterally aligned nanorods/nanowires are fabricated and

tested against humidity changes. The sensors shows increasing resistance to increasing

relative humidity, which is contrary to most published works so far. Possible mechanisms

have been proposed in this thesis and future work has been suggested for further study.

To the best of our knowledge, this work is first to use ordered macroporous silicon and

well aligned 1D ZnO nanorods/nanowires for humidity sensing.

iv



Acknowledgements

I owe my biggest thanks to my thesis supervisor Professor John T.W. Yeow, who gave me

the opportunity to pursue my Ph.D degree in this beautiful country and exciting lab. I

have learned a great deal from him. Even in his busiest time, he tries his best to help

and answer the questions I have. He always provided me valuable suggestions and kept

the development of the project on the right track. He is open-minded and encourages any

new ideas. I would like to thank him for all his encouragement and support throughout

my Ph.D study with him.

I am in debt to Andreas Langner and Professor Frank Müller from Max Planck Institute

for their huge contributions to this project. Without their support, this project could not

be accomplished. All their help and advice are extremely appreciated. My thanks also go

to Professor Liang-Yih Chen from National Taiwan University of Science and Technology

for his collaboration and valuable advice. It has been a great pleasure working with him.

I would like to thank all my thesis committee members Professor Eihab Abdel-Rahman,

Professor Maud Gorbet, Professor Xianguo Li, and Professor Freddy Kleitz for being my

committee and for giving me valuable directions and suggestions.

My thanks also go to my master supervisor Dong Xu and Bingchu Cai for their con-

tinuous support on my Ph.D work, and all the technicians at the Research Institute of

Micro/Nano Science and Technology at Shanghai Jiao Tong University for their help dur-

ing my fabrication work there. I would like to thank Henry Lee and Yimin Zhou from the

Emerging Communications Technology Institute at University of Toronto for all of their

help and valuable discussions they have provided.

I also owe my thanks to all of my lab mates and friends for sharing all these years with

v



me. I am sorry that there are too many to list all but you are all on the list. I had a great

time working and having fun together with them. Special thanks go to Seungwoo Park,

who has been very helpful to me on this project, and Jiazhi Ma who has been sharing all

the joys and tears with me.

I would like to acknowledge the service and help provided by all the staffs in the

Department of Systems Design Engineering and University of Waterloo. I had a wonderful

and memorable time here. I enjoyed the campus life very much and I think our staff are

always trying their best to help the students.

My special thanks go to my parents, who has been loving me and supporting me with

all their heart and soul for so many years. It was their wisdom, love and faith in me that

made me the person I am today. I am so grateful and fortunate to have them behind me,

letting me be myself and follow my dreams. I am deeply in debt to their love and will love

them the same way all through my life.

Finally, I would like to thank my significant other Brien for always being there for me.

It was him accompanying me through out this long journey. His love made me stronger and

his warm smile lit up the dim days for me. He always had his faith in me and encouraged

me to keep going forward. He was always the first one to read and edit my papers. And

he was always the first one to celebrate any of my accomplishments. He was my first

audience in any presentation and the one who drove me around when I was stressed. He

was great contribution to this thesis. Life without him would never be this colorful and

full of laughter.

vi



Dedication

To my parents and my beloved Brien.

vii



Contents

List of Tables xi

List of Figures xv

1 Introduction 1

1.1 Fuel cells and water management in fuel cells . . . . . . . . . . . . . . . . . 4

1.1.1 Working principle of fuel cells . . . . . . . . . . . . . . . . . . . . . 4

1.1.2 Classification of fuel cell . . . . . . . . . . . . . . . . . . . . . . . . 5

1.1.3 Water management in PEMFCs . . . . . . . . . . . . . . . . . . . . 7

1.2 Gas adsorption on solid surface . . . . . . . . . . . . . . . . . . . . . . . . 9

1.2.1 Physical adsorption . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.2.2 Chemical adsorption . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.2.3 Capillary condensation . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.3 Humidity sensing technology . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.3.1 Humiditiy sensing material . . . . . . . . . . . . . . . . . . . . . . . 13

1.3.2 Transduction technique of humidity sensors . . . . . . . . . . . . . 15

1.4 Humidity sensor with ordered porous structures . . . . . . . . . . . . . . . 18

2 Porous Silicon 21

2.1 Formation of porous silicon . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.2 Property and application of porous silicon . . . . . . . . . . . . . . . . . . 22

2.2.1 Electrical property of porous silicon . . . . . . . . . . . . . . . . . . 22

viii



2.2.2 Photoluminescence of porous silicon . . . . . . . . . . . . . . . . . . 23

2.2.3 Application of porous silicon . . . . . . . . . . . . . . . . . . . . . . 23

2.3 Porous silicon based gas/humidity sensor . . . . . . . . . . . . . . . . . . . 24

2.4 Ordered macroporous silicon . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3 Ordered Macroporous Silicon with and without Thin Film Surface Coat-
ing for Humidity Sensing 30

3.1 Fabrication of the ordered macroporous silicon . . . . . . . . . . . . . . . . 31

3.2 Measurement setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.2.1 Experiment setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.2.2 Humidity generation and measurement at high temperature . . . . 35

3.3 Ordered macroporous silicon without surface coating . . . . . . . . . . . . 36

3.3.1 Testing structure and terminology . . . . . . . . . . . . . . . . . . . 36

3.3.2 Resistance response of ordered macroporous silicon without surface
coating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.4 Surface modification of ordered macroporous silicon . . . . . . . . . . . . . 42

3.5 Humidity sensor with HfO2 modified ordered macroporous silicon . . . . . 44

3.5.1 Resistance response of HfO2 modified ordered macroporous silicon . 44

3.5.2 Capacitive response of HfO2 modified ordered macroporous silicon . 46

3.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4 Humidity Sensor Based on Ordered Macroporous Silicon with Ta2O5 Thin
Film Coating 50

4.1 Sensor fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.2 Humidity sensing at room temperature . . . . . . . . . . . . . . . . . . . . 53

4.2.1 Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.2.2 Response time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.2.3 High humidity level and flooding sensing . . . . . . . . . . . . . . . 62

4.2.4 Stability and hysteresis . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.3 High temperature sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.4 Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

ix



4.4.1 The sensing mechanisms . . . . . . . . . . . . . . . . . . . . . . . . 66

4.4.2 Parasitic resistance and capacitance . . . . . . . . . . . . . . . . . . 69

4.4.3 Sensing enhancement by thin film coating . . . . . . . . . . . . . . 71

4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5 Vertically Aligned ZnO Nanorods for Humidity Sensing 74

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.1.1 Synthesis methods of aligned nanostructures . . . . . . . . . . . . . 76

5.1.2 Gas sensing mechanisms with metal oxide nanostructures . . . . . . 78

5.2 Synthesis of ZnO nanorods . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.3 Characterization of the ZnO nanorods . . . . . . . . . . . . . . . . . . . . 81

5.4 Humidity sensing results and discussions . . . . . . . . . . . . . . . . . . . 84

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6 Laterally Aligned ZnO Nanowires for Humidity Sensing 93

6.1 Fabrication of the sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.2 Humidity sensing characterization . . . . . . . . . . . . . . . . . . . . . . . 96

6.3 Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

7 Contributions and Future work 108

7.1 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

7.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

7.2.1 Ordered macroporous silicon humidity sensor . . . . . . . . . . . . . 111

7.2.2 Aligned ZnO nanowires for humidity sensing . . . . . . . . . . . . . 114

Permissions 116

Bibliography 137

x



List of Tables

1.1 Classification of fuel cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.1 Pore parameters of three different macroporous silicon heterostructure sam-
ples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.1 Comparison of the water contact angle and PCV (%) of ordered macrop-
orous silicon humidity sensor with different surface coatings. . . . . . . . . 72

5.1 ZnO nanorods samples prepared with varying the growing parameters . . 80

6.1 Comparison Table . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

xi



List of Figures

1.1 A typical fuel cell configuration [7] . . . . . . . . . . . . . . . . . . . . . . 5

1.2 Schematic of a PEMFC and its operating process . . . . . . . . . . . . . . 7

1.3 Electrodes geometry for capacitive humidity sensors [5] . . . . . . . . . . . 16

1.4 (a) TEM image of calcined-SBA-16 view from [111] direction [35]; (b) SEM
images of pure MCM-41 [36]; (c) an array of approximately 100 nm porous
anodic alumina (PAA) channels perfectly organized in a hexagonal arrange-
ment; (d) PAA channels with square arrangement [37]; (e) SEM image of
anodic aluminum oxide (AAO) with electrode layer on top [38]; (f) SEM
images of the ordered high areas ratio silicon microchannel plate (MCP) [39]. 19

2.1 Dynamic response of PS gas sensor of different porosities to NO2 at room
temperature and 20% RH; the insert shows the sensor structure [44] . . . . 24

2.2 (a) A PS based FET sensor for isopropanol sensing [45]; (b) A PS capacitor
with sandwich structure for acetone and ethanol sensing [46]. . . . . . . . 25

2.3 (a) Capacitance and (b) resistance of a TCPS humidity sensor as a function
of relative humidity at three different temperatures. Measurements were
done using 120 Hz frequency [52]. . . . . . . . . . . . . . . . . . . . . . . . 26

2.4 (a) Schematic of the sensor structure; (b) Sensitivity of the sensor in com-
bination with the electronics [53]. . . . . . . . . . . . . . . . . . . . . . . . 27

2.5 SEM micrograph of an ordered macroporous array etched on n-type silicon;
the insert is a square pattern of pits produced by standard lithography [53]. 28

3.1 Schematic diagram of etching setup . . . . . . . . . . . . . . . . . . . . . . 32

3.2 (a) Profile SEM image of a 3D ordered macroporous silicon with square
pores; (b) A SEM image of the backside of a self-supporting membrane with
ordered structures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

xii



3.3 (a)A schematic, and (b) a picture of the experiment setup; the insert is a
picture of the testing chamber. . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.4 Saturation water vapor pressure as a function of temperature [60]. . . . . . 36

3.5 Grosvenor psychrometric chart (medium temperature) for the air-water sys-
tem at standard atmospheric pressure [19] . . . . . . . . . . . . . . . . . . 37

3.6 Schematic diagram of testing structure for ordered macroporous silicon hetero-
structure and self-supporting membrane: side view and top view . . . . . . 37

3.7 PRV -RH curves of the heterostructure and self-supporting membrane. . . 40

3.8 Repeatability test between dry air and saturated air, each step is maintained
for 10-12 minutes: (a) heterostructure; (b) self-supporting membrane. . . . 41

3.9 Resistance sensing characteristic of HfO2 modified heterostructure : (a)
T200; (b) S100, S200 and T200. . . . . . . . . . . . . . . . . . . . . . . . . 44

3.10 Dynamic response of T200 between dry air and saturated air . . . . . . . . 45

3.11 (a) Capacitance sensitivity characteristic of S100 (100µm pore length) and
S200 (200µm pore length); (b) Linear fit of PCV -RH curve of S200. . . . . 47

3.12 Dynamic response of S200 between dry air and saturated air. . . . . . . . . 47

3.13 Comparison of response time to RH change between S100 and reference
sensor: (a) increase of RH, (b) decrease of RH. . . . . . . . . . . . . . . . . 48

4.1 (a)SEM image of an ordered macroporous silicon with square pores (4 µm in
diameter), the insert is a SEM image of the 3D structure on silicon substrate
(with 97 µm pore length); (b) A microscope image of the Al electrodes on top
of the macroporous silicon; the insert (up-left) is a view of the interdigitated
electrodes of the sensor; the insert (lower-right) is a image of the fabricated
sensor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.2 Comparison of the PR thickness-spin rate curves of AZP4330 on different
surfaces, the data for smooth surface is from the product data sheet. . . . . 52

4.3 Comparison of the porous area coverage by PR under different spin rate:
(a) partially covered surface, (b) fully covered surface. . . . . . . . . . . . . 53

4.4 (a) PCV -RH curve and (b) C-RH curve at different measurement frequencies. 54

4.5 (a) Dynamic capacitance response between extra dry and saturated air at
different test frequencies, (b) Normalized dynamic capacitance response be-
tween extra dry and saturated air at different test frequencies. . . . . . . . 56

xiii



4.6 (a) Normalized dynamic impedance response between extra dry and satu-
rated air at different measuring frequencies. (b) Normalized dynamic ca-
pacitance response between extra dry and saturated air at different test
frequencies (sensor with 1 µm pore size). . . . . . . . . . . . . . . . . . . . 58

4.7 Capacitance response at different measurement voltage (1 V, 50 mV and
250 mV) at 1 kHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.8 (a) Dynamic capacitive response to RH changes between 0% and 38%, (b)
dynamic capacitive response to RH changes between 0% and 73%. . . . . . 59

4.9 (a) Dynamic response of the sensor to different RH% levels at 200 kHz;
(b)Corresponding dyanmic response of the reference sensor; (c) the rela-
tionship of the response time from 0% to certain RH level to PCV under
200 kHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.10 (a) The C-RH curve between 80%-100% RH at 200 kHz; (b) Dynamic re-
sponse of the sensor to flooding condition. . . . . . . . . . . . . . . . . . . 62

4.11 (a) The capacitance-RH curve with step up and step down RH changes at
200 kHz; (b) The capacitance-RH curve with step up and step down RH
changes at 100 Hz, 1 kHz and 100 kHz. . . . . . . . . . . . . . . . . . . . . 64

4.12 The sensor’s capacitance dependency on temperature at 0% RH at 200 kHz. 65

4.13 (a) Capacitance-RH curve at 40 ◦C, 60 ◦C, 80 ◦C at 200 kHz; (b) PCV -RH
curve at 40 ◦C, 60 ◦C, 80 ◦C at 200 kHz. . . . . . . . . . . . . . . . . . . . . 65

4.14 The structure of ordered macroporous silicon with metal oxides thin film
coating on the surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.15 (a) Impedance-RH curve at different testing frequency at 1 V; (b) Resistance-
RH curve of both 4 µm and 1 µm pore size sensor at 1 V DC. . . . . . . . 70

4.16 Measurement of water contact angle of (a) Ta2O5 thin film coated silicon
surface, (b) bare silicon surface. The measurement is taken at non-porous
area of the sensors in a 3D micro-stage system with horizontally aligned
microscope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.1 ZnO seed layer deposited on ITO/glass substrate with (a) dense surface
morphology, and (b) cracked surface morphology. The cracked surface was
caused by rapidly temperature ramp in anneal process. . . . . . . . . . . . 81

5.2 X-ray diffraction spectroscopy of the ZnO nanorods that are grown on an
annealed seed layer substrate . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.3 SEM images of prepared ZnO nanorods, (a) and (b) sample 1; (c) sample 2;
(d) sample 3; (e) and (f) sample 4; (g) and (h) sample 5; (i) and (j) sample
6 e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

xiv



5.4 Comparison of the different samples’ resistance variation between 0% and
100% RH (the results are from fresh samples in the first round test of each
sample) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.5 Resistance variation-RH of sample 1 at first several round of test . . . . . 86

5.6 (a) the Resistance-RH curve of sample 1 for several rounds of test, (b) the
corresponding PRV -RH curve. . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.7 (Dynamic resistance response to change RH of sample 1’s for test in different
days, (a) day 1, (b) day 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.8 The percentage resistance variation degradation over time of three units
from sample 6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

5.9 Dynamic response of Sample 6 (#3) to RH change cycles between 0% and
100% . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.10 Comparison of the response time of sample 6 - #3 with the reference hu-
midity sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6.1 (a)-(b) tile-view and cross-sectional images of ZnO nanowires grown on ITO
substrates with a seed layer; ZnO nanowires assembled via DEP force with
(c)f=100kHz and Vp−p = 8V, and (d) f=1 MHz and Vp−p = 8V in pure
ethanol with 10 drops; (e)f=100kHz and Vp−p = 8V, and (f) f=1 MHz and
Vp−p = 8V in ethanol and water mixture with 50 drops. (Scale bars: (a)-(d),
10 µm; insets of (c)-(f), 200 nm). . . . . . . . . . . . . . . . . . . . . . . . 95

6.2 A picture of the as fabricated humidity sensor. . . . . . . . . . . . . . . . . 96

6.3 Resistance-RH curves with increasing and decreasing RH steps. . . . . . . 97

6.4 (a) Response time of the sensor at both increasing and decreasing RH ;
(b) Dynamic response of the resistance of sensor to cycling changing RH
between extra dry air and saturated air. . . . . . . . . . . . . . . . . . . . 98

6.5 Insertion mechanism of oxygen atoms on the surface and inside the lattice
of a MO1−x type oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6.6 A simple picture showing the influence of absorption water and oxygen
molecules on the surface of ZnO nanowires. . . . . . . . . . . . . . . . . . . 106

7.1 Preferable locations of humidity sensors in a single PEMFC. . . . . . . . . 112

xv



Chapter 1

Introduction

The growing awareness of global environment issue has promoted the search for new and

environmental friendly energy sources worldwide. Fuel cells are one of the most promising

alternatives to standard energy source. As a result, fuel cells have been intensively stud-

ied and developed, especially on their application for transportation and portable power.

The advantages of fuel cells include their high efficiency, virtually pollution free and quiet

operation. The working principle of fuel cells is an electrochemically reaction combin-

ing fuel (hydrogen) and oxidant (oxygen) gases through electrodes in an ion conducting

electrolyte [1]. In addition to electricity, water and heat are byproducts of this reaction,

which raises the issue of water management in fuel cells, especially for polymer electrolyte

membrane fuel cells (PEMFCs). PEMFCs efficiency is highly dependent on the operating

conditions, including temperature, humidity and air flow rate. To obtain the optimal per-

formance and minimize losses, the parameter identification, monitoring, and controlling

play an important role in the design and operation of fuel cell systems. Therefore, a great

deal of research has been devoted to the water management problem of PEMFCs. How-
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ever, most of the research have been on modeling, simulation and parameter estimation

based on computing [2, 3, 4]. The development of micro- or nano-technology provides

the opportunity to integrate a micro humidity sensing system into the fuel cell stack for

real-time monitoring and controlling of the system without affecting the operation.

Humidity sensors have widespread applications in many areas -such as the food pro-

cessing, semiconductor, and pharmaceutical industries- where humidity is monitored and

controlled to ensure product quality. The use of humidity sensors in the commercial and

domestic sectors is also very important. For example preventing expensive equipment in

extreme humidity conditions from damages and malfunctions or monitoring indoor air

quality to ensure human comfort.

With the development of micro/nanostructured materials and fabrication technology,

the miniaturization of sensing elements has been the main focus of related research, es-

pecially the integration of multi-functional elements on one chip with signal conditioning

circuits. Generally, the requirements that humidity sensors should meet for a wide range

of application are: (i) good sensitivity and accuracy over a wide range of temperature

and humidity; (ii) good repeatability and low hysteresis; (iii) fast response and recovery

time; (iv) resistance to contaminants and long-term stability; (v) selectivity to other gas

molecules; and (vi) cost effectiveness. The presence of these characteristics is particularly

important for industrial monitoring and controlling.

Commonly used humidity sensing materials include moisture absorbing polymers, poly-

imide, poly-electrolytes, porous ceramic (metal oxides), and porous silicon/polysilicon/silica [5].

The mechanism of humidity sensors are based on water vapor adsorption on the sensing

films, which causes a detectable property change of the material. Various techniques such

as capacitance, resistance, mass and optical sensing has been developed for humidity sen-
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sors [6].

So far, water vapor sensing polymers are the most widely used material in commercial

humidity sensors. However, the primary problem with polymer sensors is their inability to

work in high humidity level (condensing environment) and high temperature conditions.

Sintered ceramic is another common humidity sensing material which generally requires

thermal energy to regenerate the sensing film due to chemisorption of the water molecules

(chemical reaction of water vapor with the metal oxides). Porous silicon (PS) has drawn

considerable interest as a potential gas/vapor sensing material due to its large surface area

and ultra high surface-to-volume ratio. Their porous structure is ideal for gas molecule dif-

fusion and adsorption to the sensing surface. In addition, its stability at high temperatures

and compatibility with conventional IC fabrication processes make it a promising material

to build a smart sensor. As such, the sensing properties of PS to various gases/vapors

including organic vapor, pollution gas and humidity have been widely investigated by dif-

ferent groups.

The motivation of this work is to design and fabricate a micro humidity sensor that

can be integrated into the PEMFC to monitor the inside humidity. To date, most of

PEMFCs work at near 100% relative humidity (RH) level and 60− 90 ◦C. Therefore, it is

important to use a sensing material that has good resistance to condensing environments

under long-term operation. Based on the literature review of different materials, ordered

macroporous silicon is selected as the humidity sensing layer. In addition to the advantages

of PS for gas sensing (high resistance to high temperature and good compatibility with

current IC fabrication process), the ordered macroporous silicon used in this experiment

has uniform pore size, pore shape and distribution. All the vertical aligned pores can be

opened to the environment at both ends, which can increase the efficiency of gas diffusion
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and adsorption. In addition, surface modification can be achieved with this structure.

This is the first time that ordered macroporous silicon is studied for its humidity sensing

property and applications in fuel cell stacks.

In this Chapter, a background introduction of this research is presented. First, the

motivation for research on fuel cells and the water management problem within PEMFC

stacks is addressed. Secondly, the mechanism of gas molecule adsorption on solid surface is

reviewed. Lastly, the state-of-art humidity sensor technology, including sensing materials

and commonly used sensor architectures are introduced.

1.1 Fuel cells and water management in fuel cells

1.1.1 Working principle of fuel cells

A fuel cell is an energy conversion device that generates electricity and heat by electro-

chemically combining a gaseous fuel (hydrogen) and an oxidant gas (oxygen from the air)

through electrodes and across an ion conducting electrolyte. During this process, water is

formed at the exhaust.

Generally, a fuel cell consists of two electrodes sandwiched around an electrolyte. Hy-

drogen fuel is fed into the anode of the fuel cell and oxygen, from the air, enters the cell

through the cathode. The hydrogen, under the action of the catalyst, splits into protons

(hydrogen ions) and electrons, which take different paths towards the cathode. The proton

passes through the electrolyte and the electron create a separate current that can be used

before reaching the cathode to be reunited with the hydrogen and oxygen, forming a pure

water molecule and heat, as shown in the Figure 1.1. The catalyst is usually coated on the
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anode and cathode. It can be a platinum coating as in PEMFC or nickel and oxide for the

solid oxide fuel cells. The chemical reactions at anode and cathode are as follows:

AnodeReaction : 2H2 → 4H+ + 4e− (1.1)

CathodeReaction : O2 + 4e− + 4H+ → 2H2O (1.2)

Figure 1.1: A typical fuel cell configuration [7]

1.1.2 Classification of fuel cell

The fuel cells are sorted by their operating temperature and their classification is generally

done according to the nature of the electrolyte used [7]. There are several types of fuel cell

technologies being developed for different applications, each having their own advantages

and disadvantages. Table 1.1 lists several types of fuel cells. By far, the greatest research

interest throughout the world has focused on polymer electrolyte (or proton-exchange)
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membrane (PEM) fuel cells, which have the biggest potential for cars and mass trans-

portation applications if they can be made cost competitive.

Table 1.1: Classification of fuel cells

Types Electrolyte
Operating

T(◦C)
Advantages

Polymer
electrolyte
membrane
(PEMFC)

Polymer, proton exchange
membrane

60-90
High power density, rapid
startup and small size

Solid oxide
(SOFC)

Stabilised zirconia and
doped perovskite

600-1000

High power density and
potential for internal fuel
processing

Alkaline
(AFC)

Potassium hydroxide
(KOH)

60-200
Reliable and high power
output

Phosphoric acid
(PAFC)

Phosphoric acid 160-210
Most developed system for
terrestrial applications

Direct methanol
(DMFC) Methanol 60-200

Simple storage and
fabrication

Molten carbonate
(MCFC) Molten salt 630-650

Intrinsically efficient and
CO insensitive
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1.1.3 Water management in PEMFCs

A single PEMFC consists of a membrane electrode assembly (MEA), flow field plates,

current collectors and end plates. The MEA is a proton conducting membrane sandwiched

between two electrodes. The electrodes are made of two gas diffusion layers (GDL) with a

layer of platinum catalysts on the surface adjacent to the polymer electrolyte membrane.

The GDLs ensure effective diffusion of the reactant gases to the catalyst layer. The flow

field plates have flow channels that guide the reactant gases throughout the whole active

area [8, 9]. Figure 1.2 shows a schematic of a single PEMFC and the processes happening

during the operation [10].

Figure 1.2: Schematic of a PEMFC and its operating process

The water management problem rises from the nature of the PEM, the GDL and the

catalyst layer (CL) [11, 12]. The proton conductive membrane is essentially a solidified

polymer matrix backbone with sulfonic acid groups attached to it. The membrane is elec-
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tronic insulating and has very low gas permeabilities. However, it has excellent hydrogen

ion conductivity via the dissociation of the sulfonic acid in the presence of water. Dehy-

dration of the membrane will decrease the membrane’s proton conductivity, leading to a

decrease in net power and local hot spots [13]. Sever drying can also result in irreversible

membrane degradation. Therefore, a high water content in the electrolyte membrane has

to be maintained to achieve maximum performance and extended life. Generally, both of

the hydrogen and oxygen (air) are highly humidified before entering the cell.

On the other hand, the water produced at the cathode CL must be transported away

immediately through the GDL and into the flow field channel, and then exhausted out of

the system. Otherwise, the accumulation of the excess water can block the flow channel

and the pores of the CL and GDL. This will prevent the fuel and oxygen transportation,

thus reducing the catalyst active sites. This is called “flooding” and can significantly

decrease the efficiency of the PEMFCs. Therefore, the fuel cell must be operated under

a certain condition where water removal is well balanced with water supply to maintain

the saturation of the PEM and prevent flooding. This is referred to as water management

and is fairly complex. The main function is to maintain a water balance and achieve

desired humidity conditions inside the fuel cell stack. It involves the dynamic control of

the temperature, gas flow rate, and water removal rate to match the varying operating

condition within the fuel cell.

There are several approaches to study the water distribution and water management

in PEMFCs. One is the visualization of liquid water distributions under different oper-

ating conditions by various imaging techniques. However, this technique is only limited

to laboratory study rather than real world application due to the requirement of external

and expensive imaging systems. There are also numerous studies devoted to developing
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theoretical models to describe the water transportation and water management in PEM-

FCs. Various flow field plates designs have also been studied for optimization of water

and gas transportation. However, none of the above can achieve real time monitoring and

controlling of the fuel cell’s operating condition.

So far, there have been very few attempts at integrating humidity sensors into the fuel

cell stack. The difficulty is not only caused by the structure and dimension of the fuel cell

where there is limited space for sensor installation, but also due to the lack of miniaturized

humidity sensors that can operate under high temperatures and saturation (even flooding)

environments without degradation. This is the motivation for our research in the design

and fabrication of an advanced humidity sensor to overcome this challenge.

1.2 Gas adsorption on solid surface

For most gas/vapor sensors, the sensing mechanism is generally related to the gas/vapor

molecule adsorption and interaction with the sensing layer’s surface. When a gas (or

adsorbate) is allowed to come to equilibrium with a solid or liquid (or adsorbent) surface,

the concentration of gas molecules is always greater in the immediate vicinity of the surface

than in the free gas phase, regardless of the nature of the gas or surface. The process by

which this surface excess is formed is termed adsorption [14]. Adsorption processes are

generally classified as physical or chemical, depending on the nature of the interaction

forces involved.
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1.2.1 Physical adsorption

Physical adsorption, also termed as van der Waals adsorption, is caused by molecular

interaction forces. It is a general phenomenon that occurs in any gas-solid system under

suitable conditions of temperature and pressure. The formation of physically adsorbed

layers having several molecular diameters in thickness is frequently found. These layers

behave in many respects like two-dimensional liquids. The heat of physical adsorption is

of the same order of magnitude as the heat of liquifaction of the adsorbate. Since physical

adsorption is a reversible process, the removal of the adsorbed layers can be achieved by

reducing the vapor pressure at the same temperature at which the adsorption takes place.

With highly porous structures or finely powdered adsorbents, diffusion of the gas into the

adsorbent mass is often slow, particularly at low pressure, which limits the whole process

time.

1.2.2 Chemical adsorption

Compared to physical adsorption, chemical adsorption or chemisorption, involves transfer

of electrons between the adsorbent and the adsorbed gas molecules. The process involves

the formation of a chemical bond. This can be verified by that the heat of chemisorption is

always of the same order as that of the corresponding bulk chemical reactions. Depending

on the environment’s thermodynamic conditions, the chemical bond can be reversible or

irreversible. In contrast with physical adsorption, chemisorption can only occur if the

gas is able to form a chemical bond with the surface atoms. The adsorption is complete

once a monomolecular layer is build up, although physical adsorption may also occur

on top of the chemisorbed monolayer. If irreversible chemical bond forms during the
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chemisorptions, the removal of the chemisorbed layer requires high energy (usually thermal

energy) to regenerate the sensing film. Chemisorption constitute the basis of a resistive or

potentiometric sensor’s working mechanism, because only chemical adsorption can be the

cause of an electric disturbance [15].

1.2.3 Capillary condensation

Since many water vapor sensing materials have microporous structures, capillary condensa-

tion plays an important role in humidity sensing mechanism. The presence of open porous

structure permits water condensation in the capillary pores. This is physical adsorption,

therefore no chemical reaction and charge transfer involved. The quantity of condensed

water depends on the available pore sizes and their distribution. It is possible to evalu-

ate the pore radius at which capillary condensation occurs at a certain temperature and

humidity level by using the Kelvin equation [16]:

rK =
2γMwcosθ

ρRT ln
(

ps
pw

) (1.3)

where rK is called Kelvin radius, γ is the surface tension, Mw is the molar mass of the

adsorbate, θ is the contact angle, ρ is the density of water, R is the universal gas constant,

T is the temperature, ps and pw are the water vapor pressure at saturation and water vapor

pressure, respectively. Given that the definition of relative humidity (RH) is [17]:

RH =
Pw

ps
× 100% (1.4)

rk can be calculated under a given temperature and RH. The capillary condensation will
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occur in all pores that are smaller than Kelvin radius. For example, water will condense in

capillary pores with radius less than about 3nm at 70% RH at 25 ◦C, and 86nm at 99% RH.

For porous structure with uniform pore size and distribution, a sudden increase is always

obeserved in the adsorption isotherms, indicating the start of capillary condensation. Cap-

illary condensation generally contributes to the capacitance change of the porous sensing

layer, where the air in the voids is replaced by the condensed water. Since water has a

much higher permittivity than air (80 times) for films with micro- or meso-structures and

abundant void fractions, the sensitivity of the device can be very high. However, capillary

condensation is considered to be the main cause of hysteresis of gas/vapor sensors, which

highly limits the sensor’s recovery time

1.3 Humidity sensing technology

Hygrometry is in fact “a branch of applied physics in which the multitude of techniques is

an indication of the complexity of the problem, and of the fact that no one solution will

meet all requirements at all times and in all places” [18]. Depending on which aspect is em-

phasized, the water vapor content in the atmosphere can be defined by absolute humidity,

the relative humidity, dry-/wet-bulb temperature or the dew-point temperature [19]. These

parameters can be characterized by mechanical (mass change/volume change/mechanical

deformation), electrical (resistive/capacitive/oscillation), optical or temperature measure-

ment. Various instruments have been developed based on these measurement methods,

including hydrometers based on hygrocsopic materials, pshychometer, dew-point hygrom-

eter and infrared hygrometers.

Various water vapor sensing materials and sensor structures has been studied and de-
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veloped to meet different system requirements. Each has its own advantages and short

comings. In this Section, we will focus on thin-film humidity sensor related technology and

give a brief introduction to the state-of-art sensing materials and mechanism.

1.3.1 Humiditiy sensing material

The sensing material is the key to understand the design and operation of humidity sen-

sors. Commonly used humidity sensing materials include moisture absorbing polymers,

polyimide, poly-electrolytes, porous ceramic (metal oxides), and porous silicon/polysilicon.

The adsorption of water molecular on these materials surface will change their properties,

which can be mechanical, electrical or optical properties. We will highlight organic poly-

mers and humidity sensing ceramics, which are the most investigated sensing materials

for humidity sensors. As the focus of our work, the humidity sensing properties of porous

silicon will be detailed in Chapter 2.

Organic polymer

Water adsorbing polymers can be used as the sensing elements in several ways [20]. For

nonconductive polymers, their dielectric constants will change due to water uptake. The

original dielectric constant of the polymer film will turn into the value of a mixture of

adsorbed water and the polymer, which can be calculated from Looyenaga’s equation [21]

as:

ε =
(
v2

(
ε
1
3
w − ε

1
3
p

)
+ ε

1
3
p

)3

(1.5)

where εp is the dielectric constant of the polymer, εw is the dielectric constant of water,
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and v2 is the fractional volume of water diffused into the polymer. Most polymer humidity

sensors are based on this mechanism.

The adsorption of water can also cause the swelling of the polymer, which will result in

the mass or dimension change of the sensing film. These can be detected by surface acous-

tic wave (SAW) humidity sensors or piezoelectric cantilever with multi-layered structure.

For conductive polymers, the conductance change caused by water adsorption is usually

measured by a pair of electrodes patterned on the sensing film.

The advantages of polymer based humidity sensors are their fast response, resistance

to contaminants, good repeatability and low hysteresis. However, the serious shortcoming

with polymer sensors is their incapability to work at high RH level (condensing environ-

ment) and high temperature [22]. For example, the Honeywell HIH sensors, based on their

data sheet, the maximum operation temperature is 85 ◦C, 65 ◦C when RH is above 80%,

and 50 ◦C at saturate condition. This highly confines their application in extreme and

harsh environment.

Ceramic

Ceramics, essentially metal oxides, have been used in humidity sensors in the forms of

porous sintered bodies and ceramic thin films [23]. The bulk porous ceramics are usually

prepared by sintering a mixture of metal oxide powders. With the development of microma-

chining and on-chip integration technology, metal oxide thin films can also be deposited on

desired substrates by vacuum evaporation, sputtering or chemical vapor deposition (CVD).

Commonly investigated metal oxides include Al2O3,ZnO,TiO2, and their compounds with

other metal ions, for example MgCr2O4 − TiO2 [24] and ZnCr2O4 − LiZnVO4 [25].
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The electrical properties of ceramics change because of the chemisorption of water vapor

on the available sites of the oxides surface, mainly at the grain boundaries. The reaction

is related to the dissociation of the water molecule and the formation of one proton and a

hydroxyl ions. When temperature is lower than 100 ◦C, physical adsorption of subsequent

layers on the first hydroxyl layer also accounts for the property changes. For porous ceramic

with microporous structures, capillary condensation is another factor to be considered as

the sensing mechanism at high RH level.

The advantages of ceramics include their ultra high surface-to-volume ratio, their me-

chanical strength and their thermal and physical stability. However, due to the chemisorp-

tion reaction, ceramic humidity sensors need periodic regeneration by heat cleaning to

recover their humidity sensitive properties. The main purpose is to remove the stable

chemisorbed OH− on the surface of the porous structure or grain boundaries. This usually

requires a temperature up to 400 − 500 ◦C. More over, adsorption of impurities such as

dust and dirt may cause irreversible changes to the sensing layer, as they act the same

way as chemisorbed water. This makes ceramics less resistant than polymers to surface

contamination.

1.3.2 Transduction technique of humidity sensors

Capacitive humidity sensor

Capacitive sensors are based on the dielectric constant change of the sensing layer caused

by the adsorption of water molecules. This change can be caused by the swelling of the

polymer film, or capillary condensation in porous structures as introduced above. One

typical sensor structure is the sensing layer sandwiched by two electrodes with the top one
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being an ultra thin or porous metal film for the diffusion of water vapor. Capacitance can

also be measured by patterned top electrode geometries, such as interdigitated electrodes

(IDE) or spiral on top of the sensing layer. These electrodes allow the vapor to diffuse

freely into the dielectric and give a faster response. However, the field distribution is not

as uniform as thin film electrodes. An intermediate solution is making the top electrode

into small meshes. Figure 1.3 shows different electrodes geometries for capacitive sensors.

Among these structures, IDE is the most widely used structure in gas/humidity sensors.

Figure 1.3: Electrodes geometry for capacitive humidity sensors [5]

Resistive humidity sensor

Resistive humidity sensors transduce air humidity into an impedance change, which can

be measured by current, voltage or resistance. The design of resistive sensors is usually

comparable to capacitive sensors, for example with IDE electrodes on top or bottom of the

sensing film. Both polymer and porous ceramic can be built into resistive humidity sensors.

For polymers, it’s usually the proton conductive ones, such as NafionTM [26]. For ceramics,
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the resistance changes are caused by the chemical reaction between water molecule and

the surface atoms, which can be electronic type or ionic type.

Gravimetric humidity sensor

The gravimetric humidity sensors are based on the mass change of the sensing film due to

the water vapor uptake. In a vibrating mechanical structure, which is already vibrating

at its natural frequency, the increase of mass will result in a resonance frequency shift in

proportion to the added mass. Bulk acoustic wave (BAW) or quartz crystal microbalances

(QCMBs) and surface acoustic wave (SAW) sensors are all based on this principle. QCMBs

generally consist of a quartz disk sandwiched between two thin film electrodes that are

coated with water vapor adsorbing polymer films. Therefore, QCMB devices utilize the

longitudinal standing waves along the thickness of the bulk material. In contrast, SAW

devices resonate as a standing wave within a thin surface layer of a piezoelectric substrate.

Two IDEs are located at each end of the substrate, one as a transmitter and the other

as receiver. The polymer film is patterned between these two IDEs and water adsorption

will affect the transit time of the acoustic wave - thus the output frequency, amplitude or

phase. Gravimetric humidity sensors usually show a better sensitivity and accuracy than

other sensors at very low RH.

Optical humidity sensor

Relative humidity can be measured by optical methods in several ways. One widely used

apparatus is the fiber-optical sensors. Light is generated from an optical source, passes

through a fiber and received by an optical detector. The fiber is coated with water vapour

adsorbing layer. The frequency, transmitted power, or wavelength of the received light can
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be changed as function of vapour adsorption. The sensing property can be enhanced by

functional coatings on the surface of the fiber [27, 28]. Another sensor is nondispersive

infrared (NDIR) detector, which usually consists of an IR light source, optical filters and

IR detector. It measures the absorption of infrared (IR) radiation by water vapor within an

optically enclosed chamber. Chilled mirror hygrometer is another water vapor sensor which

is especially appropriate to measure the dew point. The advantages of optical humidity

sensors include ease of miniaturization, operation in harsh environment, and potential for

remote sensing. However, their main drawbacks are susceptibility to contamination and

the complexity of the entire system.

Among these humidity affected variables, capacitance and resistance/conductance are

the most widely implemented due to their simplicity for fabrication and detection.

1.4 Humidity sensor with ordered porous structures

Recently, with the development of synthesis technologies, more and more attention has

been attracted to the field of highly-ordered microstructures, mainly being mesoporous

(2nm<d<50nm) and macroporous (d>50nm) thin films due to their great potential for

electrochemical analysis [29, 30]. Porous materials, both organic and inorganic, have

proved their advantages in various chemical, electrocatalysis and biochemical applications.

To optimize their characteristics (electrical or optical), special care during the fabrication

process has been taken to obtain well-ordered structures with a narrow distribution of

open pores and highly accessible surface areas. In this section we will summarize sev-

eral published works on humidity sensing with ordered mesoporous or macroporous struc-

tures [31, 32, 33, 34].
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Figure 1.4: (a) TEM image of calcined-SBA-16 view from [111] direction [35]; (b) SEM
images of pure MCM-41 [36]; (c) an array of approximately 100 nm porous anodic alumina
(PAA) channels perfectly organized in a hexagonal arrangement; (d) PAA channels with
square arrangement [37]; (e) SEM image of anodic aluminum oxide (AAO) with electrode
layer on top [38]; (f) SEM images of the ordered high areas ratio silicon microchannel plate
(MCP) [39]. 19



Figure 1.4 shows various highly-ordered mesoporous or macroporous structures. Metal

oxides, silicon and silica are all commonly used materials for the formation of ordered

structures. Figure 1.4(a) shows a TEM image of Li-doped 3D periodic mesoporous silica

SBA-16. The sample is prepared from inorganic salts and shows three orders of magnitude

impedance response to relative humidity change from 0% to 95% [35]. Figure 1.4(b) shows

another common mesoporous silica MCM-41 from the family of M41S. Wang et al. [36]

investigated its humidity sensing behavior with and without Li dopant. The Li-doped

sensor shows high sensitivity between 0% RH and 95% RH and linearity improvement.

Anodic aluminum oxide (AAO) or anodic alumina is another intensively studied ordered

porous material which can be tailored to various mesoporous structures. Figure 1.4(c)-(e)

shows three different morphologies of the AAO. The samples have well defined pore shape

and size and show a good uniformity over large area. A humidity capacitive sensor is built

on the sample shown in Figure 1.4(e). The electrode pattern can be fabricated on top

of the thin film either by lithography or physical mask. With an integrated heater, the

sensor shows good sensitivity with very small hysterisis [38]. Figure 1.4(f) shows a nickel

coated silicon microchannel plate fabricated by electrochemical etching. The structure has

a macropore of 5 µm and the channel length of 200 µm. Interdigitated electrode was screen

printed on top of the structure and its capacitance was tested to RH changes. The sensor

shows a high sensitivity with a small hysterisis.

From the examples above we can see that highly-ordered mesoporous and macroporous

structures show great advantages in terms of morphology controlling and tailoring. This

will allow the modification and optimization of the sensor’s properties and performance.

With further development of fabrication technology, highly-ordered porous structure will

show huge potential and application on various chemical sensing systems.
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Chapter 2

Porous Silicon

Porous silicon (PS), as one of the most important porous materials, has been studied

intensively in terms of gas molecules adsorption and desorption on the surface. In this

chapter, the formation, property and applications of PS are summarized. And the state-of-

art PS based gas/humidity sensors that have been developed by other groups are discussed.

2.1 Formation of porous silicon

The fabrication of porous silicon is an electrochemical anodization process of doped silicon

in hydrofluoric acid (HF). The etching setup usually consists of an electrochemical cell and

electrical connections. The cell includes a counter electrode and working electrode, which

is the silicon sample. Both are immersed into the HF solution. For fabrications of PS on

n-type Si substrate, illumination during anodization is required. The pore formation is

basically the dissolution of silicon in HF but with remarkable difference in the dissolution

rate between pore tip and pore wall. Therefore, it is a continuous passivation of the pore
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walls and passivity breakdown at the pore tips. Due to different formation mechanisms,

porous silicon is classified by the pore diameter into microporous (d<2nm), mesoporous

(2nm<d<50nm) and macroporous (d>50nm) [40]. In addition to pore size, porosity, and

specific surface area are usually used to evaluate the porous structure.

2.2 Property and application of porous silicon

2.2.1 Electrical property of porous silicon

The conductivity for PS depends on the size of the conducting filaments making up the

structure. For microporous silicon, it shows very high resistivity in dry air at room tem-

perature, ranging from 107 to 1014 Ω cm. When exposed to humid air or polar vapors, the

resistivity decreased by two or three orders of magnitude. This is usually interpreted by

the condensation of water vapor in the porous structure. For mesoporous silicon, the high

value of resistivity is believed to be caused by the constrictions of conductive pathways

produced by charged surface traps. Upon exposure to polar vapor, these charged surface

traps can be screened, which will result in the decrease of resistivity. For macroporous

silicon, the pore spacing is much larger, so that the effect of the surface depletion layer

becomes negligible and the conductivity is determined by the geometry of the sample only.

The capacitance of PS is usually measured with a metal/PS/Si sandwich structure. The

value is found to be dependent to the porosity and the measuring frequency. Upon exposure

to humidity, the capacitance of PS increases due to the formation of water molecule layers

on the surface or the water condensation.

22



2.2.2 Photoluminescence of porous silicon

Photoluminescence (PL) in the visible light range is a very important property of PS,

which has been the motivation for most PS related research. The PL is usually excited by

a wavelength shorter than the emission wavelength. The characteristics of the PL change as

the wavelength of emission changes from ultraviolet (UV) to infrared (IR). These discrete

set of wavelengths are grouped into three bands, called the “red”, “blue” and “IR” band

respectively. The PL characteristic is strongly dependent on the anodization variables,

including the current density, bias voltage, and the electrical properties of the substrate.

This indicates that the visible light emission is closely related to the dimension and the

morphology of the PS [41]. The PL from PS is usually measured with PL spectra and

studied in terms of the PL intensity and peak wavelength. It was observed that, upon ex-

posure to polar gas molecules, the PL intensity decreases significantly. This PL quenching

effect from gas adsorption has been studied widely for gas sensing applications [42].

2.2.3 Application of porous silicon

Due to its special structural, electrical and optical properties, PS has a wide range of

applications. Structurally, it can be used as a sacrificial layer in MEMS fabrications,

especially ordered macroporous silicon with straight pores. It can be used as a template to

form other materials with the same geometric precision. Electrical applications include cold

cathodes and capacitors, while optical applications include light-emitting diodes (LEDs),

short-pass filters, waveguides or photonic crystals. In the next Section, we will highlight

its application for gas/humidity sensing, which is the focus of this thesis.
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2.3 Porous silicon based gas/humidity sensor

The hollow structure, ultra high surface area and volume-to-surface ratio of PS makes

it a good candidate for chemical vapor sensing. Gas/vapor sensors based on changes in

dielectric constant, resistance or PL intensity/quenching of PS upon absorption of chemical

species, especially polar molecules, such as H2O,NO,NO2,NH3, alcohols and methanol

have been widely studied and developed. The sensing mechanism is usually interpreted

as the surface charge change by polar molecules or gas/vapor condensation in nano-size

pores [43]. Compared to PL quenching, the electrical method is more practical for both

commercial and industrial applications. Here we will give some examples of PS based

gas/vapor sensors, especially humidity sensors that have been developed by other groups.

Figure 2.1: Dynamic response of PS gas sensor of different porosities to NO2 at room
temperature and 20% RH; the insert shows the sensor structure [44]

Figure 2.1 shows a typical resistive PS based gas sensor. The PS layer is 20-30 µm

thick [44].With a sputtered oxide layer on the frame, the metal contacts were only de-
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posited on top of the PS area, and the resistivity was measured between these two ter-

minals. A significant increase of the PS conductivity was observed upon exposure to low

concentration of NO2 and the effect of porosity on sensitivity was showed. However, the

same structure didn’t show any response to non-polar gases like CO and CH4. The ambi-

ent humidity showed a noticeable effect on the sensor’s sensitivity. Figure 2.2 (a) and (b)

shows two different sensor structures for organic vapor sensing [45, 46]. Good sensitivity

and repeatability were obtained, indicating the wide range application of PS on gas sensing

systems.

Figure 2.2: (a) A PS based FET sensor for isopropanol sensing [45]; (b) A PS capacitor
with sandwich structure for acetone and ethanol sensing [46].

Tremendous research has been devoted to the PS based humidity sensors as well [47,

48, 49]. Anderson et al. [50] reported the capacitance sensitivity of PS to RH firstly. A

440% increase in capacitance in response to a humidity change from 0% to 100% has been

observed in a PS sensor with Al contact on top. The change in the effective permittivity

was attributed to condensation of water in the porous structure. However, capillary con-

densation is a major cause of slow recovery and hysteresis in humidity sensors. Generally,

small pores or complicated connectivity between the pores may increase hysteresis [51].

Mikko Bjrkqvist et al. [52] developed a thermally carbonized PS (TCPS) humidity sensor

with the same structure shown in Figure 2.1, and demonstrated that by enlarging the pore
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size and operating the sensor a few degrees above room temperature the hysteresis can be

significantly reduced. They also investigated the temperature dependence of the sensor’s

sensitivity. As shown in Figure 2.3, the capacitance and resistance change of the sensor

as a function of RH at different temperatures has been measured. It was found that the

capacitance of the sensor in dry air is almost constant at various temperatures, whereas

in higher RH, the temperature dependence becomes evident. The capacitance sensitivity

increases under higher temperatures, while the resistance variation of the sensor is less

dependent on RH as temperature increases. This indicated the potential of PS humidity

sensor to work under elevated temperatures with high sensitivity.

Figure 2.3: (a) Capacitance and (b) resistance of a TCPS humidity sensor as a function of
relative humidity at three different temperatures. Measurements were done using 120 Hz
frequency [52].

Jayoti Das et al. [53] developed a novel hygrometer combining a PS dielectric humidity

sensor with a phase detection electronic circuit (PDC). The humidity sensor has been

fabricated on a PS membrane structure with IDE on top and a built-in planar micro hot

plate for restoration, as shown in Figure 2.4 (a). The PDC has been developed to measure

and monitor the capacitive changes. It has been shown that, with auto ranging and offset

compensation built-in the PDC, the sensing behavior was improved significantly. The
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hygrometer exhibited a linear response over a wide range of RH, and very small hysteresis,

as shown in Figure 2.4 (b). The response time was less than a few seconds. The PDC

is compatible to silicon processing technology, therefore can also be integrated onto the

sensor chip.

Figure 2.4: (a) Schematic of the sensor structure; (b) Sensitivity of the sensor in combina-
tion with the electronics [53].

2.4 Ordered macroporous silicon

The first formation of ordered macroporous silicon by electrochemical etching was reported

by V.Lehmann in 1990 [54]. Using lithographic pre-patterning, the nucleation spots of the

pores can be defined at the surface of the n-type silicon, followed by photo-electrochemical

dissolution to obtain two-dimensional or three-dimensional ordered porous structure [55],

as shown in Figure 2.5. This ordered structure can have a pore-to-pore distance of 1.5 µm

to 6 µm and a pore diameter of about half the pore-to-pore distance.

The length of the pore can be controlled by the etch time and reach 200 µm without

any degradation in the ordering and uniformity. By wet etching substrate bulk silicon,
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a ordered macroporous silicon membrane can be obtained with both ends of the pores

open to the environment. Due to different pore formation mechanism, the flexibility of

pore array design on low doped p-type silicon is less than that for macropore formation on

n-type substrates [56].

Recently, M. Archer et al. [57] developed a macroporous silicon electrical sensor for

real-time, label free DNA hybridization detection. The macroporous silicon (1-2 µm) was

fabricated on p-type silicon and had straight and smooth pore walls without interconnec-

tion. In addition to the advantages of traditional porous silicon for gas sensing (good

stability, high resistance to high temperature and good compatibility with current IC fab-

rication process), ordered macroporous silicon has the following advantages:

• Uniform pore size, shape and distribution

• Vertically aligned pores that can open to the environment on both ends, which can

significantly increase the diffusion efficiency of gas molecules into the pore surface

• Easier for diffusion of water vapor and other agents than interconnected pores;

Figure 2.5: SEM micrograph of an ordered macroporous array etched on n-type silicon;
the insert is a square pattern of pits produced by standard lithography [53].
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• Controllable parameters for performance optimization;

• Uniform growth or deposition of thin film coatings for surface modification can be

achieved;

• The ordered structure without any pore interconnections allows better understanding

of the gas molecule interaction with PS surface and chemical adsorption characteris-

tic.

Based on the above advantages, ordered macroporous silicon is used as the humidity sensing

layer in this work. This is the first time that the humidity sensing characteristic of ordered

macroporous silicon is investigated.
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Chapter 3

Ordered Macroporous Silicon with

and without Thin Film Surface

Coating for Humidity Sensing

In our experiment, three generations of ordered macroporous silicon humidity sensors are

fabricated on n-type silicon. For the first generation, the resistive sensitivity of both het-

erostructure (ordered macroporous silicon/n-Si substrate) and self-supporting membrane

is measured. For the second generation of the devices, ordered macroporous silicon with

different porosity, surface area and surface coatings are fabricated. Al electrodes are de-

posited onto the macroporous silicon surface with a physical mask by evaporation. Both

of their resistive and capacitive sensing properties to RH change are characterized. For the

third generation of the devices, interdigitated electrodes (IDEs) pattern is fabricated on top

of the ordered macroporous silicon by microfabrication techniques and another new metal

oxide coating is investigated. In this chapter, we will report the related experiment for the
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first two generations of the sensors. The details of third generation will be introduced in

the next chapter.

3.1 Fabrication of the ordered macroporous silicon

The ordered macroporous silicon is prepared by electrochemical etching of (100)-oriented

n-type Si in hydrofluoric acid under backside illumination. Lithography and subsequently

etching in KOH is used to define the nucleation spots of pores on the surface of the silicon

wafer. The wafer is cleaved into small pieces with a dimension of about 23 mm × 23

mm to fit into the etch setup, as showed in Figure 3.1. A piece of patterned silicon is

clamped in a PVC cell, which is 20 mm in diameter. The front side is exposed to aqueous

HF (5%) for etching, while the backside is illuminated to create electronic holes via light

absorption in the silicon. The pore diameter is controlled by the backside illumination

intensity. A voltage is applied between the silicon wafer and counter electrode in the HF

acid to protect the pore wall against electrochemical dissolution. Simultaneously, the HF

solution is continuously pumped to avoid a loss in concentration and to remove hydrogen

bubbles sticking to the surface.

To evaluate the role of the porous matrix as the sensing layer, a self-supporting mem-

brane is fabricated and tested under the same environment. To obtain the self-supporting

membrane, the etched sample is first oxidized for 2 hours at 900 ◦C. The surface of the pore

is then covered with an oxide layer which is about 20 nm. Then the backside of the sample

is etched away in KOH solution up to the bottom of the pores. This results in both ends

of the pores exposed to the air. The oxide layer is then removed by a quick-dip into wet

etchant. Figure 3.2 shows a 3D view of the ordered macroporous structure with perfectly
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Figure 3.1: Schematic diagram of etching setup

aligned pores and high aspect ratio, and the backside of the self-supporting membrane

after the removal of substrate. The fabricated macroporous silicon has cylinder array with

pore diameter of 1 µm and a pore length of 200 µm.

After being exposed to air for several hours, a native oxide layer of about 3 nm will

form on the fresh macroporous silicon surface, and will remain stable with this thickness.

This is crucial for humidity sensing. Schechter et al. [58] attributed their PS’s humidity

insensitivity to its hydrophobic nature. Anderson [50] developed a capacitance PS humidity

sensor with high sensitivity which also had a thin oxide layer on the pores surface. The

reason why pure or fresh PS shows negligible response to H2O (although it has large dipole

moment) is the hydrophobic nature of the PS surface. PS is usually fabricated in HF

solution; therefore, pure PS has a hydrogen-terminated surface and water cannot wet this

surface [59]. Surface modification with oxides can turn part of or the whole surface to be

O-terminated, and thus hydrophilic, which allows the adsorption of water molecules.
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Figure 3.2: (a) Profile SEM image of a 3D ordered macroporous silicon with square pores;
(b) A SEM image of the backside of a self-supporting membrane with ordered structures.

3.2 Measurement setup

3.2.1 Experiment setup

The samples are tested in a sealed chamber with controllable and stable RH and temper-

ature. The chamber has two gas inlets and one outlet. One inlet connects to extra dry air

directly, and the other connects to a water bottle where the extra dry air becomes water

saturated by bubbling with water. The humidifier is placed in a water bath at the desired

temperature. Two individual mass flow controllers are implemented to control the ratio

of the dry and saturated air. As a result, the RH range within the chamber can be con-

trolled from 0% to 100%. A commercial humidity/temperture sensor is put in the chamber

as a reference to indicate the RH level and temperature in the testing chamber. Real-

time resistance and capacitance measurements are performed with a LRC/ESR meter (PK

PRECISION 889A). A micro-heater is also placed in the chamber to control the tempera-

ture. The micro-heater is controlled by an external power supply. A micro-thermocouple is

attached to the backside of the sample to monitor the sample’s temperature when testing
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under high temperature. A LabVIEW program is used to control the mass flow controllers

and collect data from the reference sensor, the LCR meter and the thermocouple. Fig-

ure 3.3(a) shows the detailed shematic of the experiment setup and Figure 3.3(b) shows a

picture of the setup and the testing chamber (insert).

Figure 3.3: (a)A schematic, and (b) a picture of the experiment setup; the insert is a
picture of the testing chamber.
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3.2.2 Humidity generation and measurement at high tempera-

ture

The amount of atmospheric water vapor content in air can be defined in several ways. The

most useful definitions are absolute humidity, vapor pressure and relative humidity [19].

Absolute humidity is the mass of water vapor carried by unit mass of dry air. Preferred

units are lb/lb or kg/kg. Vapor pressure p is the partial pressure of vapor in gas-vapor

mixture. It is proportional to the mole fraction of vapor and the environmental pressure

as shown in equation 3.1.

p =
nv

nv + ng

× P (3.1)

Relative humidity (RH) is the partial pressure of water vapor pw divided by the satu-

ration vapor pressure ps at the given temperature.

RH =
Pw

ps
× 100% (3.2)

Saturate water vapor pressure ps, as shown in Figure 3.4, is a function of tempera-

ture [60]. With the increase of temperature, the air can retain larger amount of moisture.

Therefore, when generating a certain RH level in the testing chamber at a certain temper-

ature, it is important to take into account the temperature difference between the chamber

and humidifier. Figure 3.5 explains the effect of temperature change on the RH level of a

certain amount of air. For example, when the temperature of a certain amount of saturate

air increase from 23.3 ◦C (75 ◦F) to 40 ◦C (104 ◦F), the absolute humidity does not change.

But the RH changes from 100% to approximately 40% (from A to B). To make sure the

humidified air is still saturated when entering the testing chamber, the temperature of the
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Figure 3.4: Saturation water vapor pressure as a function of temperature [60].

humidifier is set 5− 10 ◦C higher than the testing temperature in the chamber.

3.3 Ordered macroporous silicon without surface coat-

ing

3.3.1 Testing structure and terminology

To measure the resistance response of the sensor to RH, two plastic insulators are bonded

on top of the silicon frame around the porous area by instant glue. Conductive epoxy

with a resistivity of 0.02 ohm·cm is used as electrodes and to make the wire connections.

Figure 3.6 shows the schematic diagram of the testing structure. To eliminate the effect of

the bulk silicon frame, all electric contacts are only on the porous silicon area.

In this report, we define the percentage resistance variation (PRV ) at a certain RH
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Figure 3.5: Grosvenor psychrometric chart (medium temperature) for the air-water system
at standard atmospheric pressure [19]

Figure 3.6: Schematic diagram of testing structure for ordered macroporous silicon hetero-
structure and self-supporting membrane: side view and top view
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level as,

PRV@RH% =
(R@RH% −R0)× 100%

Cp0
(3.3)

We define the sensor’s resistance sensitivity (SR) as,

SR =
δR

δRH
(3.4)

Where R@RH% is the resistance of the sensor at a certain RH level and R0 is the original

resistance reading of the sensor at 0% RH.

The same definition also applies to capacitance test. The percentage capacitance vari-

ation (PCV ) at a certain RH level is,

PCV@RH% =
(C@RH% − C0)× 100%

Cp0
(3.5)

and the sensor’s capacitance sensitivity (Sc) as,

SC =
δC

δRH
(3.6)

Where C@RH% is the capacitance of the sensor at a certain RH level and C0 is the

original capacitance reading of the sensor at 0% RH.
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3.3.2 Resistance response of ordered macroporous silicon with-

out surface coating

The resistance responses of both structures are tested under increasing RH from 0% to

100% in incremental steps. Each step is maintained at a constant value for 10-12 minutes.

When the RH is changed to a higher level, an immediate decrease of resistance is observed.

Initially, the resistance decreases rapidly and then slows down before reaching a steady

resistance value. Figure 3.7 shows the PRV to RH relationship of the ordered macrop-

orous heterostructure and the self-supporting membrane. The self-supporting membrane

demonstrates a higher PRV to RH than heterostructure at each step. Overall, its PRV

is 28.3% and the PRV of heterostructure is 23.5%. This can be explained by two fac-

tors. The first one is that the membrane’s pores open on both ends, which results in more

efficient water molecule diffusion and adsorption to the pore surface. The second one is

that the self-supporting membrane does not have the bulk silicon in the back acting as

parasitic resistance, lowering the base resistance of the sensor. Therefore, it shows a higher

sensitivity.

The sensitivity at RH <25% is relatively low for both structures, and becomes larger

with the increase in RH. The low sensitivity at low RH indicates that, a minimum RH or

longer time is required for the pore surface to be wetted and screened by water molecules

on the surface. It also indicated that the vapor adsorption is faster at higher RH level.

This has been previously observed [43].

We believe that the conductivity enhancement is due to the surface charge change in-

duced by the adsorbed water molecules. Lehmann et al. [61] suggested the resistance of PS

is a surface effect. The decrease of PS conductivity compared to bulk silicon is interpreted
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Figure 3.7: PRV -RH curves of the heterostructure and self-supporting membrane.

as the result of constrictions of conductive pathways by surface traps/surface states. Ad-

sorption of polar vapor molecules can screen the surface charge traps, releasing trapped

electrons back to the conducting band thus enhancing the PS conductivity. Electrochemical

conducting process caused by the physisorbed layers of water molecules also contributes to

the conductivity enhancement. We believe that the conductivity enhancement in this case

does not involve conductance of condensed water liquid within the porous structure. Based

on the Kelvin equation, capillary condensation requires the pore size to be in nanometer

scale. For example, condensation of water occurs in a 3nm pore with hydrophilic surface

at 70% relative humidity at 25 ◦C. For this ordered macroporous, all pores have the same

diameter of 1 µm, which is not sufficient for capillary condensation of water.

The repeatability test is carried out for both structures between dry air and saturated

air. Each step is maintained for 10-12 minutes, within which the RH in the chamber
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can only recover to around 10% from 98% RH under extra dry air flow, as shown in

Figure 3.8. Both structures show good repeatability. At the onset of saturated air, the

resistance reading of both structures reaches 50% of the total change within 2-3 minutes

and 90% within 6-7 minutes. At the onset of extra dry air, the self-supporting membrane

reached 50% of the total change within 3 minutes and 90% within 7 minutes. It can

completely recover in 10 minutes, while the heterostructure needs 12 minutes for recovery.

The better stability and faster response/recovery time of the self-supporting membrane

can be interpreted by the easier diffusion of water molecules into and out of the porous

structures due to the opening of both ends.

Figure 3.8: Repeatability test between dry air and saturated air, each step is maintained
for 10-12 minutes: (a) heterostructure; (b) self-supporting membrane.

From these results, we can conclude that the heterostructure and self-supporting mem-

brane of ordered macroporous silicon show very similar sensing characteristics. There is no

significant difference in the response and recovery behavior between these two structures.

Therefore, if higher sensitivity can be obtained by modifying the macroporous silicon, it is

possible to build a humidity sensor with very simple fabrication process.
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3.4 Surface modification of ordered macroporous sil-

icon

As discussed in former sections, the gas/humidity sensing property of PS is highly depen-

dent on the interface surface condition. For the second generation of sensors, the effect of

SiO2, ZnO and HfO2 thin film coating on the sensing property are studied. SiO2 can cause

the hydrophobic nature of PS to become hydrophilic. Nanostructure ZnO as a metal oxide

has been investigated widely for their gas sensing property. HfO2 is a new material. So

far, most of the research is on the application of HfO2 thin film in CMOS as a promising

alternative of SiO2 [62, 63]. HfO2 thin film is also investigated as a sensing dielectric for pH

detection [64, 65]. Steele et al. [66] reported the humidity sensing response of nanostruc-

tured TiO2. Since hafnium (Hf) and titanium (Ti) are from the same group of the Period

Table and chemically similar, sensitivity enhancement of HfO2 on PS can be expected.

Since we demonstrated the similar humidity sensing characteristics of the heterostruc-

ture and self-supporting membrane, the heterostructure is used to simplify the fabrication.

Three different heterostructure samples are fabricated with different pore parameters as

the substrate, as shown in Table 3.1. After pore formation, they are cleaved into quarters

and each quarter has a different surface coating. The four different coatings are as follow:

(i) original macroporous silicon from section IV; (ii) macroporous silicon with 100 nm SiO2

grown through thermal oxidation; (iii) macroporous silicon with 100 nm ZnO thin film

deposited by atomic layer deposition (ALD); and (iv) macroporous silicon with 100 nm

HfO2 thin film deposited by ALD.

To obtain a better electrode contact and electrical stability, Al electrodes dots with a

diameter of 2 mm and thickness of 250 nm are deposited onto the surface of the macro-
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porous silicon by evaporation. Wire connections are made by soldering and the chips are

taped to a plastic holder to be protected from damage.

Table 3.1: Pore parameters of three different macroporous silicon heterostructure samples.

Sample∗
Pore

Diameter
(µm)

Pore
Distance

(µm)
Lattice

Pore
Depth

Porosity
(%)

Surface
Area
(µm2)

T200 4 6 Triangular 200 40.3 2513.27
S200 1 2 Square 200 19.6 628.32
S100 1 2 Square 100 19.6 314.16
∗ The sample names of T200, S100, and S200 will be all refer to HfO2 coated ordered

macroporous silicon in Section 4.5.

All samples are tested under the same condition as discussed. The resistance response

to RH is measured. All three samples with thermally grown SiO2 (100 nm) coating,

irrespective of the pore parameters, show no noticeable response to RH change. The lack

of response can be explained by the high resistance of SiO2 coating samples, due to the

thick insulating layer of SiO2 on surface. Samples with ZnO coating show steady decrease

of resistance when RH% increases from 1% to 100%, and recovery when RH decreased from

100%. However, the sensitivity is negligible (approximate 0.4%). This may be due to the

inefficiency of ZnO thin film to absorb water molecules, resulting in insufficient amount of

water molecules for surface charge change. Samples with native SiO2 (3 nm) show similar

sensing characteristics as the first generation of the sensor.

Among these four different coatings, ordered macroporous silicon with HfO2 thin film

shows improved sensing properties over the ones without coating, which will be discussed

in detail in next section.
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3.5 Humidity sensor with HfO2 modified ordered macro-

porous silicon

3.5.1 Resistance response of HfO2 modified ordered macroporous

silicon

A resistance decrease of the HfO2 thin film coated sensor under increased RH is observed.

Figure 3.9(a) shows the resistance response of T200 to RH change by steps. For each step,

RH is maintained at a steady level till the resistance change slowed down. As shown in

the figure, the resistance response can be divided into two regions: (I) 0%-93% RH; (II)

93%-100% RH. In both regions, the sensor showed good linear responses to RH and the

total PRV is 12.7%. In region (I), the sensitivity per 1% RH is 0.09%. In region (II), the

sensitivity increase dramatically, but the response remains linear to RH.

Figure 3.9: Resistance sensing characteristic of HfO2 modified heterostructure : (a) T200;
(b) S100, S200 and T200.
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Compared to region (I), the sensitivity per 1% RH is 0.63%, which is 7 times that of

region (I). A second round of tests are carried one month later on the same sample and the

sensitivity curve coincide perfectly with the first round. The sensor shows good responses

in a wide range of RH (0% to 100%). Figure 3.9(b) shows the PRC-RH curve of all three

samples (S100, S200, T200). All sensors show the same resistance response pattern with

two linear regions. The regions are divided at the same RH level.

We believe that the resistance sensing mechanism of HfO2 Modified sensor is very

similar to the unmodified ones. At low humidity level (region I), the resistance decrease is

mainly caused by the screening of surface electron traps by adsorbed water molecules. At

high RH level (region II), the sudden increase in sensitivity is caused by the formation of

multi-layers of physisorbed water molecules, which dissociated into protons and hydroxyl

groups under external electric field and results in electrochemical conduction.

Figure 3.10: Dynamic response of T200 between dry air and saturated air

For repeatability testing, the gas inlet is switched between extra dry air and saturated
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air. Figure 3.10 shows the dynamic response of T200 between dry air and saturated

air. Each step is maintained for 50-60 minutes. The sensor displays good repeatability.

However, the response and recovery time is much longer than the pure silicon samples.

3.5.2 Capacitive response of HfO2 modified ordered macroporous

silicon

The capacitance measurement is carried out under the same condition. The capacitance

measurement voltage is 1V and the frequency is 200kHz. An immediate increase of ca-

pacitance is observed when RH increased to a higher level. Figure 3.11 (a) shows the

capacitance sensitivity of S100 and S200 (different pore length: 100 µm for S100 and 200

µm for S200). 30% PCV is obtained for both samples. Their PCV -RH curves are per-

fectly aligned, indicating the same sensing behavior. The response can be considered as

approximately linear within the whole RH range. Figure 3.11 (b) shows the linear fit of the

PCV -RH curve of S200. Figure 3.12 shows the capacitance response of S200 when RH is

changed between dry and saturated air. Good repeatability is obtained with capacitance

sensing. As we discussed in earlier chapter, the capacitance change of a porous structure

upon exposure to moisture is mainly caused by the higher dielectric constant of water than

air. This is a difference sensing mechanism with resistance sensors.

Another noticeable phenomenon is the HfO2 modified sensor’s fast sensing of a RH

change in the testing chamber. This is observed for both resistance and capacitance mea-

surements. Although it takes longer time for HfO2 sensors to reach a constant value for

each RH change step, it is able to indicate the RH change as soon as it occurred without

any delay. As shown in Figure 3.13, the sensing of a RH change of S100 to RH change is
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Figure 3.11: (a) Capacitance sensitivity characteristic of S100 (100µm pore length) and
S200 (200µm pore length); (b) Linear fit of PCV -RH curve of S200.

Figure 3.12: Dynamic response of S200 between dry air and saturated air.
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obviously faster than that of the commercial reference sensor, for both the increase and

decrease cycles. This indicates a promising future for sub-second humidity sensing.

Figure 3.13: Comparison of response time to RH change between S100 and reference sensor:
(a) increase of RH, (b) decrease of RH.

3.6 Conclusion

In this chapter, we demonstrate the humidity sensing characteristic of ordered n-type

macroporous silicon, with and without surface coating modification. The ordered macro-

porous silicon has uniform pore size, shape and distribution. The resistance responses of

the ordered macroporous silicon heterostructure and self-supporting membrane are tested.

A 23-28% decrease in resistance is observed when RH changed from 0% to 100%. Good

repeatability is obtained for both structures. The heterostructure showed similar sensing

characteristics as the self-supporting membrane, suggesting that a simple fabrication of

ordered macroporous silicon humidity sensor is possible.

The effect of the HfO2 thin film coating on sensor’s humidity sensing property is studied
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and shows improvements on the sensing characteristic. The heterostructure with HfO2

thin film coating shows a near-linear capacitance response to a wide range of RH. A high

sensitivity and stable performance is obtained. Although it takes a longer time to reach

the total reading change, the HfO2 modified sensor is able to sense the RH change within

the testing chamber much faster than the commercial reference sensor.
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Chapter 4

Humidity Sensor Based on Ordered

Macroporous Silicon with Ta2O5 Thin

Film Coating

In this chapter, we will introduce the third generation of the devices. The ordered macro-

porous silicon has a Ta2O5 thin film coating and interdigitated electrodes (IDEs) pattern

is fabricated on top of sensor by microfabrication techniques. The sensor’s humidity sen-

sor property is thoroughly studied. Detailed sensing mechanism and discussions is also

provided in this chapter.

4.1 Sensor fabrication

The ordered macroporous silicon is prepared by the same method as introduced in last

chapter. The pores have square shape and pore depth of 97 µm. Sensors with pore size of
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both 4 µm and 1 µm are fabricated. The 23 mm×23 mm sample is cleaved into half. The

Ta2O5 thin film is then uniformly deposited on the macroporous silicon surface by atomic

layer deposition (ALD) and has a thickness of 95 nm. Figure 4.1(a) shows a 3D view of

the ordered structure (4 µm pore size) with perfectly aligned pores and high aspect ratio.

Figure 4.1: (a)SEM image of an ordered macroporous silicon with square pores (4 µm in
diameter), the insert is a SEM image of the 3D structure on silicon substrate (with 97
µm pore length); (b) A microscope image of the Al electrodes on top of the macroporous
silicon; the insert (up-left) is a view of the interdigitated electrodes of the sensor; the insert
(lower-right) is a image of the fabricated sensor.

The 200 nm Al IDEs are fabricated on top of the sensor by lift-off process. The sensors

are then assembled into chip carriers. Figure 4.1(b) shows an image of the IDEs on top

of the sensor and a image of the fabricated sensor. For the lift-off process, the thickness

of photoresist (PR) needs to be three times of the desired electrodes thickness. Therefore,

the PR needs to be at least 600 nm thick. Due to the open pores on the surface, at the

same spin speed, the PR on top of the porous area is tens of times thinner that it is on

a smooth surface. This is especially true for commonly used thin PR. Take S1818 for

instance, at 4000 rpm, the PR is 70-90 nm thick on porous area while it is 1800 nm on

smooth surface according to the data sheet. To make sure the porous area is fully covered,
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Figure 4.2: Comparison of the PR thickness-spin rate curves of AZP4330 on different
surfaces, the data for smooth surface is from the product data sheet.

a thick PR -AZP4330- is used in this experiment. Figure 4.2 shows the comparison of the

PR thickness-spin speed curves of AZP4330 on different surfaces. The macroporous silicon

with 1 µm pore size has much larger porosity than the one with 4 µm pore size, therefore

the PR is even thinner on the 1 µm pore surface.

After the spinning of PR, the coverage of the porous surface can be checked under

microscope. Figure 4.3 shows both the partially covered and fully covered surface. Due

to the variation of the sample size, the thickness of PR at the same spin rate may vary

slightly. Therefore, it is important to constantly check the surface coverage of each sample.

MF322 is used as the developer in this process.
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Figure 4.3: Comparison of the porous area coverage by PR under different spin rate: (a)
partially covered surface, (b) fully covered surface.

4.2 Humidity sensing at room temperature

4.2.1 Sensitivity

Capacitance measurement is performed to evaluate the sensor’s behavior to humidity

changes. All the results are from the sensor with 4 µm pore size unless specified. The

measurement voltage is 1 V. The measurement frequency ranges from 100 Hz to 200 kHz.

The sensor’s capacitance is measured by changing RH from 0% to 100% in incremental

steps. Each step is maintained at a constant value till the capacitance reading reaches

a steady value. Figure 4.4 shows the sensor’s capacitance response to RH. Figure 4.4(a)

shows the PCV response to RH changes, while Figure 4.4(b) shows the actual capacitance

variations to RH changes. As observed in Figure 4.4, the sensor’s capacitance increases

significantly with increasing RH at all measuring frequencies, especially at high RH. When

RH increases from 0% to 64%, the PCV is within the same range (17%-23%) for all frequen-

cies. As the RH continues to increase, the sensor shows larger PCV under lower operation

frequency. The sensor showed the highest overall PCV at 1kHz, which is 297.5% from 0%
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to 100% RH. The lowest overall PCV is 59.6% at 200 kHz. The reason for the PCV dif-

ferences at different operation frequencies is due to the existence of parasitic capacitance.

This will be discussed in a later section.

Figure 4.4: (a) PCV -RH curve and (b) C-RH curve at different measurement frequencies.

Although the C-RH curves are not linear in the full RH range from 0% to 100%, the
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curves can be divided into two regions: 0%-75% RH and 80%-100% RH. In both regions,

the sensor exhibits very good linearity. In Figure 4.4(b), it shows the linear fit curves of

the experiment data measured at 1 kHz in these two regions. To perform the linear fit,

we set the confidence interval to be 95%. The results show that the correlation coefficient

(R) is 0.921 and 0.998 for region 0%-75% and region 80%-100% respectively. The p-value

(probability that R is zero) is 4.2E-4 and 0.04 respectively, indicating very good linearity

of the data. The sensor’s sensitivity at 1 kHz is 3.3 pf/RH in the 0%-75% region and 83.2

pf/RH in the 80%-100% region.

4.2.2 Response time

One important parameter to assess humidity sensors or any other chemical sensors is

the response time. Figure 4.5(a) demonstrates the sensor’s dynamic responses to cycle

changes of RH between extra dry air and saturated air at different measuring frequencies.

To compare the performance of the sensor at different frequencies, each step is maintained

for 20 minutes. The sensor showed very good repeatability from cycle to cycle at all

frequencies. An immediate change of the capacitance is observed during both increasing

and decreasing RH cycles. We observed that the sensor had different response time under

different frequencies. Comparing Figure 4.4(a) and Figure 4.4(a), at a measuring frequency

of 100 Hz, 100 kHz and 200 kHz, the sensor reaches its maximum PCV within the 20

minutes after the RH level increases from 0% to 100%. However, when operating at 1kHz,

the sensor’s PCV reaches 153.5% in 20 minutes while its maximum PCV at 100% RH is

297.5%. This means the sensor has a much longer response time when operating at 1 kHz.

It has been demonstrated that, capacitance/impedance measurements can truly re-

flect and monitor the actual state of the adsorption or desorption process in a porous
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Figure 4.5: (a) Dynamic capacitance response between extra dry and saturated air at
different test frequencies, (b) Normalized dynamic capacitance response between extra dry
and saturated air at different test frequencies.
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sorbent [67]. To compare the ad-/desorption process at different measuring frequencies

more clearly, Figure 4.5(b) shows the normalized dynamic response of one of the cycles

in Figure 4.5(a). While the desorption processes followed a very similar path at different

frequencies, the adsorption processes varied significantly. The adsorption slows down much

earlier at 1 kHz. This observation has been confirmed by repeated results. To better un-

derstand this phenomenon, the dynamic impedance response of the sensor is also measured

with the same LRC meter at different frequencies. Figure 4.6(a) shows the normalized dy-

namic impedance response at different frequencies when RH increases from 0% to 100%.

While the capacitance of the sensor increases with increasing RH levels, its impedance

decreases [68]. However, the sensor showed a very similar adsorption path with the capaci-

tance response at each frequency. The sensor always showed the fastest response time (the

time that the sensor takes to achieve 90% of the total change) at 200 kHz. The sensor with

a 1 µm pore size also showed the same frequency dependency of response time, as shown

in Figure 4.6(b).

At the moment, the mechanism behind this response time-frequency dependency ob-

servation is not completely clear yet. It has been proven that external electric field can

affect the molecule’s (both polar and non-polar) adsorption on the sorbent surface [69, 70].

Kunishima et. al [71] found that Cl2 adsorption on SnO2 film is much faster under neg-

ative bias voltage than that under positive bias or no bias voltage. We also tested the

capacitance response of the sensor at the same frequency but with different AC voltages,

as shown in Figure 4.7. We can see that the sensor’s capacitance variation and sensitivity

is slightly different under different voltages, indicating the effect of external electric field

on the sensing behavior. We believe that the alternating electric field not only affect the

interactions between the water molecules and the sorbent surface, but also the interactions

57



between the adsorbed molecules. As a result, the sensor showed different adsorption be-

havior at different frequencies and AC voltage. Figure 4.8(a) and (b) shows the sensor’s

normalized capacitance response to RH changes between 0% and 38%, and between 0%

and 73% at three different frequencies. It can be seen that the differences in the adsorption

paths are much smaller at low RH level. Since the differences in adsorption path are more

pronounced at high RH levels, where multiple layers of water molecules are formed, the

effect on the interactions between adsorbed water molecules seems to be more dominating.

Further investigation is needed to fully understand this phenomenon. It is noticeable that

the dynamic curves to the changes between 0% RH and 73% RH in Figure 4.8(b) is slightly

different from the other dynamic curves. The change of the capacitance slows in the middle

and then accelerates again. We believe this is where the surface is fully covered with water

molecules and multiple layers of molecules starts to form. This also results in the increase

of the sensor’s sensitivity at high RH region.

Figure 4.6: (a) Normalized dynamic impedance response between extra dry and saturated
air at different measuring frequencies. (b) Normalized dynamic capacitance response be-
tween extra dry and saturated air at different test frequencies (sensor with 1 µm pore
size).
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Figure 4.7: Capacitance response at different measurement voltage (1 V, 50 mV and 250
mV) at 1 kHz.

Figure 4.8: (a) Dynamic capacitive response to RH changes between 0% and 38%, (b)
dynamic capacitive response to RH changes between 0% and 73%.
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Figure 4.9(a) shows the dynamic capacitance response of the sensor between 0% RH

and different RH levels at 200 kHz. When the RH increases from 0% to 22%, the sensor

reaches 90% of the total change in 18 seconds. When RH increases from 0% to a higher

RH, the response time slightly increases accordingly. Figure 4.9(b) shows the corresponding

dynamic response of the reference sensor at the same time. The number above each RH

level is its respective response time at each stage. It can be seen that the reference sensor

also has a similar dependency. Figure 4.9(c) showed the linear relationship of the sensor’s

response time to the PCV corresponding to the RH level in Figure 4.9(a). We believe that

there are two factors effecting the response time dependency on the RH change. The main

factor is the time required to reach the desired RH level in the chamber. Since the RH in

the environmental chamber is changed by flowing dry or wet air, the RH does not reach

the desired level immediately. With higher change of the RH level, the chamber needs

longer time to stabilize to the new RH level. Another factor is related to the nature of the

diffusion and adsorption process. When the RH changes to a higher level, there are more

water molecules to diffuse into the structure and adsorb onto the sensing surface. This

results in both higher capacitance change and longer response time. This is especially true

for our sensor, where the porous structure is 97 µm thick. In this case, the diffusion can

be the critical process that cause the long response time. Since the sensor show similar

response time with the commercial reference sensor at each stage, we can conclude that

this macroporous silicon sensor is very competitive with the commercial sensor (response

time is 15 second according to data sheet) in terms of response time.
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Figure 4.9: (a) Dynamic response of the sensor to different RH% levels at 200 kHz;
(b)Corresponding dyanmic response of the reference sensor; (c) the relationship of the
response time from 0% to certain RH level to PCV under 200 kHz.
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4.2.3 High humidity level and flooding sensing

While our sensor shows a competitive response time with the commercial sensor, it clearly

shows significant advantage on high humidity level sensing. Comparing Figure 4.9 (a) and

(b), we can see that the ordered macroporous sensor’s capacitance keeps increasing with

increasing the wet air to dry air ratio at high RH levels, while the reference sensor’s reading

stops changing at a fix level. For 73% and 92% RH, we can see the reference sensor showed

63% for both RH level. The reference commercial sensor is calibrated at its manufacturer’s

settings. We tested two of the commercial sensors and both showed the same response at

high RH. This confirms the capability of our sensor for high humidity sensing.

The sensor’s behavior is further tested with finer RH steps at high humidity level.

Figure 4.10(a) shows the Capacitance-RH curve between 80%-100% RH with 6 steps at

200 kHz. The sensor showed perfect linearity and high resolution over this range. The

sensitivity in this range is 3.2 pf/RH at 200 kHz.

Figure 4.10: (a) The C-RH curve between 80%-100% RH at 200 kHz; (b) Dynamic response
of the sensor to flooding condition.
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As introduced in Chapter 1, flooding is a common issue in PEMFCs. Therefore, it is

very important for the sensor to be able to survive liquid water flooding. To verify this,

the sensor is tested outside the chamber where water is dropped on the sensor’s surface

manually to simulate the flooding situation. For drying cycle, a tissue is used to absorb

the surface water and compressed air is used to blow dry the sensor. Figure 4.10(b) shows

the sensor’s dynamic capacitance response to flooding situations. The sensor showed over

400% percentage variation at flooding condition, which is 8 times larger than the PCV

at 100% RH. At the same time, the sensor showed very fast response time (25 seconds)

to flooding and completely recovered in 5 seconds once the sensor was dried. The sensor

cannot only operate properly during and after the flooding, but it is also be able to indicate

the existence of liquid water by its capacitance reading. The sensor demonstrates huge

potential for fuel cell application in terms of high humidity level sensing.

4.2.4 Stability and hysteresis

The sensor was stored in air at room temperature for several months before the electrode

fabrication and is tested repeatedly under different RH levels for more than ten months.

The sensor was predominately tested at high RH levels. During the test, the sensor showed

very good stability and repeatability. Figure 4.11 shows the C-RH curves at 200 kHz for

two round tests which are performed on two different days. The data has very good

consistency. This is also observed for the other frequencies.

Hysteresis is another common issue with gas sensors. The sensor was tested with

increasing and decreasing RH steps and shows very small hysteresis as shown in both

Figure 4.11 (a) and (b). The hysteresis is 0.3%-3.3% over the whole RH range at 200kHz.
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Figure 4.11: (a) The capacitance-RH curve with step up and step down RH changes at
200 kHz; (b) The capacitance-RH curve with step up and step down RH changes at 100
Hz, 1 kHz and 100 kHz.

4.3 High temperature sensing

Since the target application of our sensor is in PEMFC, it is very important to characterize

the sensor’s behavior at elevated temperature. Figure 4.12 shows the sensor’s capacitance

dependency on environment temperature (T) at 0% RH. The tests were done on two

different days. The sensor’s capacitance increased with increasing T. The response was

fast and stable. This opens up the possibility of designing the humidity sensor and a

temperautre sensor with the same sensing material on the same chip.

The sensor’s capacitance response to different RH levels at elevated T is shown in

Figure 4.13. The sensor retains its high sensitivity at high T. The overall PCV at 200 kHz

is still in the range of 42% to 50% while it is 59.6% at room temperature (RT). Compared

to the sensing behavior at RT, there is not a sudden increase in sensitivity at high RH in

the C-RH curves at high T. When operating at RT, the sudden increase in sensitivity is

64



Figure 4.12: The sensor’s capacitance dependency on temperature at 0% RH at 200 kHz.

Figure 4.13: (a) Capacitance-RH curve at 40 ◦C, 60 ◦C, 80 ◦C at 200 kHz; (b) PCV -RH
curve at 40 ◦C, 60 ◦C, 80 ◦C at 200 kHz.
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caused by the formation of mutilayers of adsorbed water molecules. However, at elevated

T, the water content in air is higher at each RH level, resulting in higher sensitivity at

low RH. Also, the desorption rate of water molecules is accelerated, leading to difficulty in

multiple layers formation. This explains the good linearity over the full RH range at high

T.

4.4 Discussions

4.4.1 The sensing mechanisms

The capacitance response of porous structures is often attributed to the replacement of air

with adsorbed water molecules in the pores [72]. For conventional random aligned PS, it

is difficult to build an exact model to represent the structure. Rittersma and Benecke [73]

used a simple model that considers random PS layers as a uniform network of partly

oxidized Si nanowires and voids, as shown in Figure 4.14. This is very similar to the order

macroporous structure that is used in this experiment, except for the pores which are not

connected with each other.

Figure 4.14: The structure of ordered macroporous silicon with metal oxides thin film
coating on the surface.
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The effective dielectric constant of this n-phase mixture can be described by the gen-

eralized effective medium approximation (GEMA) as [74]
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Where εm is the dielectric constant of the mixture, εi is the dielectric constant of the

phase i which has a volume fraction of vi, ϕP is the percolation volume fraction and t is

the non-linearity correction factor. Applying GEMA to the order PS dielectric layer as

shown in Figure 4.14, its effective dielectric constant (εps) can be expressed as
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Where εSi, εMO, and εA are the respective dielectric constants of the silicon, metal

oxide and air that fills the pore voids; while vSi, vMO, and vA are the fractional volumes

respectively.

When the PS is exposed to water vapor, water molecules will be adsorbed on the metal

oxide surface. For most metal oxides, both chemisorption and physical adsorption occur

upon exposure to moisture [75]. At low RH, a monolayer of water molecules is initially

chemisorbed due to the electron vacancies on the surface. As the RH increases, layers of

physical adsorbed water molecule continue to build up on the chemisorbed layer. Since the

pore size of the PS in this experiment is much larger than the Kelvin radius [76], no capillary

condensation will occur at high RH levels. Therefore, when RH decreases, desorption of

water molecules does not require much extra energy. This explains the sensor’s very small

hysteresis and fast recovery time.
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If P is the porosity of the structure, r is the volume ratio of the metal oxide and Si, and

ϕw is the fractional volume of the adsorbed water vapor layers on the surface in the pore

space, the effective dielectric constant of the ordered macroporous silicon with adsorbed

water molecule layers can be expressed as,
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Where εMOw and εPSw are the dielectric constant of the metal oxides and the thin film

coated macroporous silicon in moisture environment, and εw is the dielectric constant of

water. When there are layers of adsorbed water vapor in the pore space, ϕw will increase

from 0 to 1. Since water has very high dielectric constant at room temperature (80)

compare to air (1), the effective dielectric constant of the PS will increase accordingly.

Notice here that the dielectric constant of the metal oxide thin film also changes upon

exposure to moisture due to their semiconducting nature. This change is related to the

resistance change of the material and has a small contribution to the response. It is also

shown in equation 4.3 that the dependence of capacitance on RH can be controlled by

adjusting the porosity of the ordered macroporous silicon and the thickness of the metal

oxide layer.
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4.4.2 Parasitic resistance and capacitance

The dependence of the capacitance variation on the measurement frequency can be ex-

plained by the existence of parasitic capacitance and resistance. The parasitic capacitance

is generally from the bulk silicon and the interfaces between different layers. It is not

affected by the RH change. By lumped modeling, J. Das et al. [72] demonstrated the rela-

tionship among the measured capacitance/resistance, the effective capacitance/resistance

and the parasitic capacitance/resistance as follows:

Ceq =
G2

1C2 +G2
2C1 + ω2C1C2 (C1 + C2)

(G1 +G2)
2 + ω2 (C1 + C2)

2 (4.4)

Geq =
G1G2 (G1 +G2) + ω2 (C2

1G2 + C2
2G1)

(G1 +G2)
2 + ω2 (C1 + C2)

2 (4.5)

where C1, C2 and Ceq represent the effective capacitance, parasitic capacitance and mea-

sured capacitance respectively; G1, G2 and Geq represent the effective admittance, parasitic

admittance and measured admittance; and ω is the measurement frequency.

At very high frequencies, the measured capacitance is mainly determined by the para-

sitic capacitance. On the other hand, at low frequencies, the measured capacitance truly

represents the active capacitance for humidity sensing. Therefore, the measured capaci-

tance variation is higher at lower operation frequency. This is consistent with our experi-

ment results. The sensor showed the highest capacitance variation at 100 Hz. It is 2563pf

at 100 Hz, while the capacitance variation is 1815pf, 176pf, and 105pf at 1 kHz, 100 kHz

and 200 kHz respectively.
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Figure 4.15: (a) Impedance-RH curve at different testing frequency at 1 V; (b) Resistance-
RH curve of both 4 µm and 1 µm pore size sensor at 1 V DC.

The same frequency dependency applies to the sensor’s impedance response as well, as

shown in Figure 4.15(a). Therefore, it is very hard to compare the capacitance/impedance

sensing properties of samples with different parameters, unless one can separate the effec-

tive capacitance/impedance from the parasitic value. To do this, a measuring instrument

that can operate at extremely low and extremely high frequencies is required. However,

in the case of impedance response, when the frequency is very low (approaching zero), we

have Req ≈ R1 + R2. Therefore for DC measurements, the measured resistance (Req) is

the sum of the effective resistance (R1) and parasitic resistance (R2), hence the change in

Req truly reflects the change in R1. This can be used for comparison of sensing properties

where parasitic capacitance/resistance is unknown. Figure 4.15(b) shows the resistance vs.

RH curves of both 4 µm and 1 µm pore size sensors at 1 V DC. We can see that the sensors

showed very similar responses, while the 1 µm pore size showed a much higher resistance

change due to its higher porosity and surface area.
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4.4.3 Sensing enhancement by thin film coating

The enhancement effect of the Ta2O5 thin film coating on the sensor’s performance is mainly

due to its ultra-hydrophilic property. Figure 4.16(a) and (b) shows the water contact angle

of Ta2O5 thin film coated silicon surface compare to bare silicon surface (with 3 nm native

SiO2). The Ta2O5 thin film coated surface shows a very small contact angle. In last

chapter, we reported the sensing properties of ordered macroporous silicon with different

surface coatings, including bare Si, thermally grown SiO2 (100 nm), ALD deposited ZnO

(100 nm) and HfO2 (100 nm) [76]. Table 4.1 gives the comparison of their water contact

angle and maximum PCV (obtained under different measuring frequencies since there are

differences in their parasitic capacitance). It shows that the sensor with coatings that are

more hydrophilic have better sensitivities. We believe that the interactions between the

adsorbed water molecules and the Ta2O5 or HfO2 coatings also partially contribute to the

higher sensitivity. This explains the higher PCV of HfO2 coated sensor than the PCV of

bare Si sensor, although it has slightly larger contact angle.

Figure 4.16: Measurement of water contact angle of (a) Ta2O5 thin film coated silicon
surface, (b) bare silicon surface. The measurement is taken at non-porous area of the
sensors in a 3D micro-stage system with horizontally aligned microscope
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Table 4.1: Comparison of the water contact angle and PCV (%) of ordered macroporous
silicon humidity sensor with different surface coatings.

Surface
Coating

Contact
Angle

(◦)

PCV
(%)

Ta2O5 27.4 300
Si 60.0 13.9
HfO2 66.5 55
ZnO 80.1 1.8
SiO2 88.6 0.36

4.5 Conclusions

We demonstrated the humidity sensing characteristic of a Ta2O5 thin film enhanced ordered

macroporous silicon humidity sensor at both room temperature and elevated temperature.

The sensor shows high sensitivity, fast response, very small hysteresis and long term sta-

bility over the whole RH range and up to 80 ◦C. At room temperature, the sensor’s C-RH

relationship shows perfect linearity in two regions respectively over the whole RH range,

while the linearity extents to the full RH region at elevated temperature. The sensor’s

response time is competitive with commercial humidity sensors, and shows high sensitivity

and resolution at high RH level and even flooding condition. Overall, the sensor shows

great potential for the application in PEMFCs.

The capacitance change upon exposure to moisture is mainly caused by the replacement

of air with adsorbed water molecules in the pore space. Due to the existence of parasitic

capacitance, the sensor exhibits a higher capacitance variation values at low frequencies.

The sensor shows the fastest response time at 200 kHz. It is believed that this dependency

of response time on measuring frequency is caused by the effect of external electric field on
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the adsorption process. However, future investigation is need to verify this point.
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Chapter 5

Vertically Aligned ZnO Nanorods for

Humidity Sensing

In addition to ordered macroporous silicon, well aligned 1D ZnO nanorods/nanowires -

another widely used ordered nanostructure in gas sensing- is also investigated as potential

humidity sensing materials. With the development of synthesis technique, more and more

attention has been attracted to the alignment of 1D structures, which can fully take the

advantage of their geometric anisotropy and allows better control of the parameters. In

this work, both vertically and laterally aligned ZnO nanorods/nanowires are fabricated

and their humidity sensing properties are characterized. To the best of our knowledge, this

is the first attempt to use well aligned ZnO nanorods/nanorwires for humidity sensing.

74



5.1 Introduction

Recently, intensive efforts have been put into the exploration of the humidity/gas sensors

based on nanostructured materials such as carbon nanotubes [77, 78, 79], porous silica [80],

metal oxide nanoparticles [81, 82, 83, 84, 85, 86] and nanowires [87, 88, 89, 90, 91, 92].

Compared to bulk materials, nanostructured materials have ultra-high surface-to-volume

ratio, hollow structures, small grain size, very large grain boundary areas and a Debye

length comparable to the nanowire radius, which significantly promotes the gas sensing

properties.

Metal oxides have been widely used as a main gas sensing material due to its low cost,

simplicity and ability to detect a large number of gases [93, 94]. Metal oxide semiconduc-

tors, such as SnO2, [90] TiO2, [89] ZnO, [85, 91, 95] CoFe2O4 [92] are all widely used in

humidity sensors. The sensing mechanism is mainly based on their resistance dependency

on the ambient RH level, which is caused by the modification of the material’s surface

states upon exposure to water vapor [85, 87, 89, 90, 92].

Among these metal oxides, zinc oxide (ZnO) has attracted substantial research interest

due to their distinctive optical, electronic and chemical properties. ZnO is a well-know n-

type wide band gap semiconductor that has a wurtzite structure with a band gap of about

3.37 eV and large exciton binding energy of 60 meV [96]. It has a wide range application

in various fields, including optoelectronic devices, piezoelectric transducers, transparent

conducting film, dye-sensitized solar cell, and solid-state gas sensors [97, 98, 99, 100].

D. C. Look [101] and Ü. Özgür [102] have comprehensively reviewed the properties and

applications of ZnO as both bulk and nanostructured materials. By different synthesis

techniques, ZnO can be grown into various nanostructures such as nanowires, nanorods,
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nanotubes, nanobelts, nanotetrapod and hollow spheres [103, 104, 105, 106, 107, 108]. The

nanostructured ZnO have already shown advantages in the electronic, optoelectronic, and

optical applications [109, 110]. It also demonstrates its gas sensing capability in a wide

range of gases including NO2,NH3,H2,CO, and organic vapors [111, 112, 113]. In some

reports, humidity sensors based on ZnO nanostructures such as nanowires and nanorods

have shown good sensitivity owing to its high mobility of conduction electrons and good

chemical and thermal stability [91, 95, 114].

With the development of synthesis technologies, materials with ordered nanostructures

can be realized. In this chapter, we will firstly give some brief background introduction.

And then we will explore the synthesis of vertically aligned ZnO nanorods and its potential

as a humidity sensing material. The effect of the synthesis parameters on the nanorods’

morphology and humidity sensing behavior are studied. During the preparation, the pa-

rameters including synthesis source, time, with or without poly(ethyleneimine) (PEI) and

post annealing varied to find the optimal process for humidity sensing.

5.1.1 Synthesis methods of aligned nanostructures

The growth methods of 1D nanostructures can be cataloged into vapor phase growth and

solution phase growth [115, 116, 117]. The vapor phase growth are performed in a furnace

with temperature gradient and the source material is evaporated to the growth site. It

can base on two mechanisms: vapor-liquid-solid (VLS) mechanism and vapor-solid (VS)

mechanism. The VLS involves the vapor phase precursor, the liquid catalyst droplet and

the solid crystalline product, while the VS takes place when the nanostructure originates

from the direct condensation of the vapor phase without the use of a catalyst. The solution

phase growth is usually carried out at ambient temperature, which significantly reduces
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the complexity. This method can be grouped into the template-assisted and template-free

method. One of the most common template-free methods is the hydrothermal process,

which has been used to produce crystalline structures since the 1970s and is used in this

experiment.

To fully take the advantage of the geometric anisotropy of 1D structures, different

strategies, such as catalyst patterning, substrate lattice matching by epitaxial growth,

template assisted alignment and electric field alignment, are developed to grow verti-

cally or horizontally aligned nanorods/nanowires. In the case of ZnO, both vapor phase

growth [118, 119, 120] and solution phase growth [121, 122, 123] have demonstrated the

ability for the synthesis of ordered nanostrutures. G.Z. Wang et al [124]synthesized aligned

hexagonal ZnO nanorods on Si substrate by chemical vapor deposition (CVD). Aligned

ZnO nanowires with 100 µm length are achieved by a seed layer catalyzed vapor phase

transport method [125]. Hua et al. [121] synthesized 8 µm vertical aligned ZnO nanowires

on seed layers used cycle solution method, which is very similar with the technique we use

here in this report.

For horizontally alignment of 1D nanostructures, dielectrophoresis (DEP) is the mostly

used method [126, 127, 128]. DEP is the electrokinetic motion of dielectric polarized

materials in non-uniform electric fields, and is an ideal technique to align and manipulate

one-dimensional nanostructures for micro/nanosensors and circuits. Mahmoodi et al. [129]

prepared ZnO nanorods by the hydrothermal method in an aqueous solution and then

aligned the nanorods between IDEs by DEP for CO sensing. The nanorods link together

between the electrodes and bridge the gap. ZnO nanowire based UV photosensor has also

been fabricated by DEP [130]. The nanowires were synthesized by vapor deposition and

then were suspended in ethanol for DEP assembling. The ZnO nanowires aligned along
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the electric field direction and then the solution was evaporated.

5.1.2 Gas sensing mechanisms with metal oxide nanostructures

For semiconducting metal oxide gas sensors, there are many mechanisms that have been

proposed to explain the conductivity change of the material in gaseous ambient. For

example there is the reduction or oxidation of the sample, anion exchange by a gaseous

species, and bonding to the bare surface or bonding to a previously adsorbed species [131].

Most metal oxides gas sensors requires high operation temperature. The change in con-

ductivity attributes to the oxidizing or reducing reactions. For room temperature sensing,

the mechanism is generally related to the existence of surface states. It can be defects,

excess cations or anions which are the result of the sudden termination of the periodic struc-

ture, or adsorbed oxygen [115, 116, 131]. For n-type semiconductors, such as ZnO, upon

adsorption of charge accepting molecules, such as NO2,O2andO3, electrons are withdrawn

and effectively depleted from the conduction band, leading to a reduction of conductivity.

On the other hand, when it is a reducing agent, as CO and H2, it injects electrons into

the semiconductor, thus increases the conductivity. There is also argument that [116], the

conductivity increase is due to the bonding of the gas molecules with the surface adsorbed

oxygen and consequently release the captured electrons back to the channel, resulting in

an increase in conductance.

A special case is the adsorption of water molecules on metal oxides. So far, most

n-type metal oxides show increased conductivity when exposed to humidity. There are

several proposed possible mechanisms. The most commonly used one is the dissociation

of adsorbed water molecules. When water molecules are adsorbed onto the cation sites of
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dry oxides surface, the water will most likely dissociate as hydroxyl groups and form the

first chemisorbed layer as the base for further physisorption. When there are no additional

layers, proton hopping under applied electrical field is believed to be the main factor for

surface conduction. As more layers form, dissociated proton or hydronium ions migrate

within the layer. At high humidity level, it’s proposed that Grotthuss chain reaction is the

dominant mechanism, where some of the H2O molecules are ionized as H3O
+ and the extra

proton hops from molecule to molecule [132]. When there is condensed water in capillary

structures, electrolyte conduction will occur. This succession of mechanisms are believed

to be the cause of a rapid increase of conductance with increasing humidity level.

In this work, we investigated the humidity sensing response of well aligned ZnO nanorods

and nanowires. Based on our observation, both of the vertically and laterally aligned ZnO

1D structures show decreasing conductivity with increasing humidity level. This is contrary

to the other reported works. We will discuss possible mechanism in later sections.

5.2 Synthesis of ZnO nanorods

Aligned ZnO nanorods are synthesized using a hydrothermal method on indium tin oxide

(ITO) coated glass substrate [133]. Before the seed layer preparation, ITO substrates were

cleaned by detergent, deionized (DI) water, iso-propanol and ethanol. In order to enhance

the wetting of the seed layer on ITO substrates, the substrates were irradiated by UV

lamp. The contact angle was 8 ◦ after UV irradiation. The formation of the seed layer on

ITO substrate was conducted using precipitation deposition in ZnO colloid solution. The

ZnO colloid solution is synthesized by method proposed by Hoffmann [134]. The size of the

ZnO nanoparticles is approximately 5 nm. After ZnO nanoparticles were precipitated on
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the ITO substrates, the substrates are annealed in air at 550 ◦C for 30 minutes in a furnace

to enhance the adhesion and crystallization of the ZnO seed layer on ITO substrates. ZnO

nanorods are grown on the seed layer using the hydrothermal method in 0.02 M aqueous

solution containing the growing source -zinc acetate (Zn(AC)2) or zinc nitrate (Zn(NO3)2)-

and ammonium hydroxide (28 wt% NH3 in water, 99.99%) at 95 ◦C for certain time. PEI

can be added to assist growing longer nanorods. After growth, the substrate is removed

from the solution, followed by rinsing with DI water, and then dried in air. The length of

the ZnO nanorods are controlled by the growth time and long nanorods can be achieved by

multi-step growth in the aqueous solution. The as-grown ZnO nanorods can be annealed

further in air at 400 − 550 ◦C for 30-60 minutes to improve the crystallinity of the ZnO

nanorods and the interfacial structures. In order to study the effect of post annealing on

the humidity sensing property, nanorods with and without post annealing are prepared.

Table 5.1 lists the six different kinds of ZnO nanorods that are prepared varying the growing

parameters for this experiment, with the sample 1 as the standard process.

Table 5.1: ZnO nanorods samples prepared with varying the growing parameters

Sample Source
Growth

Time (hr)
Adding PEI

Post
Annealing

Sample 1 Zn(Ac)2 4 Yes Yes
Sample 2 Zn(Ac)2 10 No Yes
Sample 3 Zn(NO3)2 10 No Yes
Sample 4 Zn(Ac)2 24 Yes Yes
Sample 5 Zn(Ac)2 24 No Yes
Sample 6 Zn(Ac)2 24 Yes No
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5.3 Characterization of the ZnO nanorods

The ZnO seed layer deposited on UV-treated ITO/glass substrate was shown in Fig-

ure 5.1(a). After the precipitation deposition, the substrates were put into the furnace

to anneal for enhancing the crystallinity of ZnO seed layer. During the annealing, the

temperature ramp is an important factor to control the surface morphology. If anneal

temperature rises rapidly, the seed layer will crack due to thermal strain under any firing

regime, as shown in Figure 5.1(b).

Figure 5.1: ZnO seed layer deposited on ITO/glass substrate with (a) dense surface mor-
phology, and (b) cracked surface morphology. The cracked surface was caused by rapidly
temperature ramp in anneal process.

The crystallinity of the annealed ZnO nanorods is investigated using X-ray diffraction

(XRD). As shown in Figure 5.2, the aligned ZnO nanorods array that is grown on an

annealed seed layer substrate shows a very strong (002) peak, while the other two typ-

ical peaks for ZnO (the (100)one and (101) one) are very weak. These results indicate

that individual ZnO nanorods only crystallized along the ZnO [0001] direction, which are

vertically aligned on the substrate.
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Figure 5.2: X-ray diffraction spectroscopy of the ZnO nanorods that are grown on an
annealed seed layer substrate

Figure 5.3 shows the scanning electron microscopy (SEM) images of the ZnO nanorods

prepared on ITO/glass with different parameters. A high density of ZnO nanorods grew

vertically on the substrate. Depending on the growth condition, the diameters of the

nanorods range from 150 nanometers to several hundreds nanometers and the length range

from 1 m to 6.5 m. Figure 5.3(a), (b) shows the image of sample 1, with Zn(Ac)2 as zinc

source, PEI in the aqueous solution, 4 hours synthesis time and post annealing at 400 ◦C

for 30min. The nanorods show uniform helix structure and an average length of 1 micron.

Sample 2 (Figure 5.3(c)) and sample 3 (Figure 5.3(d)) are grown for 10 hours with different

zinc sources and without PEI. Compared with sample 2, which is grown with Zn(Ac)2 as

source, sample 3 shows a smaller diameter on average when grown with Zn(NO3)2 as a

source. PEI is an organic ligand to assist the growing of longer ZnO rods. It will inhibit

the radial growth thus the diameter of the ZnO rods will be smaller. This can be seen

when comparing sample 1 (Figure 5.3(b)) and sample 2 (Figure 5.3(c)).
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Figure 5.3: SEM images of prepared ZnO nanorods, (a) and (b) sample 1; (c) sample 2;
(d) sample 3; (e) and (f) sample 4; (g) and (h) sample 5; (i) and (j) sample 6 e
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Sample 2 grown without PEI shows a larger diameter that sample 1. Sample 4 and sample

5 also shows the same effect. Comparing sample 4 (Figure 5.3(e)) and sample 5 (Fig-

ure 5.3(g)), sample 5 shows a significant increase in the nanorods diameter since no PEI

is added during the preparation. Sample 4, 5 and 6 are all grown in Zn(Ac)2 for 24 hours,

which results in longer nanorods (6.5 micron for sample 4 as shown in Figure 5.3 (f)).

There is no obvious morphology difference shown in the SEM image between sample 4 and

6. This is because the post annealing process only affects the surface states of the nanorods

but not their size and shape. Due to this change in surface state, the humidity sensitivity

can be improved significantly, which will be discussed in detail in the next session.

5.4 Humidity sensing results and discussions

The resistance response of the ZnO nanorods mat array to relative humidity change is

measured in this experiment. Two electrodes contacts are made at each end of the rectangle

nanorods area with Al thin film by conducting epoxy.

To study the influence of the growing condition on the samples’ sensing characteristic,

their percentage resistance variation (PRV ) between 0% RH and 100% RH at room tem-

perature are measured and compared. Figure 5.4 shows the comparison of the six samples’

resistance variations. From the experiment, it can be concluded from the results that:

• With the increase of humidity level, all samples show increasing resistance.

• The longer nanorods show smaller resistance variation (comparing sample 1, 2 and 4).

The reason is not completely clear at this point. There are two possible explanations.

One is the lower diffusion efficiency of the water molecules into the nanorods bundle
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Figure 5.4: Comparison of the different samples’ resistance variation between 0% and 100%
RH (the results are from fresh samples in the first round test of each sample)

due to the increasing length. Especially when the as-grown aligned nanorods are

packed together with a high density, water molecule adsorption may only happen

at the top part of the nanorods and thus results in the lower sensitivity. Another

possible reason is the longer growth time. The longer growth time not only increases

the nanorods’ length, but also results in lateral growth. Comparing Figure 5.3(b)

and Figure 5.3(e), sample 4 with 24 hours growth time shows a much larger average

diameter than sample 2 with 4 hours growth time. This can possibly cause the change

in surface states, which is highly related to the humidity sensing capability.

• Comparing sample 2 and 3, it shows that nanorods grown with Zn(Ac)2 as a zinc

source have larger responses to humidity change than those with Zn(NO3)2 as zinc

source. The difference between the samples is the counter ions in the aqueous solu-

tion during preparation: one is CH3COO− (for Zn(Ac)2) and the other is NO−
3 (for

Zn(NO3)2). However, more study is needed to explain the effect of the counter ions

on the surface state and humidity sensing property at this point.
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Figure 5.5: Resistance variation-RH of sample 1 at first several round of test

• Comparing sample 4 and 5, we can see that adding PEI during the preparation does

not affect the surface state thus the humidity sensitivity of the nanorods.

• The post annealing process has significant effect on the humidity sensing character-

istic of the nanorods. Nanorods without post annealing show more than 8 times

resistance variation than the annealed nanorods (comparing sample 6 and sample 4).

From the results, we can see that samples 1 and 6 show better and more interesting

results. Therefore, more measurements were performed on these two samples. As we

tested the sample repeatedly, we observed obvious degradation of the sample. The RH in

the chamber is changed step-by-step. For each step, the RH level is kept constant until

the resistance reading reached a steady level. Figure 5.5 shows the resistance variation-RH

of sample 1 at first several round of test. It can be seen that the sample’s resistance is

stable at 100% RH, while the resistance at 0% RH increases after the first test and start
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Figure 5.6: (a) the Resistance-RH curve of sample 1 for several rounds of test, (b) the
corresponding PRV -RH curve.

to approache a steady state.

Figure 5.6 (a) shows the Resistance-RH curve for sample 1 in two different days after

the first test. It is observed that the baseline resistance reading (R0) of the sample changes

slightly from day to day. However, for the same day, during a different round of test, the

baseline resistance reading is relatively stable. The sensor shows steady resistance change

over a wide range of relative humidity (from 0% to 100%). The sensing curve can be divided

into two regions: Region I, 0% RH- 90% RH and Region II, 90% RH - 100% RH. For both

regions, the sensor shows a very linear R-RH relationship. Although the resistance here

increases compared to the the decrease in the metal oxide thin film coated macroporous

samples we dicussed before, their response patterns are very similar. Both of them show

a sudden increase in sensitivity at a certain high RH level. Samples with ZnO and HfO2

surface show the sudden change at 90%-95% RH level, while Ta2O5 coated samples show

the change around 70% RH level. This can be explained by the lower contact angle of

Ta2O5 surface, where the chemisorbed layer forms more easily and allows the formation of
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multi-layers by physisorption at a lower RH level.

Figure 5.7: (Dynamic resistance response to change RH of sample 1’s for test in different
days, (a) day 1, (b) day 2.

Figure 5.6 (b) shows the corresponding PRV -RH curves of sample 1. Compared to the
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original resistance variation at 100% RH for the first test (11.3%), the resistance variation

at 100% RH slowly decreases from test to test. This slow change is probably caused by

the incomplete oxidation of the nanorods surface. Although the sample has been post

annealed, there are still unstable adsorption sites on the surface. After several rounds of

test under high humidity level, these unstable sites are slowly oxidized and come to stable

state. Therefore, the sensor’s response to RH slowly becomes less sensitive but more stable.

This also explains the better repeatability of the sensor’s dynamic response on day 2 of

the tests.

Figure 5.7 shows the dynamic resistance response of sample 1 to the changing RH in

different days. Comparing these two curves, it can be seen that the dynamic response

of the sensor is much more stable on the day 2. After several rounds of tests, the sensor

reaches the steady state and shows very good repeatability with a fast response. Figure 5.7

(b) also shows the dynamic resistance response to step change of RH. In Region I (0% RH-

90% RH), the sensor’s response time (defined as the time to reach 90% of the total change)

is 2 to 3 minutes. In Region II (90% RH to 100% RH) the response time is about 20

min, and when RH changes from 0% to 100%, the sensor’s response time is 7 min with

increasing RH. However, the sensor shows very fast response on the recover cycle with a 2

min response time.

Compared to sample 1, the unannealed nanorods (sample 6) show very high resistance

variation at the first test. However, due to the high density of incomplete oxidation and

crystallization sites, the sample shows very fast degradation over time. Three units (#1, #2

and #3) are made under the same condition as sample 6 and are tested for the degradation

effect. Figure 5.8 shows the resistance variation change over time of these three units. #1

and #2 are tested as fresh samples. In the first test, both of them show 25-26% resistance
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Figure 5.8: The percentage resistance variation degradation over time of three units from
sample 6

variation at 100% RH. After 10 days, the resistance variation at 100% RH of #1 decreases

dramatically to 4.7%. After 20 days from the first test, the resistance variation at 100%

RH of #2 decreases to 1%. #3 is tested three months after the first test of #1 and #2.

Due to the slow oxidation in air, the resistance variation of #3 is much lower than #1

and #2. The change of resistance variation at 100% RH between the first and second

test is small. The sample’s unstable response can also be observed from their dynamic

response to changing RH, as shown in Figure 5.9. The resistance baseline (at 0%) is not as

constant as sample 1 from cycle to cycle. However, the resistance at 100% RH is relatively

stable. After a long time of testing, the response slowly becomes more stable (as shown

in the last four cycles in Figure 5.9). Although sample 6 shows fast degradation over time

and unstable responses to RH change, it shows much faster response time compared with

sample 1. As seen in Figure 5.10, the response time for increasing RH from 0% to 100% is

140 seconds and 60 seconds for the recovery cycle.

90



Figure 5.9: Dynamic response of Sample 6 (#3) to RH change cycles between 0% and
100%

Figure 5.10: Comparison of the response time of sample 6 - #3 with the reference humidity
sensor
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5.5 Conclusions

In this chapter, we present the synthesis of vertically aligned ZnO nanorods with different

conditions and their effect on the nanorods humidity sensing characteristics. Six different

kinds of samples are prepared with different growing parameters, including the zinc source,

growing time, with or without PEI and post annealing. It is demonstrated that ZnO

nanorods grown from Zn(Ac)2 with shorter growing time and post annealing shows the

best overall sensing characteristics. The sensor shows stable and linear resistance response

to RH and a high sensitivity under high humidity level, which is very important for the

application in fuel cells. Post annealing of the ZnO nanorods shows significant effects on

the sensing properties in both positive and negative ways. Compared to nanorods with

post annealing, the unannealed nanorods shows both much higher sensitivity and faster

response. However, it also shows very fast degradation and unstable response to RH

changes.
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Chapter 6

Laterally Aligned ZnO Nanowires for

Humidity Sensing

In the previous chapter, we reported the humidity sensing properties of vertically aligned

ZnO nanorods. In this chapter, we explore the use of laterally aligned ZnO nanowires for

humidity sensing. The detailed discussion of possible sensing mechanisms is also presented

in this chapter.

6.1 Fabrication of the sensor

The ZnO nanowires were synthesized using the same method as the nanorods presented in

the previous chapter. Here, we briefly state the process. ZnO nanowires are synthesized

on indium tin oxide (ITO) substrate. To enhance the wetting of the seed layer on ITO

substrates, the substrates were irradiated by UV lamp. The formation of the seed layer on

ITO substrate was conducted using precipitation deposition in ZnO colloid solution. After
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ZnO nanoparticles were precipitated on the ITO substrates, the substrates were annealed

in air at 550 ◦C for 30 minutes in the furnace. Then ZnO nanowires were grown on the

seed layer using hydrothermal method in 0.01 M aqueous solution of zinc acetate dehydrate

(Zn(Ac)22H2O, Showa, 99%) and hexamethyltetramine (HMTA, ACROS, 98.5%) at 95 ◦C

for 3 hours. After growth, the substrate was removed from the solution, followed by rinsing

with DI water, and then dried in air. To fabricate ZnO nanowires humidity sensors, the

as-grown products were withdrawn by ultrasonication and suspended in a mixture solution

of ethanol and DI-water with a ratio of 1:1. After the ZnO nanowires were suspended in

ethanol aqueous solution, we can assemble ZnO nanowires on substrate with interdigital

electrodes (IDEs) via dielectrophoretic (DEP) force. The Au IDEs were fabricated by lift-

off process on SiO2 substrate. The width of the electrodes is 5 µm and the gap between

is 3 µm. For DEP assembling, the power supply is a function generator with a maximum

frequency f=10 MHz. After switching on the frequency generator to the setting value

of electrical field and frequency, a drop of ZnO nanowires suspension solution (˜50 µL)

is applied to the chip with a pipette. After a delay time, the drop is blown gently off

the surface with air. Finally, the generator is turn off, and the sample is characterized

by scanning electron microscopy (SEM). During the assembly of ZnO nanowires by DEP

force, vaporization rate of the suspension solution, the applied electric field and frequencies

will affect ZnO nanowires alignment situation and contact between ZnO nanowires and

electrodes.

Morphologies of as-grown ZnO nanowires and the result of a simultaneous deposition of

ZnO nanowires onto the IDEs pattern via DEP forces with various frequencies are shown

in Figure 6.1(a)-(f). The diameter and length of ZnO nanowires used in this study are

150-200 nm and 15 µm. From X-ray diffraction analysis, the ZnO nanowires were grown
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Figure 6.1: (a)-(b) tile-view and cross-sectional images of ZnO nanowires grown on ITO
substrates with a seed layer; ZnO nanowires assembled via DEP force with (c)f=100kHz and
Vp−p = 8V, and (d) f=1 MHz and Vp−p = 8V in pure ethanol with 10 drops; (e)f=100kHz
and Vp−p = 8V, and (f) f=1 MHz and Vp−p = 8V in ethanol and water mixture with 50
drops. (Scale bars: (a)-(d), 10 µm; insets of (c)-(f), 200 nm).

along [0001] direction. The geometry of ZnO nanowires can be controlled by reactant

concentration and growth time. The ZnO nanowires assembly situation by DEP force
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applies an electrical field of 8 V onto the IDE pattern and varied the drops and frequency

to modulate the assembly. Figure 6.1(c) and (d) show the samples that are assembled in

pure ethanol with 10 drops at 8 V and 100 kHz and 1 MHz respectively, while Figure 6.1(e)

and (f) show the samples that are assembled in ethanol and water mixture with 50 drops.

It can be seen that under the same condition, more drop times and the addition of water

in the solution can significantly enhance the nanowires density and alignment. Comparing

the Figure 6.1(e) and (f), the nanowires align better between the electrodes at middle range

frequency (100 kHz). This is because the contact between ZnO nanowires and electrodes

are destroyed when applying high frequencies, as shown in the insert of Figure 6.1(f).

6.2 Humidity sensing characterization

To test the sensor, the substrate is attached to a chip carrier and wire bonded to the

electrodes. The sensor is 20 mm × 10 mm and the chip is 33 mm × 20 mm. Figure 6.2

shows a schematic and image of the sensor. The chip is then put into the testing chamber.

The measurements is performed at room temperature.

Figure 6.2: A picture of the as fabricated humidity sensor.
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Figure 6.3: Resistance-RH curves with increasing and decreasing RH steps.

A resistance measurement was performed to evaluate the behavior of the sensor with

humidity changes. The measurement voltage sets in 1V. The resistance of sensor is mea-

sured by changing RH from 0% to 100% in incremental steps. Each step is maintained at a

constant value until the resistance reading reaches a steady state. Figure 6.3 shows the re-

sistance response of the sensor to both increasing and decreasing RH steps. The resistance

of sensor increases immediately when the RH level increases. Overall, the sensor showed

very small capacitance variation. At low RH region, the variation is much larger than that

of the high RH region. The change starts to slow down at 35% RH. We believe that this

indicates the lack of the physisorbed multi-layers due to the single nanowire morphology.

For most metal oxides sensors, the physorption and high sensitivity at high RH level are

usually caused by the nanoporous structure, which can significantly enhance the water

adsorption and condension. However, in this laterally aligned nanowire sensor, the single

wires are far apart from each other - neither in a bundle nor interconnected. More over,
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Figure 6.4: (a) Response time of the sensor at both increasing and decreasing RH ; (b)
Dynamic response of the resistance of sensor to cycling changing RH between extra dry
air and saturated air.
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the convex shape of the nanowires surface may even prevent the complete formation of the

first chemisorbed layer. This explains why a laterally aligned sample shows much smaller

sensitivity than vertically aligned nanorods. When RH reaches 100% and the resistance

reading reaches a steady state, we start to decrease the RH level in steps. The desorption

curve follows the same path and show very small hysterisis.

Response and reproducibility are two important parameters to assess a humidity sensor

as shown in Figure 6.4(a). The response time is 16 seconds when the RH increases from

0% to 100%, and recovery time is 25 seconds when the RH decreases from 100% to 0%. In

Figure 6.4(b), we demonstrated the dynamic response of ZnO nanowires humidity sensor

to cycle changes of RH between extra dry air and saturated air. The sensor shows slight

degradation over time and gradually approach a steady state.

6.3 Discussions

In this section, we will discuss the possible mechanisms for the resistance increase with

increasing humidity level observed in our experiment. As introduced earlier, most metal

oxide semiconductor sensors show decrease in resistance (increasing conductivity) when

exposed to water molecules. The most commonly used mechanism is the dissociation of

the water molecule under electrical fields, causing surface conduction by proton hopping

at low RH level and the Grotthuss chain reaction at higher RH level. Another mechanism

that has been suggested is that the change in the conductance of the semiconductor itself is

due to the surface fermi level shift in the presence of adsorbed water molecules [135, 136].

There is also the argument that it is the result of an indirect effect involving chemisorbed

oxygen that has trapped electrons from the semiconductor. Adsorption of water molecules
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replaces oxygen and leads to its desorption, causing the release of the electrons back to the

material’s conduction band [131, 137, 138]. However, in our experiment, the carrier gas

is extra dry air, which means there is no change in the oxygen concentration. Sears [139]

also demonstrate that this factor can be eliminated for their humidity sensor by a few

measurement in oxygen-free nitrogen gas carrier. Therefore, this indirect mechanism does

not seem to be a determining factor in our case.

In table 6.1, we summarize the conclusions from some references, including the sensing

materials, their structure, operation temperature, baseline conductance, sensing response

and proposed mechanisms. All of the these materials show decreasing resistance when

exposed to moisture. Comparing these metal oxide nanostructures, the biggest difference

in our sample is the very high conductivity with a resistance in the range of 20-150 ohm.

This means that the nanorods/nanowires in this experiment have a high concentration of

charge carriers in the conducting band at the original state. We believe this is due to high

concentration of the anion vacancies in the nanorods/nanowires. As shown in Figure 6.5,

to fulfill the electro neutrality, an oxygen vacancy must accompany the presence of two

electrons. These types of metal oxides are usually denoted as MO1−x, acting as n-type

semiconductors. When there is external electrical field applied, the electrons can enter the

conducting band and contribute to the electrical conductivity. When there are species that

contain oxygen atoms in the environment, the oxygen atom first adsorbs on the surface

adsorption sites (s). The site can be the metal anion or the oxygen vacancy. When it

adsorbs onto the adsorption sites, the process is:

O2 + 4e− + 2s→ 2(O − s)2− (6.1)
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Table 6.1: Comparison Table

Sensing Material
Material
Structure

Sensing
T(◦C)

Baseline
Conductance

(S)

Proposed
Mechanism

Ref.

Bi3FeO4(MoO4)2
Sintered
Powered

24 to 60
0.16× 10−12

to 190× 10−12

Grotthuss
Chain

Reaction
[139]

ZnO Nanopellet RT
0.25× 10−8 to

0.32× 10−8

Proton
Hopping
and GCR

[140]

ZnO Nanowires 80 < 0.17× 10−15

Reversibly
Reaction

with Lattice
[141]

ZnO− TiO2
Nano-

composite
19 to
550

0.5× 10−9 to
10× 10−9

GCR [142]

Al-doped ZnO
Nano-

crystalline
Thin Film

330 to
350

1× 10−10
Proton

Hopping [143]

ZnCr2O4 − ZnO
Sintered

Disk
330 to

350
0.25× 10−9 to

3.0× 10−9 [144]

MnO,ZnO,Fe2O3 Composite 30 to 60 1.0× 10−4

Hopping
and

Capillary
Condensa-

tion

[145]

ZnO− 5AL2O3 Thick Film RT
Electron
Injection [146]
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Sensing Material
Material
Structure

Sensing
T(◦C)

Baseline
Conductance

(S)

Proposed
Mechanism

Ref.

ZnO
Nano-

tetrapods
RT

Proton
Hopping [147]

ZnO
Nanorod

and
Nanobelt

RT
1.0× 10−8 to

1.0× 10−8

Proton
Hopping

and
Capillary
Condensa-

tion

[148]

Al− dopedZno
with

TiO2thinfilm
RT

1.0× 10−10 to
1.0× 10−10

Capillary
Condensa-

tion
[149]

ZnO
Nanorod

and
Nanowire

RT 1.0× 10−8

Proton
Hopping

and
Capillary
Condensa-

tion

[150]

ZnO
Dense
Pellets

RT

Variation of
Barrier
Height

[138]
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Figure 6.5: Insertion mechanism of oxygen atoms on the surface and inside the lattice of
a MO1−x type oxide
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and:

(O − s)2− + V oo → 2OO + 2s (6.2)

The global process can be written as:

O2 + 2V oo + 4e− → 2OO (6.3)

Where Voo is the lattice cation vacancy. For these reactions to actually take place, ei-

ther high temperature or ultra long term exposure is needed. If the sensor operates in

room temperature, the processes above describe more of a trend, where oxygen molecules

attract electrons to the surface area and creates a surface depletion layer. When the

nanorods/nanowires are exposed to humid environment, we believe there are two mecha-

nisms acting together to cause the decrease in conductivity. The first one is very similar to

the situation in the adsorption of O2. The water molecules first adsorb onto the adsorption

sites on the surface and then dissociated into protons and hydroxyl groups. The proton will

adsorb onto surface oxygen atom, while the hydroxyl will adsorb onto either the surface

anion site or the surface oxygen vacancy. The overall process can be written as:

H2O + V oo + 2e− + 2s→ 2(H − s)+ +OO (6.4)

The free electrons are trapped by the adsorbed water molecules. As a result, the sen-

sor’s conductance decreases with increasing RH. This explains the higher sensitivity of the

unannealed nanorods than annealed ones, where there is much less oxygen vacancies due

to the improvement of the lattice structure at high temperature. This also explains the
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degradation in sensitivity of the nanorods in air. After long term exposure in dry or humid

air, the oxygen vacancies in the lattice are permanently filled by adsorbed oxygen atoms,

leading to the decrease of available oxygen vacancies and free electrons. For samples that

have not been annealed in air at high temperature, the degradation is more obvious.

The second mechanism is due to the large dipole moment that water molecule possess.

When there are layers of water molecules on the surface at electric field, the dipole will

line up and capture the free electrons in the nanowires, creating a surface depletion layer.

This mechanism is more dominant at high RH level and explains the sudden increase in

sensitivity for the vertically aligned nanorods samples. Both of these two mechanisms

will reduce the available charge carries and the width of the conducting band of the ZnO

nanorods/nanowires, causing the increase in resistance. Figure 6.6 shows the influence of

absorption water and oxygen molecules on the surface of ZnO nanowires.

We believe that the aligned 1D structure also affects the sensing properties. In table 6.1,

all the materials have random structures. This morphology creates a large amount of inter-

connections and porous structures, which can significantly enhance the adsorption of water

molecules and condensation. For most of the references that report very high sensitivity,

capillary condensation is believed to be the main factor. However, for the vertically aligned

nanorods in this experiment, there is very limited interconnection and capillary structures.

This prevents the physisorption and condensation of the water molecules. This is even more

obvious for the laterally aligned nanowires, where the nanowires are all separate from each

other and form a single layer structure. This explains the near flat region at high RH level

in the PRC-RH curve. More over, there are very small amounts of nanowires on the IDEs.

Therefore, the sensor shows relative low overall sensitivity. For traditional sintered metal

oxides, there are large amounts of grain boundaries, which are the main adsorption sites
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for chemicals. However, the 1D nanorods/nanowires that are used here can be considered

as a single crystal or a single grain. This also reduces the adsorption amount of water

molecules and hence the sensitivity.

Figure 6.6: A simple picture showing the influence of absorption water and oxygen
molecules on the surface of ZnO nanowires.

Another factor to be considered is the fabrication process of the sensor. The nanowires

are aligned onto the IDEs in water and ethanol solutions and then air dried at room

temperature. Therefore, there might have a certain amount of water and ethanol molecules

residuals on the nanowires surface, which can reduce their humidity sensitivity. The weak

contact between the nanowires and the electrodes needs to be improved as well for better

sensitivity.

6.4 Conclusions

In the chapter, we synthesized vertically aligned ZnO nanowires on ITO substrate via hy-

drothermal method and assembled ZnO nanowires on IDEs via DEP force at low tempera-
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ture. During the assembling, the suspension solution, electrical field and applied frequency

all affect the alignment of ZnO nanowires and the electrode contact. Similar with the

vertically aligned nanorods, the sensor shows increase resistance to increase RH level. The

sensor has very small sensitivity, especially at high RH level. This is due to very small

amount of nanowires on the device, the single layer and separated morphology. Possible

mechanisms are proposed and discussed. To improve the sensor’s sensing property, future

works will be suggested in the next chapter.
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Chapter 7

Contributions and Future work

7.1 Contributions

This work is motivated by the water management problem in PEMFCs and targeted to

create a humidity sensor that can operate under high humidity level and high temperature.

To achieve this, ordered micro-/nano-structured materials are chosen as the sensing layers

for their unique advantages on property control and modification. The contributions of

this work can be summarized as follow:

• Proposed and demonstrated the potential of ordered macroporous silicon humidity

sensor for the first time. The main advantages of this material includes high resistance

to high temperature and contamination, uniform pore size distribution, open ends

with no interconnections, and possibility of surface modification. These factors match

the requirement for operation in PEMFCs and allow better control of the sensing

material.
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• The resistance responses of the ordered macroporous silicon heterostructure and self-

supporting membrane are tested. A 23-28% decrease in resistance is observed when

RH changed from 0% to 100%. Good repeatability is obtained for both structures.

The heterostructure showed similar sensing characteristics as the self-supporting

membrane, suggesting that a simple fabrication of ordered macroporous silicon hu-

midity sensor is possible.

• Heterostructure sensors with different thin film surface coatings including bare Si,

thermally grown SiO2, atom layer deposited ZnO, HfO2, andTa2O5 are characterized.

The thin film coating of HfO2, andTa2O5 shows improvement to the sensor while the

sensors with thermally grown SiO2 and atom layer deposited ZnO show negligible

response to RH changes. This is mainly caused by the differences in their surface

contact angle.

• Ordered macroporous silicon sensors with HfO2 thin film coating and different param-

eters are fabricated. Both of their resistance and capacitance responses are studies.

The sensor showed a near-linear response compare to bare silicon samples. Although

it takes a longer time to reach the total reading change, the HfO2 modified sensor

is able to sense the RH change within the testing chamber much faster than the

commercial reference sensor.

• Post micro-fabrication is achieved on the cleaved pieces of ordered macroporous sili-

con. Proper PR and spin rate is characterized for a good pore coverage. The sensor

can survive most of micro-fabrication processes, especially the commonly used chem-

icals (including water) without performance degradation.

• Ordered macroporous silicon sensors with Ta2O5 thin film coating and IDEs are thor-
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oughly characterized at all aspects. The sensor shows high sensitivity, fast response

time, very small hysteresis, extraordinary stability and repeatability, and ideal sens-

ing properties at high temperatures and in condensing (even flooding) environment.

It demonstrates great potential and advantages over existing commercial humidity

sensors in the fuel cell application field.

• Sensing mechanisms of ordered macroporous silicon sensors are discussed. The phe-

nomenon and mechanism for response time-frequency dependency is investigated in

detail. It is believed that the external AC electric field has effects on the water

molecule adsorption process. The existence of parasitic capacitance and resistance is

proven and discussed.

• Both vertically and laterally aligned ZnO nanorods/nanowires are synthesized and

their humidity sensing properties are characterized. To the best of our knowledge,

this is the first attempt to use well aligned ZnO nanorods/nanorwires for humidity

sensing.

• Both of the vertically and laterally aligned ZnO 1D structures show decreasing con-

ductivity with increasing humidity level. This is contrary to most of the other

reported works. Possible sensing mechanisms and explanations are proposed and

discussed. We believed that the sensing response is mainly due to the ultra high

concentration of oxygen vacancies in the nanorods/nanowires.
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7.2 Future work

7.2.1 Ordered macroporous silicon humidity sensor

We have proven the possibility and advantages of humidity monitoring of ordered macrop-

orous silicon based sensors in fuel cell operation condition. To further develop this sensor

for real world application, there are several directions that should be explored and im-

proved. First, we will discuss it from the device level perspective.

• Customization according to application: The first question that needs to be

addressed when integrating a humidity sensor into a fuel cell is where to put it.

Ideally, there should be more than one sensor in the cell to monitor the humidity

level in different areas. Figure 7.1 shows several locations that may be of interest.

The sensors should be put as close as possible to the MEA area to monitor the RH

level close to the PEM and gas diffusion layer. The RH level should be the highest at

location A due to the production of water. The probability of flooding in this area is

high. At location B, both drying and flooding is possible, depending on the operation

condition. Drying is due to the consumption of moisture along the membrane, while

flooding is the result of back diffusion from the cathode. Location C and D are to

monitor the humidification level of the inlet gas. The sensors at these two locations

are optional because the RH level can be measured outside the fuel cell as well.

If more information about the RH level distribution is wanted, there can be more

sensors between the inlets and outlets. The sensors can be fixed in the flow channels.

To do this, either the channel or the sensor need to be customized for size matching

and wire connections.
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Figure 7.1: Preferable locations of humidity sensors in a single PEMFC.

• Sensor fabrication: So far, all the sensors are fabricated in a standard etch cell,

which can only handle small silicon pieces with size of 23mm ∗ 23mm. When inte-

grating into fuel cells, a new etch cell will be needed to match the size of the sensor’s

design requirement. Ideally, the etch cell’s design should allow wafer level process-

ing, which will allow more convenient and controllable fabrication for both pre- and

post-processes. This will also allow a higher yield of the sensor fabrication.

• Humidity and temperature sensor: Since we observed a very steady response of

the sensor’s capacitance/resistance response to temperature, it is possible to build a

humidity sensor and temperature sensor from the same material on the same chip.

The sensing layer and electrodes of these two sensors can be fabricated together by

the same process. And then the temperature sensor can be covered by a additional

layer while the humidity sensor is exposed to the environment during packaging.

• Wireless sensing: Another interesting direction to go is a wireless humidity sensor.
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There are several types of wireless sensors for humidity or chemical sensing, including

surface acoustic wave (SAW), bulk acoustic wave (BAW), quartz crystal microbalance

(QCM) and quartz tuning fork (QTF) [151, 152, 153, 154, 155, 156]. The mechanism

of the wireless sensors is mainly the detection of the sensing materials mass change by

oscillation. The advantage here is obvious. With the capability of wireless sensing,

the integration of humidity sensor into fuel cell will be much easier.

• Circuit integration: One important advantage of using macroporous silicon as a

sensing material is the possibility of circuit integration. Once the sensor is thoroughly

characterized, a circuit could be built for power supply, data acquisition and calibra-

tion. It’s been proven that, by data calibration, the reading drift and hysteresis can

be eliminated, and the output data can be linearized. This circuit can be built into

the same package of the sensor.

In addition of development on the device aspect, there are still several areas that can

be future explored:

• Ordered macroporous silicon with TiO2 coatings: TiO2 is a very commonly

used humidity sensing material. With ALD, it is possible to uniformly coat TiO2

thin film on the ordered macroporous silicon. The same structure as the one used in

this experiment can be used to characterize its humidity sensing properties.

• Mechanism study on response time: We have shown that the sensor’s response

time is dependent on the testing frequency. Although we gave some preliminary ex-

planation, more investigation is needed. One way to determine whether the external

electrical field will affect the water adsorption is to measure the dynamic mass change

of the sample at different operation frequency.
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• Mechanism study on parasitic capacitance: We have demonstrated that the

difference in sensitivity at different operation frequencies is caused by the existence

of parasitic capacitance. There are also equations showing the relationships among

the measured capacitance, effective capacitance and parasitic capacitance. However,

due to the limitation of the measuring instruments, the parasitic capacitance has not

been separated. With LCR meters that can go to extremely low and high operation

frequency and the provided equations, this may be achieved. The advantage of doing

so is that the sensor can show higher sensitivity and the device can operate at any

frequency without being re-calibrated.

• Ordered macroporous silicon with nano-size pores: With nanolithography, it

is possible to pre-pattern nano-sized nucleation spots for the formation of ordered

macroporous silicon with pore size in hundreds nanometers. This will significantly

increase the porosity and surface area for higher sensitivity.

7.2.2 Aligned ZnO nanowires for humidity sensing

For the aligned ZnO nanorods/nanowires humidity sensor, the studies in near future should

still focus on the mechanism and improvement aspect. It includes:

• Sensing mechanisms We have proposed that the increase in the material’s resis-

tance up exposure to humidity is due to the existence of oxygen vacancies. To fully

understand the mechanism and verify this assumption, more in depth study on the

material is needed. So far, there are two analyses underway. One is Photolumi-

nescence (PL) analysis, which can characterize the defect concentrations by visible
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band intensity. The other is the carrier concentration analysis by impedance analy-

sis. Combining these two technique, we can prove the validity of the proposed the

mechanism.

• Doping for sensing enhancement One commonly used strategy to enhance metal

oxides chemical sensitivity is doping. With another metal element in the structure,

the energy band structure can be modified, which can leading to better sensitivity.

Another approach is the disperse of catalyte among the nanorods/nanorwires. There-

fore, one of the future research topic will be the humidity sensing enhancement with

different doping or catalyte.

• Sensor fabrication There are still some parameters that can be adjusted for the

sensor. For the laterally aligned sensor, the nanowires are dispersed in water and

ethanol solution for DEP assembling. The water content in the solution might affect

the sensor’s behavior. Therefore, air drying at high temperatures may be preferred.

As we discussed in last chapter, low concentration of the nanowires on the sensor

may be one of the factors for low sensitivity. So sensors with more solution drops

can be fabricate in the future to maximize the nanowires concentration. Although

DEP has been proven to be a effective method for nanowires alignment, the contact

of the nanowires with the electrodes still need to be improved.
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