
ABSTRACT 

ZHOU, YILU . A Smart E-Nose System Based on A Novel Monolithic MEMS Array. (Under the 

direction of Dr. Veena Misra and Dr. Bongmook Lee). 

 

In this work, I present a novel monolithic microelectromechanical systems (MEMS) matrix 

array that can be instantly adapted for electronic nose (E-nose) applications. The proposed MEMS 

array consists of four microheater rows and four contact electrode columns, arranged in crossbars 

and resulting in sixteen intersections. The sixteen intersections sit on top of suspended membranes 

created by frontside isotropic dry etching. Each intersection is a microheater. The performance of 

microheaters is characterized by an IR camera. Power supply, fine-tuning, and wireless 

input/output are integrated on a custom printed circuit board (PCB). Thin films of metal oxide 

(MOx) can be deposited on this matrix array via atomic layer deposition (ALD) on demand.  

With ALD SnO2, the achieved E-nose is low-power, ultra-sensitive, fast, scalable, reliable, 

and repeatable. It responds to different volatile organic compounds (VOCs) with discrete optimal 

operating temperatures for various VOCs. For nitrogen dioxide (NO2), ethanol (EtOH), and carbon 

monoxide (CO), optimal operating temperatures and measured lower detection limits are ~150 °C, 

6.67 ppb, ~250 °C, 50 ppb, and ~350 °C, 1 ppm, respectively. Due to the hardwareôs dilution ratio 

limit, theoretical detection limits (TDLs) are calculated and found to be several orders of 

magnitude lower. At optimal conditions, response/recovery time is always within 1 min. Array 

effects including sensitivity enhancement are observed. By tuning temperature profiles, this E-

nose can separate VOC mixtures on the chip.  

This E-nose is ready to be integrated into various smart wearable applications. Together 

with a photoplethysmogram (PPG) sensor, it enables a smart ring that monitors human body health 

and ambient air quality simultaneously. The proposed array is a versatile platform, compatible 



with complementary metalïoxideïsemiconductor (CMOS) technology and ready for high-mix 

low-volume (HMLV) manufacturing. 
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CHAPTER 1 INTRODUCTION  

1.1 Background and Motivation 

 Table 1.1. VOCs and disease diagnosis. 

 

Table 1.2. VOCs and Nutrients. 

 

There has been growing interest in gas sensing technologies nowadays. After stepping into 

industrial society, the influences of human activities on air quality have become an increasing 

concern. Not only does the outdoor air suffer from industrial pollution and vehicle emissions, but 

indoor air is also polluted by furniture, paint, daily supplies, and so on. A lot of these pollutants 

are volatile organic compounds (VOCs). Common health risks of exposure to VOCs include 

Disease Biomarker  References 

Lung Disease NO, CO [9]ï[14] 

Lung Cancer Isoprene, Aldehyde [15]ï[17] 

Diabetes Acetone [5]ï[8] 

Liver Disease Acetone, Isoprene, TMAO [18]ï[21] 

Schizophrenia Ammonia, Ethylene [22] 

Kidney Disease Ammonia, TMAO [23]ï[25] 

COVID-19 Acetone, Methanol, 2-Propanol [26], [27] 

Alzheimerôs 
2-Propanol, 2-Butanone, Acetone, 

Hexanal, Heptanal 
[28]ï[30] 

Nutrient  Biomarker  References 

Protein Ammonia, Ethylene [4], [31]ï[38] 

Vitamin E Pentane [4], [39]ï[44] 

Fat TMAO, Acetone 
[7], [20], [23], 

[45]ï[56] 
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irritation of the skin, eyes, and respiratory system, allergies, and immune response [1]. Long-term 

and excessive-dose exposure can lead to chronic or acute diseases. Some VOCs can even cause 

cancers [2]. 

It has been explained that VOCs inhaled from the environment are concerning. Next, it will 

be explained why VOCs emitted from human bodies deserve attention. VOCs are emitted by 

human bodies through various routes. By 2014, over 1,840 different VOCs had been identified as 

emitted from the human body, including 872 found in the breath, 532 in skin secretions, 381 in 

feces, 359 in saliva, 279 in urine, 256 in milk and 154 in blood [3]. The respiratory route is the 

dominant pipeline for emission. In general, their generation is believed to correlate with in vivo 

biochemical processes, such as lipid peroxidation and oxidative stress [4]. Carrying rich 

physiological information, volatile breath metabolites are promising biomarkers and critical to 

non-invasive diagnosis. It is important to note that knowledge of VOCsô metabolism mechanisms 

is a mix of empirical study and hypotheses. As a result, studies associating specific VOC with 

certain diseases are at present ambiguous and even controversial.  

Some volatile breath biomarkers are well-accepted, however. Acetone is one of the best-

developed biomarkers so far. Acetone in exhaled breath indicates blood glucose level, therefore 

acting as a promising diabetes biomarker [5]ï[8]. Breath acetone variation also flags liver fibrosis 

and chronic liver disease [18], [19]. Acetone is chemically reductive and has a relatively high basic 

concentration, making it easy to develop acetone gas sensors. Other well-established biomarkers 

include nitric oxide (NO) and carbon monoxide (CO). Their variations mostly correlate with lung 

malfunction. The occurrence of inflammation causes an increase in the emission of NO and CO 

[4]. Therefore NO and CO are valuable biomarkers for asthma, chronic obstructive pulmonary 

disease (COPD), and other chronic lung diseases [9]ï[14]. These are just the tip of the iceberg. 
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Recently, there have been reports on using VOCs to diagnose COVID-19 and Alzheimerôs [26]ï

[30]. Table 1.1 is a summary. Dietary effect on exhaled breath is an emerging field, as shown in 

Table 1.2. The amount of protein intake affects ammonia and ethylene concentrations in expired 

air [4], [31]ï[38]. Vitamin E intake affects pentane emission [4], [39]ï[44]. Fat consumption leads 

to a change in expired acetone and Trimethylamine N-oxide (TMAO) [7], [20], [23], [45]ï[56]. 

1.2 Current Technology Review 

Metal oxide (MOx) sensor is a promising direction due to its high sensitivity, fast speed, 

scalability, reliability, process simplicity, and low cost [57]ï[60]. Optical methods are the gold 

standard but bulky. Polymer and electrochemical sensors have good sensitivity but poor stability. 

Piezoelectric sensors are scalable and compatible with complementary metalïoxideï

semiconductor (CMOS) technology, but difficult to improve sensitivity. On the other hand, the 

challenges for MOx sensors include the requirement for operating temperatures higher than room 

temperature (RT). The development of microelectromechanical systems (MEMS) technology 

helps overcome the heater power consumption challenge by thermal insulation [61]. The lower 

limit of detection (LLOD) is another major concern for MOx sensors to be applied in real scenarios. 

For example, the annual exposure limit of nitrogen dioxide (NO2) is 53 ppb and the 1-hour limit 

is 100 ppb according to National Ambient Air Quality Standards (NAAQS) [62], but MOx-based 

NO2 sensors do not perform well at ppb levels [63]ï[65]. Similar findings are observed for ethanol 

(EtOH) and carbon monoxide (CO), as shown in Table 1.3 [65]ï[79]. NAAQS 1-hour standard 

and 8-hour standard for CO are 35 ppm and 9 ppm respectively, but MOx-based CO sensors do 

not perform well under 10 ppm. Separating gas mixtures is another challenge due to broad 

selectivity. Typical solutions include a more complicated sensing mechanism, nanomaterials 

processing, and machine learning algorithms [80]ï[88]. Besides higher cost and complexity, there 
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are side effects like longer response/recovery time (tRS/tRC), as shown in Table 1.3. On the other 

hand, sensor arrays are proposed as a promising solution but need more investigation. There have 

been successful prototypes of non-monolithic sensor arrays, where discrete sensor chips were 

connected through packaging [89], [90]. Recently, monolithic sensor arrays have also been 

reported [91]ï[93]. Although these devices have multiple sensor channels, their sensors were 

designed for operating solely and there was only one heater shared by all the sensors. Inefficient 

space use and sole surface condition ultimately limit their functionality. 

1.3 Dissertation Preview 

Chapter 1 presents background information and the motivation for my work, reviews 

currently available sensing technologies, and points out the gap to be filled. 

Chapter 2 explains the mechanism of MOx gas sensors. It introduces the advantages of 

atomic layer deposition (ALD) technology and MEMS technology. Our previously proposed idea 

concept and simulation work is also presented. 

Chapter 3 introduces the details of the fabrication. It starts with the trial runs with the old 

design. Then it walks through the process of making the E-nose. Outcomes are presented together 

with takeaways. It also summarizes my know-how. 

Chapter 4 presents the test results. First is the testing of the microheater. Then is the 

identification of optimal operating temperature and LLOD for NO2, EtOH, CO, and Ace (without 

LLOD). Then it presents the discoveries of the array effect. The E-noseôs repeatability and 

reliability are also tested. The E-nose demonstrates its novelty in the test against gas mixtures. The 

effect of environmental humidity is also analyzed. 
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Chapter 5 presents the PCB and mobile app that operate the E-nose. It also introduces our 

achievements in the armband project, and how the armband is going to integrate with the smart 

ring consisting of the E-nose. The results of the field test are also provided. 

Chapter 6 summarizes the work that has been done and the future roadmap. 
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Table 1.3. Comparison of NO2, EtOH, and CO sensors. 

 

  

 Type Array LLOD tRS/tRC Active Area Ref 

NO2 

Transistor 

- 10 ppb ~ 60 s* 
2 ɛm × 38 ɛm

  
[80] 

- 0.1 ppm 
88 s / 132 s (1 

ppm) 
230 ɛm × 290 ɛm [81] 

MOx 

- 0.5 ppm - 0.6 mm × 0.6 mm [65] 

16 Sensors 
6.67 ppb 

37 ppt (Theory) 

53 s / 40 s (1 

ppm) 
200 ɛm × 100 ɛm This Work 

Nanostructured MOx 

- 50 ppb 
6 min / 4 min 

(1 ppm) 
8 mm × 8 mm [82] 

- 0.1 ppm 
9 s / 18 s (5 

ppm) 
- [85] 

- 0.1 ppm 
28 s / 49 s (5 

ppm) 
- [85] 

- 0.1 ppm 
116 s / 215 s 

(5 ppm) 
- [85] 

- 
1 ppb 

5 ppt (Theory) 
30 min - [83] 

2D Material 

- 

25 ppb 

0.214 ppb 
(Theory) 

26 s / 290 s 

(100 ppb) 
- [86] 

- 8 ppb 
170 s / 1630 s 

(50 ppm) 
~10-4 cm2 [87] 

- 0.5 ppb 10 min 165 ɛm × 165 ɛm [84] 

CO 

MOx 

6 Sensors 
50 ppm 

3.58 ppm 

(Theory) 

- 500 ɛm × 500 ɛm [74] 

4 Sensors 
10 ppm 

1.75 ppm 

(Theory) 

10 s / 30 s 50 ɛm × 50 ɛm [79] 

16 Sensors 
1 ppm 

35 ppb (Theory) 

15 s / 30 s (1 

ppm) 
200 ɛm × 100 ɛm This Work 

Nanostructured MOx 

- 10 ppm - 0.6 mm × 0.6 mm [65] 

- 10 ppm 30 s - [76] 

- 75 ppm - - [77] 

- 50 ppm 
88 s / 62 s 

(300 ppm) 
- [75] 

Electrochemical Cell - 0.1 ppm 
28 s / 32 s (50 

ppm) 
- [78] 

Ethanol 

MOx 

- 1 ppm 
1.5 s / 18 s (50 

ppm) 
500 ɛm × 500 ɛm [94] 

- 0.1 ppm - - [70] 

16 Sensors 
50 ppb 

15 ppb (Theory) 

10 s / 35 s (10 

ppm) 
200 ɛm × 100 ɛm This Work 

Nanostructured MOx 

- 100 ppm 
6 s / 95 s (500 

ppm) 
- [68] 

- 60 ppm 
128 s / 69 s 

(800 ppm) 
- [66] 

- 1 ppm 
3 s / 24 s (100 

ppm) 
~16.96 mm2 [69] 

- 

1 ppm 

100 ppb 
(Theory) 

3 s / 8 s (3 

ppm) 
- [73] 

2D Material - 400 ppm - - [72] 
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CHAPTER 2 FROM MEMS TO E -NOSE 

2.1 MOx Sensor Mechanism 

 

Figure 2.1. Sensing Mechanism of MOx gas sensors. (a) Oxidative gas. (b) Reductive gas. 

Reproduced from [61]. 

 

The sensing mechanism of MOx sensors is the change in resistance/conductance. Generally, 

oxidative gases increase sensor resistance and reductive gases decrease sensor resistance. The most 

commonly accepted theory relates to the electron transfer between MOx and the target gas. SnO2ôs 

(110) crystal plane is oxygen deficient, which means there are oxygen vacancies at the surface 

[95], [96]. Gas molecules can be adsorbed into these oxygen vacancies. If it is an oxidative gas, 

gas molecules will act as electron acceptors and electrons will transfer from MOx to gas molecules. 

Thus, there are fewer free electrons in the MOx, so the resistance increases. It can also be 

understood as there is a larger depletion region between crystal grains, resulting in a higher 

potential energy barrier [61]. The condition is more complicated for a reductive gas. Take CO as 
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an example. If there are already reactive oxygen species (ROS) adsorbed on the surface, CO 

molecules will react with them, leading to the emission of CO2 and electrons transferring back to 

MOx. If there is not any ROS adsorbed, electron transfer will happen directly between CO 

molecules and MOx. CO molecules act as electron donors without converting into CO2 [95], [97]. 

After accepting electrons, MOxôs resistance decreases. Typical electron acceptance and donation 

are: 

ὕ Ὡ  O  ὕ  

ὅὕ ὕ Ὡ  O  ὅὕ 

2.2 Advantage of ALD 

ALD is a variant of chemical vapor deposition (CVD). It is a self-limiting process. The 

growth of the next atomic layer will not begin until the previous layer is completed [98]. Thus, 

ALD realizes uniform growth and precise thickness control of a single atomic layer. It has been 

reported in our previous work that it benefits sensor sensitivity [99], [100]. The reason is its 

thickness control capability. For an ideal sensor, its sensing film thickness should be comparable 

to the materialôs Debye length (ɚD). If a film is much thicker than ɚD, the effects of electron transfer 

at the surface will be screened from the bulk part. Depending on the carrier density used, ɚD of 

SnO2 is several nanometers [99], [100]. Competing technologies like sputtering and solution-based 

approaches cannot achieve such thickness and uniformity at the same time. 

2.3 Why MEMS ? 

To be scalable and compatible with CMOS technology, microheaters are based on Joule 

heating. Common materials of microheaters are platinum (Pt) and polysilicon (poly-Si). As the 

substrate, Si is a good thermal conductor with a thermal conductivity of 149 W/(m·K). If not 

isolated, heat generated by the microheater will dissipate fast through the Si substrate. SiO2, on the 
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contrary, is a poor thermal conductor, in other words, a good thermal insulator. Its thermal 

conductivity is only 1.3 W/(m·K) [103]. Air is a good thermal insulator with a thermal conductivity 

of 0.026 W/(m·K). Thus, the goal becomes etching Si and using SiO2 as supporting materials. As 

MEMS technology develops, there have been various successful microheater prototypes, as shown 

in Figure 2.2 [61], [101], [102]. MEMS micromachining can be divided into two categories: dry 

etching and wet etching. Both have their own advantages and disadvantages. It will be discussed 

in detail later. 

 

Figure 2.2. Typical MEMS microheaters. Reproduced from [101], [102]. 

 

2.4 Concept of A Novel Monolithic Array 

In 2019, our group proposed an idea of a novel monolithic array [104], [105]. It consists of 

multiple heaters and sensing electrodes arranged in crossbars. What differentiates it from 

conventional MEMS arrays is its heater arrays. The temperature distribution is no longer fixed 

across the whole chip. Each heater row can be adjusted individually. Once there are MOx stacks 

deposited, different on-chip annealing temperatures can create a range of surface chemistries. In 

our previous research, A SnO2 (12 nm)/ZnO (4 nm) stack was deposited on the SiO2 substrate by 

ALD. Annealed at 300 °C, 600 °C, 900 °C, and 1200 °C respectively, there were different degrees 
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of diffusion between SnO2 and ZnO [104]. At 900 °C and 1200 °C, SiO2 also intermixed with the 

MOx stack. Various sensing surfaces and different operating temperatures increase the 

dimensionality of the dataset. With machine learning algorithms, this monolithic array can 

generate fingerprints of different gases. 

 

Figure 2.3. The concept of a novel monolithic array. Reproduced from [104]. 

 

2.5 Simulation of Microheater 

Finite element method (FEM) was used to compare different microheater designs before 

conducting any fabrication. Details of simulation using COMSOL Multiphysics can be found in 

Akhilesh Tanneeruôs dissertation [60]. More designs were added besides his work. Some were 

inspired by literature [92], [106]. Efficiency was defined to benchmark microheatersô thermal 
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performance, as shown in Table 2.1. It comprehended temperature increase, area, and power 

consumption [61]. Designs with higher efficiency generally had more cavity and less support, 

sacrificing mechanical stability. The larger the etching cavity, the higher the thermal efficiency 

but the weaker the mechanical strength. And some designs had curved shapes, which would add 

difficulty  to the mask set design and lithography turnout. The final design was determined 

considering the trade-off among efficiency, mechanical stability, and fabrication complexity. 

Mechanical fragility is always a problem for MEMS structures, so a conservative design is 

preferred.  

Table 2.1. Summary of FEM results. 

 T (°C) S 
Efficiency 

(mm2·K/mW)  

1 410 2 ɛm × 4 ɛm × 4 0.00087 

2 485 2 ɛm × 4 ɛm × 4 0.0010 

3 1478 2 ɛm × 4 ɛm × 4 0.0032 

4 1185 2 ɛm × 4 ɛm × 4 0.0026 

5 515 2 ɛm Ĭ 2 ɛm × 4 0.00055 

6 405 2 ɛm × 4 ɛm × 4 0.00086 

7 377 2 ɛm × 4 ɛm × 4 0.00079 

Cross 1700 2 ɛm × 4 ɛm 0.00028 

Hex 251 10 ɛm Ĭ 20 ɛm × 6 0.0043 
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Figure 2.4. Different designs compared in Table 2.1. 
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CHAPTER 3 WAFER-SCALE E-NOSE FABRICATION  

 

Figure 3.1. Fabrication process of the E-nose. 

3.1 Wafer Preparation 

The fabrication of the proposed E-nose is conducted on a 4-inch Si wafer. 4-inch is chosen 

considering both throughput and cost. Iterations are very common in the design and fabrication 

stages. Once the process is established, the workflow can be easily transferred to larger-sized 
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wafers. Unlike a metalïoxideïsemiconductor field-effect transistor (MOSFET) process, the Si 

wafer does not directly engage in the proposed device structure, so the waferôs doping type and 

crystallographic orientation do not affect functionality. 

A SiO2 layer is then grown on top of the Si wafer. The SiO2 layer acts as both an electrical 

insulator and a thermal insulator. Siôs thermal conductivity is 149 W/(mẗK), while SiO2 has a low 

thermal conductivity of 1.3 W/(mẗK) [103]. It is critical to the microheaterôs performance. SiO2 is 

grown by thermal oxidation. Thermal oxidation can be divided into two different processes. One 

uses gas-phase O2 to supply oxygen molecules, the other uses water vapor. The previous one is 

called dry oxidation, and the latter one is called wet oxidation. Wet oxidation has a faster growth 

rate. However, the fast growth rate causes crystallographic defects and unpaired electrons at the 

Si-SiO2 interface. Additionally, dry oxidation produces higher-density and lower-stress oxide due 

to its slow growth rate.  Higher density improves electrical insulation. It also has the advantage of 

a smoother SiO2 surface, which is very important if there will be metal deposition afterward. Dry 

oxidation is conducted using the tube furnace at NCSU Nanofabrication Facility (NNF), as shown 

in Figure 3.2. The chemical reaction equation is as follows: 

ὛὭὕ O  ὛὭὕ 

In the actual process, HCl flows into the tube with dry O2. The introduction of HCl effectively 

increases the growth rate [107]. HCl also cleans the quartz tube, preventing mobile ion 

contamination. It results in stabler electrical insulation. The temperature is set to be 1100 °C. The 

furnace has a working temperature region from 850 °C to 1100 °C. The higher the growth 

temperature is, the lower stress the SiO2 has [108]. One reason is at higher temperatures, the 

density of SiO2 has a smaller variation during the whole oxidation process. Because SiO2 acts as a 

structural material in the MEMS structure, its stress level affects the mechanical stability of the 
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whole device. The final thickness is 300 nm, at an average growth rate of 1.875 nm per minute. It 

is the maximum capacity of the furnace. Above 300 nm, the growth rate will decrease sharply and 

become negligible. 

 

Figure 3.2. Thermal oxidation tube furnace at NNF. 

3.2 Trial Run 

A trial run was conducted before fabricating the proposed E-nose. The test design included 

discrete devices only, but it was a good start for getting familiar with microfabrication and a 
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cleanroom environment. It was also testing the feasibility of in-house MEMS fabrication with 

available resources in the Research Triangle. 

3.2.1 Microheater Layer 

The trial run started with the patterning of the microheater layer. The pattern was formed 

by photolithography. The smallest feature in the whole mask set is 10 µm, and the misalignment 

tolerance is also 10 µm. Based on the resolution and alignment accuracy requirements, Karl Süss 

MA6/BA6 contact aligner was chosen considering its high throughput once the mask is ready.  

The first step was solvent cleaning. The cleaning step was done on a Headway spinner. The 

recipe for solvent cleaning includes two steps. The first step increases the spinning speed to 500 

revolutions per minute (RPM) at a ramp of 300 RPM per second, lasting 8 s. The second step 

increases the spinning speed to 2500 RPM at a ramp of 1000 RPM per second, lasting 10 s. During 

the first step, acetone was applied to remove organic contaminants on the wafer surface. Isopropyl 

alcohol (IPA) was applied following acetone to remove remains acetone left behind. The second 

step was spin-drying. Right after solvent cleaning, the wafer was baked on a hot plate at 115 °C 

for 5 min to vaporize all remaining liquids on the surface. 

After solvent cleaning, the second step was hexamethyldisilazane (HMDS) coating. SiO2 

is naturally hydrophilic , so it is harder for photoresists to adhere to SiO2 compared to hydrophobic 

substrates like Si. The hardness of adhesion causes non-uniformity, bubbles, and other issues 

during photoresist spin coating. It becomes a bigger problem for larger substrates. Thus, an 

adhesion promoter is necessary. HMDS is the most commonly used adhesion promoter. The 

mechanism is to replace hydrophilic hydroxy groups at the SiO2 surface. The Si atoms in HMDS 

bind with O atoms instead of H atoms, forming a new surface made of hydrophobic methyl groups, 

as shown in Figure 3.3 [109]ï[111]. NNF has two processes for HMDS coating, spin coating, and 
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vapor deposition. Spin coating of HMDS not only is tricky, inefficient, and wasteful of liquid 

HMDS but also lacks substrate temperature to maximize HMDS reactions [110]ï[112]. So, a Yes 

prime oven, as shown in Figure 3.4, was used to coat HMDS in the trial run. And because of the 

93 °C chamber temperature and the HMDS recipeôs purging cycles, if the HMDS recipe is run 

right after solvent cleaning, hot plate baking is not necessary. 

 

Figure 3.3. Mechanism of HMDS as an adhesion promoter. Reproduced from [110]. 
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Figure 3.4. Yes prime oven at NNF. 

 

The next step was coating the photoresist. The photomasks were made for negative 

photoresist so AZ nLOF 5510 was initially used. It was spun using a custom recipe. The two-step 

recipe was 500 RPM, 250 RPM/s ramp, 3 s and 3000 RPM, 1500 RPM/s ramp, 40 s. It should be 

pointed out that NNF does not provide AZ nLOF 5510. The bottle found in the photo room was 
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likely past its expiration date and showed an unusual number of defects after spinning. The resist 

thickness was about 1 µm. Soft bake (SB) was at 90 °C, 60 s. SB is to get rid of solvent and 

consolidate photoresist.  

After soft bake, the wafer was exposed to an MA6 mask aligner. Its ultraviolet (UV) source 

has a wavelength of 405 nm. Exposure mode is hard contact with a 100 µm gap. Exposure time is 

4.5 s. Post-exposure bake (PEB) was at 115 °C, 150 s. PEB is to boost chemical reactions like 

crosslinking and create desired sidewall profile.  

After PEB, the wafer was ready to be developed. The developer for AZ nLOF 5510 is MF-

319. If swinging the wafer frequently inside the developer, 70 s was enough. The color of the 

developer was checked before development to ensure consistent results. After development, the 

wafer was rinsed in deionized (DI) water for 5 cycles. DI water is used in microfabrication to avoid 

ion contamination, which can cause electrical characteristics to degrade. A photomicroscope with 

a UV filter was used to check the completion of development. 

Before metal deposition, the HMDS layer needs to be removed to ensure a good SiO2-TiO2 

interface formation. Or there will be a metal peeling-off issue. There are a few ways to remove 

HMDS. O2 plasma is a common method. A Nordson MARCH O2 asher was used to etch HMDS. 

It should be noted that O2 plasma also etches photoresist. If the process runs over 2 min, there will 

be non-negligible thickness reduction. And over 5 min, the etching rate of photoresist will increase 

sharply because of substrate heating up. 30 s ï 1 min is enough to thoroughly clear HMDS at 

exposed sites. The process was run under 600 mTorr chamber pressure and 50 sccm of O2 flow. 

The next step was metal deposition. Titanium (Ti)/Pt bilayer was deposited by physical 

vapor deposition (PVD) using a 6ò E-Beam Evaporator at NNF. When using Pt as microheater 

material, Pt thickness is usually between 50 nm to 250 nm, depending on designs [113], [114]. 
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200-nm Pt was deposited in the first run. Ti is the adhesion layer and 10 nm ï 20 nm is enough for 

good adhesion. Tiôs thickness in the first run was determined to be 20 nm. 

The liftoff was done in N-methyl-2-pyrrolidone (NMP) solvent. At first, it was at RT, but 

the overheating issue during Pt deposition made the photoresist extra hard to strip. Then heating 

up NMP was tried. The optimal temperature for NMP is 70 °C. After a whole week, there was still 

a considerable area of unstripped photoresist, as shown in Figure 3.5. Besides liftoff difficulty , 

there was also a metal peeling-off issue. Reducing the Ti evaporation rate was tried but didnôt 

change the outcome.  It could be related to the poor quality of the Ti target. Additionally, the 6ò e-

beam evaporator is not capable of depositing Pt at a reasonable rate, resulting in a very inefficient 

process. Based on all the reasons listed above, a different resist and facility were used. 

 

Figure 3.5. Remaining resist after liftoff. 
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SPR220 positive resist replaced AZ nLOF 5510. It was spun through a two-step recipe: 

500 RPM, 250 RPM/s ramp, 3 s and 4000 RPM, 2500 RPM/s ramp, 40 s. The resist thickness was 

2.5 µm. However, to use the same photomasks, an image reversal step was required. SB and PEB 

for SPR220 were at 115 °C, 90 s. Exposure on MA6 was 5.5 s energy dose, hard contact mode. 

After exposure, instead of development, the wafer went through an image reversal step. Image 

reversal was done inside the Yes prime oven. The photoresist was treated with ammonia. Exposed 

areas and unexposed areas swapped their characteristics. Following was a flood exposure step. It 

was exposed on MA6 without a mask for 10 s. Then was another PEB. The developer for SPR220 

was CD-26. It was enough to complete development for 70 s with enough swinging. Even with 

overheating, liftoff was finished within 24 h due to the taller sidewall and other factors. 

A Kurt Lesker PVD 75 system at Shared Materials Instrumentation Facility (SMiF) 

replaced the 6ò e-beam evaporator at NNF. It evaporates Ti and Pt at 1 Å/s and 3 Å/s respectively. 

And it is a highly automatic system. Because it is a popular tool, the Ti target is fresher. The metal 

peeling-off issue was solved after using the Kurt Lesker PVD 75. 

 

Figure 3.6. Good liftoff  outcome, using SPR220 and PVD 75. 
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3.2.2 Electrical Insulation Layer 

After the microheater layer was formed, an electrical insulation layer was needed before 

putting down the sensor electrode layer. SiO2-SiNx-SiO2 trilayer is a common choice [101]. 

However, SiNx usually has higher film stress than SiO2, which is not preferable for a MEMS 

structure [115]. And there is research reporting SiO2 makes heating up active areas more efficient 

compared to SiNx or a combination [116]. 

Because there was already a metal layer on the wafer, any following process could not go 

above ~400 °C or the metal would degrade or even peel off. Thus, plasma-enhanced CVD (PECVD) 

was chosen to deposit SiO2. A film  by PECVD has a lower density, so the thickness is usually 

above 500 nm to compensate [101], [113]. 600-nm SiO2 was deposited using Advanced Vacuum 

Vision 310 at SMiF. The substrate temperature was 200 °C. The chemical reaction was: 

ὛὭὌὔὕ O  ὛὭὕ 

 

Figure 3.7. Advanced Vacuum Vision 310 PECVD system at SMiF. 
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3.2.3 Sensor Electrode Layer 

The sensor electrode layer shares a similar workflow with the microheater layer. The 

biggest difference is that each pair of electrodes is an open circuit. The empty channel is reserved 

for sensing materials to fill in. 

Since sensor electrodes provide an electrical connection between the outlet and sensing 

material, their resistance should be relatively small compared to sensor resistance, which is about 

several thousand ohms at a single junction. On the other hand, thinner Pt reduces e-beam 

evaporation time and cost, and also reduces liftoff difficulty . Therefore, the metal thickness of the 

sensor electrode layer was determined to be 20-nm Ti and 100 nm Pt. 

 

Figure 3.8. The wafer after depositing the sensor electrode layer. 
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3.2.4 Microheater Pad Opening 

To be able to test and operate microheaters, Microheater contact pads need to be unburied 

from PECVD SiO2. Etching has two main approaches: dry etching and wet etching. Dry etchingôs 

advantages over wet etching include a faster etching rate, better controllability, higher safety, a 

straight sidewall profile, and broad etching mask options. Among these points, the last one is 

critical. Wet etching is not compatible with most photoresists. It requires special chemicals or high-

quality hard masks as etching masks, which not only dramatically increases fabrication costs, but 

also complicates the workflow. Dry etching is compatible with normal photoresists, making 

etching mask patterning and stripping a lot easier. Before determining which photoresist to use, 

the minimum thickness of the photoresist was determined based on the etching recipe (selectivity 

ratio) and the thickness of SiO2 to be etched. If  CHF3 based chemical is used, the etching selectivity 

ratio of SiO2 to photoresist will be 1.5 to 1. If CF4-based chemical is used, the ratio will be 1 to 2. 

Chemical reaction equations are as follows: 

ὅὌὊ ὛὭὕ O  ὛὭὊ 

ὅὊ ὕ ὛὭὕ O ὛὭὊ 

NNF has an Oxford PlasmaPro NGP80 reactive-ion etching (RIE) etcher. CHF3-based 

process was determined because it has a higher SiO2/resist selectivity ratio. SPR220 was chosen 

to be the etching mask to simplify the workflow. The recipe sets the chamber at 30 mTorr, flows 

40 sccm CHF3, and turns on a high frequency (HF) power of 200 W. The etching rate was ~30 

nm/min. After calculating the estimated etching time, 10% was mounted on top of it to make sure 

that the etching would be completed. Due to the concern of photoresist burn, the total etching time 

was divided into short loops. Each loop has 2 min of etching and 1 min of cooling down. 
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3.2.5 Backside Etching 

Backside etching was the most challenging step in the whole fabrication. Before achieving 

desired results, there were several failed trial runs and sacrificial wafers. Several different technical 

approaches were tested. Their failures were not a waste of time. It was a rare chance for me to get 

familiar with the etching process, be exposed to new knowledge, and gather meaningful data for 

future design of experiments (DOE). 

The first trial run was done by Deep RIE (DRIE). Since the target was to etch all the way 

from the backside and stop at frontside thermal SiO2, there was ~500 µm Si to be etched. Thus, 

SPR220 was no longer enough to protect non-sacrificial areas. AZ P4620 is a thick photoresist and 

has a thickness of ~10 µm when spun at 2500 RPM for 40 s. It is a positive photoresist and doesnôt 

need PEB. Its SB was at 115 °C for 3 min. It was exposed on the MA6 mask aligner for 17 s. Then 

it went through image reversal in the Yes prime oven. After image reversal, it was flood exposed 

on MA6 for 25.5 s. Finally, it was developed in CD-26 for 7.5 min. 

 

Figure 3.9. AZ P4620 resist with backside patterning. 
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To work with AZ P4620, there are several points to point out. First, AZ P4620 has a very 

high viscosity, so HMDS coating is necessary rather than recommended to make sure the 

photoresist covers the whole wafer. Second, there was a consistent bubble issue in every single 

wafer consumed in trial runs, although the severity varied, as shown in Figure 3.10. It was believed 

to be caused by the roughness of the backside of the wafer. All sacrificial wafers were single-sided 

polished to reduce cost. Third, the resolution is limited by the aspect ratio. Patterns smaller than 5 

µm will not turn out well. 

 

Figure 3.10. AZ P4620 with severe bubble issue. 

 

The front side of the wafer was also coated with AZ P4620 to protect it from wax and 

etching. Before etching, the wafer was baked at 90 °C for 5 min to further consolidate the 

photoresist. This step is called hard bake (HB). The temperature of HB is kept under 100 °C 

otherwise the photoresist will reflow. Then SiO2 was etched by RIE to expose the Si substrate. 
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Figure 3.11. The wafer mounted to a 6ò carrier wafer via wax. 

 

The DRIE was done by an SPTS Pegasus deep silicon etcher at SMiF. It was operated by 

the staff only. Because its sample plate only fits a 6ò wafer, the device wafer was bonded to a 6ò 

carrier wafer via wax. The selectivity ratio between Si and SiO2 is around 300 to 1. The recipe 

used was based on the well-known Bosch process. The Bosch process is anisotropic. It creates 

vertical sidewalls. It is basically a repetition of two steps: SF6-based RIE etching of Si; C4F8 

passivation of sidewall [117], [118]. A lot of optimizations are required to improve the sidewall 

profile and aspect ratio. The chemical reaction equation is as follows: 

ὛὊ ὛὭ O  ὛὭὊ 
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The outcome of DRIE had several problems. First, there was a micro loading effect, which 

means the etching rate decreases with the aspect ratio. Second, to compensate for the micro-loading 

effect, the etching time was extended by 10%. However, that inevitably over-etched some wafer 

areas. Third, although the DRIE etcher at SMiF has a relatively high selectivity ratio among DRIE 

tools, the overarching still caused the SiO2 membrane to collapse considering the thickness 

difference between Si and SiO2 was several orders of magnitude. Last but not least, the debonding 

process was nasty and destructive to membrane structures. Acetone broke down the wax but could 

not completely dissolve it. The remaining wax was extremely hard to remove once dried out. 

 

Figure 3.12. Damage on the wafer edge after the DRIE process. 

 

The prominent advantage of wet etching is extremely high selectivity. For potassium 

hydroxide (KOH), the ratio is usually over 500 to 1. For tetramethylammonium hydroxide 

(TMAH), the ratio is usually over 5000 to 1. The trial run utilized a 10% TMAH solution. It was 

heated to 75 °C by a water bath. The Si etching rate measured from dummy samples was 
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~833 nm/min. The SiO2 etching rate measured was ~0.16 nm/min. The selectivity ratio was about 

5208 to 1. Because alkaline chemicals barely etch (111) planes, the outcome of wet etching is a 

pyramid-shaped cavity. The angle between the sidewall and the wafer surface depends on the wafer 

crystal orientation. If it is a (100) wafer, the angle will be 54.7 °. If it is a (110) wafer, the angle 

will be 35.3 °. 

Although wet etching has the advantages mentioned above, it results in poor controllability 

as mentioned in section 3.2.4. In the complete etching run, the average etching rate was only ~486 

nm/min, almost half of what was measured from the dummy sample. That was the result even 

though the solution was replaced by fresh TMAH every 2 to 3 h. And the etching rate varied across 

the whole wafer. The center had the highest etching rate. It was attributed to the temperature 

distribution of the hot plate. The center of the hot plate has the highest temperature. The etched 

cavity did have a better-defined geometry compared to dry etching though, as shown in Figure 

3.14. 

  

Figure 3.13. The wafer after TMAH etching. Left: frontside. Right: backside. 
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Figure 3.14. Comparison of geometries of etching cavities. Top: TMAH etching. Bottom: DRIE. 

 

Another practical challenge is the etching mask. In the trial run, since the goal was to verify 

the feasibility of TMAH backside etching, SiO2 itself was used as the etching mask and no other 

protection materials were used. But to protect the surface and circuitry, a reliable etching mask is 



   

31 

 

needed in the real run. ProTEK PSB is an alkali and acid-resistant polymer. Some companies in 

the MEMS industry use it as an etching mask for KOH etching. It is UV-sensitive and works as a 

negative photoresist. However, it is an expensive chemical, with 1 L worth more than 1000 dollars. 

A more traditional way is to use hard materials like SiNx as the etching mask. Because of the 

presence of circuitry, there is an upper limit of process temperature. PECVD is almost the only 

option to deposit SiNx. In the trial run, both SiNx deposited at NNF and SMiF were tested. The test 

was done in the KOH tank at NNF. The solution was 40% KOH. The tank temperature was 80 °C. 

Its etching rate on (100) silicon was ~1 µm/min. The SiNx from SMiF was completely stripped 

after 2 h and 40 min. The SiNx from NNF maintained the layer structure after 2 h, but the film was 

full of pinholes. SiNx from SMiF had worse quality. Its lower deposition temperature could be one 

of the reasons: 200 °C versus 220 °C. SiNx was tested again after being annealed at 400 °C under 

vacuum and N2 flow using Annealsys Rapid Thermal Processor (RTP). Its quality was improved 

by the thermal processing, but pinholes still appeared after 4.5 h. Thus, the wet etching was 

abandoned due to the failure of finding a proper etching mask. 

In another trial run, DRIE was used to etch bulk Si and TMAH was used to finish the last 

mile. The short etching time would not be enough for TMAH to penetrate the photoresist, 

meanwhile, the high selectivity was utilized to avoid overetching SiO2. Back then, both DRIE 

etchers at SMiF and NNF were down, so DRIE was conducted by an Alcatel AMS100 Deep 

Reactive Ion Etcher at Chapel Hill Analytical and Nanofabrication Laboratory (CHANL). The 

average etching rate was ~7 µm/min. Once some etching windows appeared to become transparent, 

DRIE was ended and the wafer was transferred into the TMAH solution. The wafer was sunk in 

TMAH for enough time to etch ~5 µm Si. Then the etching was all done, and the wafer was sunk 

in acetone to remove wax and photoresist. Because there was not a microscope with the desired 
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magnitude in the cleanroom MRC 123 where the TMAH etching was conducted, the etching 

timing was based on estimates. And it was seen in the later investigation that the wafer was under-

etched during TMAH etching. The membrane windows were not well-defined. But there were still 

about 20 devices with enough suspended areas and unbroken membranes on the whole wafer. 

 

Figure 3.15. A good device after the combination of DRIE and TMAH etching. 

 

In the final trial run, DRIE solely did backside etching. At that time, the SPTS Pegasus 

etcher at SMiF was fixed. Its relatively high selectivity gave more margins. The etching progress 

was investigated by an optical microscope at SMiF. When membrane areas other than the smallest 

ones were fully opened, the etching was ended. 
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Figure 3.16. A device on the wafer from the final trial run. 

 

3.2.6 Trial Run Takeaway 

The main findings from the trial runs are the disadvantages of backside etching. 

First, a successful backside etching requires strict stopping point control. Frontside SiO2 

acts as both a supportive membrane and a stopping layer. If over-etching happens, the SiO2 will 

be thinned or even penetrated, resulting in mechanical failure of the MEMS structure. On the other 

hand, if under etching is the case, active areas will not be completely suspended, and this kind of 

device is also a bad device. Even if the membrane area is large enough like the trial run, the 

irregular geometry could have unknown effects on the deviceôs characteristics. 
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Figure 3.17. A microscopic graph taken from the backside of the wafer near the end of DRIE. 

 

Second, relating to defining the stopping point, it is hard to monitor etching progress. A 

contact profilometer is not applicable due to the high aspect ratio. An optical profilometer is 

workable but also time-consuming. Therefore, it is hard to measure the actual etching rate. The 

timing could only be based on estimates. Once the SiO2 layer is reached, an optical microscope 

can be used to investigate the etching progress, only if a high-quality microscope is available in 

the lab space, as shown in Figure 3.17. 

Third, still relating to the stopping point, it is hard to compensate micro-loading effect. 

When small features are fully opened, bigger features will be over-etched for sure. And the over-
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etching cannot be simply compensated by growing thicker thermal oxide because of technical 

challenges and unknown effects on device physics. 

Fourth, when using a wafer smaller than 6 inches, it must be mounted on a carrier wafer. 

Common bonding approaches like wax are damaging and contaminating the circuitry. 

Fifth, because the suspended membrane is exposed to air on both sides, it is incompatible 

with any equipment with a vacuum sample stage. But a vacuum is the most common way to hold 

samples on the stage in a cleanroom environment. So, this weakness makes any following work 

much harder to conduct. 

Last but not least, the mechanical strength of the wafer worsens a lot after the etching. In 

the trial run, only half of the dies were etched in order to maintain a reasonable mechanical strength. 

However, this kind of measure cannot solve the problem, but also significantly reduce the 

throughput. 

3.3 Microheater Formation 

The microheaterôs design was transformed from FEM simulation. The same geometry was 

scaled by different factors, 1, 10, 25, and 50, to study the size effect on the microheaterôs 

performance. And discrete devices with the same design were added to study the array effect.  

Because the smallest feature was 1 µm, only the GCA AutoStep 200 i-line Stepper meets the 

resolution and alignment requirement within the North Carolina Research Triangle 

Nanotechnology Network (RTNN). The stepper exposes a single die repeatedly over the whole 

wafer. The die cannot be larger than 15 mm × 15 mm. The maximum size was used in the 

photomask design. Each device was duplicated in case of a low yield rate. It was a goal to put as 

many devices in the die as possible, but there should also be enough spacing to avoid potential 

photolithography or liftoff issues. When defining the spacing, all layers were taken into 
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consideration rather than only the microheater layer. Because the periphery of the die was 

alignment marks reserved for the dicing saw, the effective device area was 14 mm × 14 mm. A 

radial geometry was put down in the microheater mask as the alignment mark for the stepper. The 

geometry consisted of a 4 µm × 4 µm dot and fine lines whose widths were 2 µm or 1.4 µm. There 

were arrow arrays along the line pointing to the center of the alignment mark. With this kind of 

mark, misalignment can be controlled within 0.5 µm in practice at NNF. This alignment mark 

could be simplified to spare more space for devices, but that would sacrifice alignment accuracy 

and make it harder to find the mark when doing an alignment. Verniers were put around the 

alignment mark to investigate the misalignment. Although each layer shared the same alignment 

mark, verniers were single-use and each layer had its own vernier. There were 4 more layers in the 

mask set, so 4 verniers were needed in the microheater layer. The sensor electrode layer had the 

smallest misalignment tolerance, which was within 1 µm, so a fine vernier with 0.05 µm resolution 

was used. For the other 3 layers, a vernier with 0.5 µm resolution was used. 

Compared to a mask aligner, a stepper uses optical lenses for alignment rather than aligning 

patterns on the photomask with patterns on the wafer, so a clear field or dark field doesnôt affect 

the convenience of alignment. Thus, the lithography work could use SPR220 without an image 

reversal step. The biggest difference from the trial run was the equipment. The photoresist was 

spun coated on an SVG 90 Coat Track. The coat track is an industry-level tool. It integrates hot 

plates and a spinner inside one piece of equipment. The workflow is programmed in the operating 

system and conducted automatically. Robot arms transfer wafers between the loading dock, heat 

plates, and the spinner. It is designed for mass production. It detects the wafer number and position 

in the loading dock and processes wafers in sequence. Its spinner has a centering calibration step 

before spinning. The timing of every step is precisely controlled by the computer. The wafer 
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temperature before spinning and after SB is also controlled by a cold plate. Robot arms only 

contact the backside of the wafer, leaving the frontside unaffected. All these factors make the 

coating track provide better photoresist uniformity and consistency. And it releases the userôs time 

for other work and avoids human errors, especially when dealing with multiple wafers. Although 

it is designed for users to be completely hands-off, it has been modified to accommodate an 

academic environment. The photoresist is manually injected onto the wafer by an injection gun, 

just like the process on the Headway spinner. The recipe for SPR220 was mostly the same, the 

only difference was the first stage lasted 5 s instead of 3 s. 

Besides replacing the Headway spinner with the coating track, other steps before the 

exposure were kept the same. The whole box of wafers was batch processed in the Yes prime oven 

simultaneously to be more time efficient. As mentioned in 3.2.1, vapor phase deposition is the 

preferred method to coat HMDS. Liquid HMDS spin coating usually has poor coverage and turns 

out too thick. In the first several trial runs, there were consistent metal peeling-off problems. One 

possible reason is that the HMDS was too thick and the O2 plasma ashing didnôt remove the film 

completely. It explains why the issue happened more in the central part, where the liquid HMDS 

was dropped. 

The exposure was done on the stepper by the NNF staff. It is exclusively operated by staff 

due to its complexity and fragility. It was originally an automatic industry tool like the coat track 

but was modified to be mostly manual. The stepper exposes a single die repeatedly following an 

array pattern programmed in the software. The array was originally a 7 × 7 matrix. It was optimized 

by eliminating the 4 corners, resulting in a total of 37 dies. The exposure dose was 0.35 s. PEB 

was done by the coat track following the same recipe. The development was exactly the same as 
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the trial runs. The better quality of resist coating could be observed by visual inspection. The wafer 

coated by the coat track had much fewer optical patterns. 

 

Figure 3.18. Mask layout of the microheater layer and sensor electrode layer. 
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Figure 3.19. Unthorough liftoff caused by overheating during Pt deposition. 

 

Figure 3.20. CHA Mark 40 System. 
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Before metal deposition, the wafer was treated inside the O2 plasma asher for 1 min. 

At the beginning of the fabrication, NNF installed a new e-beam evaporator, CHA Mark 

40 System. It is semi-automatic like the Kurt Lesker PVD 75 at SMiF. In the last trial run, although 

the PVD 75 provided satisfying metal quality, the overheating problem was more serious than in 

previous runs, as shown in Figure 3.19. There was remaining resist everywhere across the wafer. 

The ultrasonication didnôt help at all. Cotton stick successfully cleared some areas, but it required 

strong pressure, and was nervous to apply to devices. The PVD 75 also could not open the shutter 

properly from time to time, resulting in the staff finally taking away the shutter. It was not clear 

how this affected the metal deposition and the worsening of the overheating issue. The CHA 

evaporator had a large chamber to slow down temperature increase and no overheating issue was 

observed during Pt deposition test runs. Its sample holder is a rotating dome with more than 10 4ò 

wafer positions. This is another advantage over the PVD 75, which can only load 1 4ò wafer one 

time. Additionally, the CHA evaporator has a faster pumping speed. These were the reasons 

making the CHA evaporator a preferable tool. 

The preprogrammed deposition rate for Ti and Pt was 2.5 Å/s and 2 Å/s respectively. The 

Ti/Pt bilayer thickness was set to be the same as the last trial run: 10 nm/140 nm. 

The wafer was hot right after e-beam evaporation, indicating the heating up during Pt 

deposition. The liftoff process kept the same, but it was done at NNF rather than in our own 

cleanroom. One reason was to avoid exiting the cleanroom and exposing the wafer to 

contaminations. Another reason was that NNF had the equipment needed to investigate the 

outcome of liftoff. 
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Figure 3.21. The microheater metal after liftoff. 

 

The liftoff outcome was better than the trial runs, but there were still some remaining 

photoresist and metal wings. 1-min ultrasonication removed most of the remains. The leftover did 

not come off after more ultrasonication. It was cleared by a cotton stick instead. When applying 

the cotton stick, the stick was first soaked in NMP, then applied to the wafer surface when held 

parallelly to the surface to reduce the pressure. 

However, after being tested on the probe station, it was found that the microheaterôs 

resistance was obviously higher than that with the same thickness in the trial run. To figure out the 

problem, the metal thickness was measured on the Dektak D150 Contact Profilometer. 

Surprisingly, the actual thickness was only ~80% of the target. The inaccurate thickness reading 

in the evaporator was attributed to the tooling factor. 
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3.4 Electrical Insulation 

The concept kept the same: 600-nm SiO2 by PECVD. However, at that time, the Advanced 

Vacuum Vision 310 at SMiF was constantly out of work, so the PECVD process was done at NNF 

instead. NNF has an Oxford PlasmaPro 80 system, which has two chambers: an RIE chamber and 

a PECVD chamber. It is not inside the main cleanroom on the 2nd floor. Instead, it sits in the 1st-

floor cleanroom next door to our own cleanroom. This cleanroom has a lower class level compared 

to the main one but is enough for applications other than photolithography.  

Its deposition rate was ~46 nm/min. It took ~13 min to deposit 600-nm SiO2. The chamber 

pressure was kept at 1300 mTorr. The target substrate temperature was 180 °C. It flowed 999 sccm 

He, 499 sccm 1% silane, and 80 sccm N2O. Forward power was 21 W. At the beginning of the 

process, there was always a reflected power issue preventing the plasma to form. It was usually 

solved by itself within 45 s. If not, stop the recipe and restart it. After the process, the chamber 

was vented, and the wafer was unloaded. The system was evacuated before leaving. 

The actual SiO2 film thickness was measured by a Nanometrics reflectometer at NNF. 

 

Figure 3.22. The Nanometrics reflectometer at NNF. 
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3.5 Sensor Electrode Formation 

The process to metalize the sensor electrode was the same as the microheater, except for 

the thickness. At first, the metal bilayer was 10-nm Ti and 90-nm Pt. Although Pt was thinner than 

the microheater, the liftoff was harder. It was attributed to the surface morphology change 

introduced by the circuitry. 

 

Figure 3.23. Break points in the sensor electrode. 
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The metal quality of the sensor electrode was actually related to the micro heater. In the 

first run, the remaining photoresist and metal wings were left as they were after the liftoff of the 

microheater layer. Since the sensor electrode ran across the microheater at multiple spots, its metal 

lines also ran over the wings in the microheater layer, which was basically abrupt steps. They 

created hardness for metal to adhere to the surface. And these weak points were easily broken 

during ultrasonication, as shown in Figure 3.23. Although after later ALD deposition, these open 

periods were connected by MOx, they were still fatal to the E-noseôs functionality. To eliminate 

the fatal flaws, first, the wafer was thoroughly cleaned after the liftoff of the microheater. And Tiôs 

thickness was increased to improve its step coverage. Thus, on the following wafers, the metal 

bilayer was 20-nm Ti and 80-nm Pt. In the liftoff, ultrasonication was avoided due to its potential 

damage. The remains were gently removed by a cotton stick. 

In the latest design, the width of the sensor electrode contact lines was expanded from 

20 µm to 40 µm to make it robust and reliable. And their positions were marginally moved to avoid 

running over any corners of the microheater. 

Another point that was explored was the geometry of the comb electrode pair. The core 

question was how much they should overlap with each other. More overlapping did not seem to 

benefit the sensor. It also affected the mechanical stability of the MEMS structure. In brief, the 

more the overlapping was, the longer the electrode was, and the heavier weight the membrane was 

carrying. Considering all these factors, the overlapping length was 40 µm in the latest design. 

3.6 Packaging Preparation 

A few steps had to be done before the chip was ready for packaging. The microheater 

contact pads buried under PECVD SiO2 needed to be opened. The contact pads of both the 

microheater and sensor electrode needed to have a gold (Au) surface to be compatible with Au 
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wires. There were reports and commercial advertisements about successfully bonding Au wire to 

Pt surface. It was tried but could not work out. So, this approach was abandoned, and depositing 

another Au layer on top of Pt was determined as the alternative approach, as shown in Figure 3.24. 

This step had to be done before the frontside etching due to the fact that once there were cavities 

on the frontside, the photoresist coating would become challenging, and any processing could 

damage the suspended membranes, as shown in Figure 3.25. 

 

Figure 3.24. Au deposited on top of Pt. 
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Figure 3.25. Results of resist coating when there are cavities on the frontside. 

3.6.1 Microheater Pad Opening 

The etching part was the same as the trial runs. The photolithography was done by a 

Heidelberg µPG 101 Direct Writer instead of the mask aligner. It was to skip the mask-making 

step and accelerate the workflow. The direct writer uses a laser head and follows the digital mask 

file to write patterns. The alignment was based on the coordinates in the mask file. Up to 2 points 

on the wafer can be designated as alignment marks in the Heidelberg software. The central dot of 

the stepper alignment mark was an ideal point. To improve wafer-scale alignment accuracy, the 2 

points should be as far as possible. So the dots in the leftmost and rightmost dies were chosen. 

Before loading the mask file, the whole mask set was centered on the origin for convenience. When 

the software shows the option of automatic centering, make sure it is unticked because it will 

recenter the single layer to the origin. That can cause a significant shift in the alignment. When 

doing alignment with the microscope, first focus on the center of the wafer then fixed the focus. 

Then drove the stage around to see how the focus was across the wafer. It is normal to be out of 
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focus at the edge die, but if the focus is lost at the die right next to the center, then unload the wafer, 

clean the sample stage with IPA, and then reload the wafer and repeat the investigation. Defocusing 

can cause an unsuccessful development and undesired sidewall profile. The exposure dose was 14 

mW, 100%. On the last page before starting exposure, be sure to tick the Uni-Directional Mode. 

The laser head has better stability under this mode, resulting in better resolution and sidewall 

profile. The exposure on a 4ò wafer was a long procedure. Even though this mask layer was simple 

and had a lot of blank space to skip, it still took about 4 h. One way to make the most of time is to 

start the exposure at the end of NNFôs business hour and unloaded the wafer the next day. 

When stripping the photoresist after the etching, there was always remaining photoresist, 

as shown in Figure 3.26. After some tests, it was determined that the surface morphology changed 

heat distribution and worsened resist overheating. By moving the etching window further away 

from the device complex, the problem was mitigated. 

 

Figure 3.26. Remaining resist after stripping the etching mask. 
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3.6.2 Gold Contact Formation 

When depositing Pt and Au in sequence without breaking the vacuum, an adhesion layer 

is not necessary. But the wafer was already exposed to open air and potential contamination in 

previous steps, a Ti layer was needed for good adhesion. The deposition was done in the CHA 

evaporator. The bilayer was 20-nm Ti and 200 nm Au. The deposition rate of Au was 2 Å/s. 200-

nm Au was enough for wire bonding according to general experience. 

The liftoff was a little tricky. Unlike other metals, Au stays as a continuous film rather than 

breaks into powders after liftoff. That makes it easier to stick to the wafer. The first thing tried was 

swinging the wafer back and forth in NMP. A lot of times that was enough to get rid of unwanted 

Au. In some tough cases, a bare wafer was put on top of the device wafer when immersed in NMP. 

The friction peeled off unwanted Au when the two wafers were separated. 

3.7 Suspended Membrane Structure Creation 

Although the SPTS Pegasus etcher at SMiF is overall a better DRIE tool, it can only 

conduct the Bosch process. In other words, it can only etch anisotropically. But in this work, an 

undercut needed to be created in the DRIE. Therefore, the frontside etching was done by the 

Alcatel AMS100 etcher at NNF. At NNF, Kapton tape is used to mount the wafer onto the carrier 

wafer. To make the etching isotropic, simply remove the sidewall passivation step from the Bosch 

process. However, due to the existence of an electric field, lateral etching is slower than vertical 

etching. Thus, parameters have to be finely tuned to achieve the desired structure. 

Because AZ P4620 is too thick for the stepper, SPR220-4.5 was used instead. Spun at 2500 

RPM, the final thickness was ~5 µm. SB and PEB are still at 115 °C but extended to 2 min. The 

exposure was 0.5 s. Its development was 3 min in CD-26. HB was the same. The etching of SiO2 

by RIE was the same, except the thickness to be etched was 900 nm instead of 600 nm. 
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Before processing the device wafer, the equipment and recipe were tested and adjusted. 

The recipe was based on the Bosch process but without sidewall passivation. The chamber pressure 

was ~2.1×10-2 mbar. The sample holder (SH) is 200 mm away from the power source. The 

regulation at the center of SH was 10 mbar. It should be noted that the He flow rate must be around 

0.1 sccm after stabilizing. Or it indicates improper wafer position or dirty backside of the carrier 

wafer. SH temperature was set to 0 °C. Source power was 1500 W. SH power was 30 W. Etching 

chemicals were 160 sccm SF6 and 40 sccm O2. After the first 5-min etching, the sample was taken 

under the microscope for investigation. There was a ~12.5-µm undercut at each side of the bridge. 

If the etching rate persisted, 22-min etching would fully suspend the bridge structure. However, as 

the test continued, multiple problems besides the etching rate came up. 

One of the prominent problems was resist overheating. Another was polymer redeposition. 

Resist overheating was fatal to the fabrication because it caused pinholes in the resist. Etching 

happened in unwanted areas. It also made the resist no longer transparent, which prevented 

monitoring the etching progress, as shown in Figure 3.27. Polymer redeposition could completely 

clog the small etching windows and stop further etching, as shown in Figure 3.28. It also made 

resist untransparent. What made the situation more complicated was that these two problems were 

not discrete. Normally, lower substrate temperature brings more polymer redeposition. At first, 

some easy fixes were tried. O2 cleaning was run for up to 1 h before the etching but it did not solve 

the polymer redeposition. The etching was divided into short loops, but it did not solve the 

overheating problem. Then, the Si carrier wafer was replaced with an Al -coated Si carrier wafer. 

The idea was to reduce the temperature increase during etching by reducing chemical reactions 

happening at the carrier wafer. However, it did not solve the problem but introduced a severer 

polymer redeposition problem. After switching the carrier wafer back to the bare Si wafer, polymer 
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redeposition disappeared. It could be due to a cleaner and more conditioned chamber, but it was 

hard to draw a conclusion because several factors had been changed simultaneously. After the 

polymer redeposition problem was solved, lowering the SH temperature was tried to solve the 

overheating problem. After decreasing the SH temperature from 0 to -5 °C, polymer redeposition 

did not happen again, and resist overheating was effectively prevented. 

  

Figure 3.27. Overheating of resist during DRIE. 

 

Figure 3.28. Polymer redeposition during DRIE. 
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Figure 3.29. The combination of overheating and polymer redeposition. 

 

After solving resist overheating and polymer redeposition problems, the etching rate 

became the next to be optimized. After changing the SH temperature, the lateral etching rate 

became half of the original. What was more important, as the undercut became larger, the lateral 

etching rate decreased almost to 0. To increase the lateral etching rate was to make etching more 

isotropic. By increasing chamber pressure, the mean free path of reactive ions is decreased, which 

makes their movement more isotropic. Higher pressure also makes ions better diffuse into etching 

cavities. After finely adjusting the valve position and gas flow rate, the new version of the recipe 

set the valve position to 10%, which resulted in a pressure above the gauge upper limit of 1.1×10-

1 mbar, and flowed 80 sccm SF6 and 20 sccm O2. The new version of the recipe also solved the 

microloading effect. 

When exposing the device wafer on the stepper, the smallest features never turned out well 

no matter how the parameters were adjusted. A conclusion was drawn that the resist thickness was 
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too thick for lithography, and it should be reduced by increasing the spinning speed. Spun at 4000 

RPM, SPR220-4.5 had a final thickness of 4 µm. Before determining the approach, some tests had 

been run to make sure the reduced thickness was still enough to protect the wafer. The etching rate 

of the resist was measured to be ~20 nm/min in the RIE. The etching rate of the resist was ~10 

nm/min in the DRIE using the new version of the recipe. 

 

Figure 3.30. Suspended structures successfully created by DRIE. 

 

3.8 Packaging 

At first, it was planned to use commercial packages. The problems with commercial 

packages are limited options of sizes and the necessity of a socket in order to be connected to a 

printed circuit board (PCB). 
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Figure 3.31. Directly wire bond the chip to a PCB. 

3.8.1 Dicing 

The photoresist was not stripped before dicing to protect the membrane structures. The 

wafer was diced by a DISCO DAD322 automatic dicing saw. The first step was to mount the wafer 

to the dicing tape. The dicing tape holds the wafer together during dicing. Dicing tape was attached 

to a metal frame. To make sure good adhesion between the wafer and the dicing tape, the air was 

squeezed out as much as possible. Treatment on a 70-°C hot plate further drove out air and 

tightened the dicing tape. 
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After dicing, instead of peeling the dicing tape from the metal frame, the wafer was cut off 

using a razor blade. The photoresist was stripped in NMP. Each die was peeled from dicing tape 

and put in a wafer basket before being soaked in NMP. 

 

Figure 3.32. The DISCO DAD322 dicing saw. 

 

Figure 3.33. Diced wafer with dicing tape. 
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3.8.2 Functionalization 

 

Figure 3.34. ALD system at Misra group. 

 

Sensing materials were deposited on the chip by ALD. SnO2 was the most commonly used 

MOx material for VOC sensors due to its good sensitivity against multiple VOCs. In-house ALD 

technology uses tetrakis(dimethylamino-Sn[N(CH3)2]4) as Sn precursor and O3 as O precursor. 

Our group has established recipes for 4-nm, 6.5-nm, and 12-nm film respectively [99], [100]. 

Although the thinnest film has the highest relative response, its megaohm-level resistance is 

challenging to measure. So, a 12-nm SnO2 film was deposited. 
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The chamber temperature was set to 200 °C. The heating jacket covering the Sn precursor 

cylinder was set to 75 °C. The O3 generator was turned on and turned to trim 10. Before loading 

the sample, 10-cycle purging was done on the Sn precursor with the cylinder closed. It was to clean 

the pipeline. Then the chamber was vented and the sample was loaded. After loading the sample, 

the chamber was closed and evacuated. When the chamber pressure was stabilized around 0.4 Torr, 

the recipe was started. Before the deposition, there was a 30-cycle O3 purging, which conditioned 

the chamber. The 100-cycle deposition took about 1 h. 

The ALD process does not require human supervision, but the first several cycles should 

be monitored to make sure precursors are flowing properly. The height of the Sn peak should be 

~0.15 Torr after subtracting the baseline. The O3 peak should be over 1.4 Torr. The flow might 

take several cycles to stabilize. 

To get the desired SnO2 crystal plane, 2-hour annealing at 400 °C in room air was carried 

out [59], [60]. After annealing, (110) is the dominant crystal plane at the surface. 

3.8.3 Wire Bonding 

To move from device-level fabrication to wearable system integration, and from lab 

measurement to field test, the E-nose chip needs to be packaged. The core idea of packaging is to 

enable the connection between the chip and external circuits. Considering accessibility and 

simplicity, wire bonding (WB) was chosen as the approach in this work. Unlike the traditional way 

involving packages and sockets, the chip was directly bonded to Au pads on the custom PCB. 

Only SMiF has a publicly accessible wire bonder, so the WB was performed at SMiF. The 

tool model is West Bond 747677E. It uses 0.001ò Au wire. Au wire is preferable because it does 

not need inert atmosphere protection. The hot plate inside the sample holder was turned on and set 

to 100 °C. The temperature was vaporizing the moisture at the metal surface to increase the success  
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Figure 3.35. Wire-bonded chips. 

 

rate. The default program in the wire bonder was used. Force calibration is strongly recommended 

every time before doing any WB. The gram gauge provided by SMiF was used to calibrate the 

force. The default program is in dual-force mode, which means there are a high force and a low 

force. The low force should be around 30 g, and the high force should be around 50 g. They are 

critical factors in bond-forming so it is recommended not to save time. After force calibration, WB 

was practiced on the dummy pieces provided by SMiF. It was also to see if there was any clog in 

the capillary. When bonding the real device, the first bond was on the device and the second was 

on the PCB because of the height difference. The first bond was a ball bond using low force. The 

ball was created at the tip of the wire by the electric spark from the torch wand. Then the ball was 
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pressed to the Au pad on the chip. Ultrasonication power was applied to create a weld joint between 

Au. After finishing the first bond, the capillary was moved to the second bond position. The second 

weld joint was formed likewise, besides there was no ball head. Since it looks like dragging a tail 

when moving the capillary, this kind of bond is sometimes called a tail bond. The more formal 

name is wedge bond. 

Because ALD was done before WB, there was a ~12-nm SnO2 film on the surface of the 

chip. It created a lot of challenges for WB. One easy trick is to use the probe stationôs probe to 

create grooves at the surface, exposing covered Au. 

When WB is failing continuously, there is a high risk of a capillary clog and wire 

derailment. The easiest way to reset the condition is to perform several successful bonds on the 

dummy piece. 

3.9 Process Standardization 

When finalizing the design, it was determined to only keep the largest devices. That 

lowered the bar for lithography resolution and alignment accuracy. The stepper was tied to the 

staffôs schedule and needed a new mask whenever a change was made to the design. To accelerate 

fabrication and enable easy iterations, the Heidelberg Direct Writer replaced the stepper in every 

step. In the mask set, the dicing alignment marks were reduced by half to mitigate the overheating 

issue. The etching mask for frontside etching was determined to be AZ P4620. Thicker resist 

protected the device better during not only etching but also dicing. 
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Figure 3.36. Heidelberg µPG-101 Direct Writer. 
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CHAPTER 4 E-NOSE TEST 

4.1 Microheater Test 

The performance of the microheater is critical to the E-nose. Temperature measurement is 

the core of E-nose testing. In this work, the temperature of the microheater was measured directly 

by an IR camera. 

 

Figure 4.1. Cascade probe station. 
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Figure 4.2. A typical IR image from the ICI IR camera. 

When testing the samples from trial runs, two different kinds of handheld IR cameras were 

used. One was made by Infrared Cameras Inc. (ICI), and the other was FLIR TG165-X. Both 

cameras had fixed lenses and were not designed for microelectronics applications. Before 

measuring the microheater, they were validated by measuring the temperature of a hot plate. FLIR 

TG165-X was better made and easier to use, but it could not capture any image of the microheater. 

The ICI camera had a complicated operating system, but it had a digital magnification function. 

Under the maximum magnification, the microheater appeared as a hot spot in the image. Although 

it met the minimum requirement of temperature measurements, it was still determined to be unfit. 

The biggest reason was that it was handheld. Because it was held by a hand, it was unstable, 

making it hard to focus, especially on small features. And its resolution was too low to study the 

temperature distribution on the device. Because at that time the chips were not packaged, the 

measurement was carried out on a Cascade probe station, as shown in Figure 4.1. The microheater 

was powered by a source measure unit (SMU) of a Keithley 4200A-SCS Parameter Analyzer. 



   

62 

 

 

Figure 4.3. The home-made probe station with FLIR A325sc IR camera. 

 

Figure 4.4. A typical IR image from FLIR A325sc IR camera. 
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After finishing fabricating the E-nose, alternative approaches to measuring temperatures 

were explored. First, a low-profile thermocouple with a micromanipulator was tried. However, the 

thermocouple was too soft and could not establish good contact with the microheater. Luckily, we 

were able to borrow a FLIR A325sc thermal camera with a close-up 1x (25 µm) IR lens. With the 

close-up lens, its spatial resolution is 25 µm, good enough for most features on the wafer. FLIR 

A325scôs temperature range is from -20 °C to 350 °C. Its maximum frame rate is 60 Hz. The 

camera is fixed to a camera stand when in use, but there was no commercial tripod that could fit 

in the Cascade probe station and hold the camera firmly at the same time. So, available parts were 

adapted into a homemade probe station to work with the IR camera, as shown in Figure 4.3. The 

power source was again Keithleyôs SMU. After packaging, temperature measurements became 

much easier. Micromanipulators and microscopes were no longer needed. And a more portable 

power source, an HP E3631A DC power supply, was used. 

A sequence of DC biases was applied to the microheaters. The sequence started from 0.5 V 

with a step of 0.5 V. The sequence ended when the microheater was broken down or the 

temperature exceeded the IR cameraôs temperature range. The current was measured 

simultaneously by the SMU. The IR camera video recorded the whole measurement procedure. 

Temperature analysis was conducted using FLIR ResearchIR. The whole device was defined as a 

region of interest (ROI). Then a temporal plot was used to find the highest temperature. It could 

be observed that the microheaters heated up and cooled down very fast, independent of size. 

Heating up from RT to peak temperature was completed within 2 frames or 33 ms. Cooling down 

was within 4 frames or 67 ms. 
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Figure 4.5. T-V curve. 

 

Figure 4.6. T-P curve. 
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Figure 4.7. T-R curve. 

 

First, the temperature-voltage (T-V) curve is plotted in Figure 4.5. The original (Ori) refers 

to the design used in the FEM study, active area 4µm × 2µm. Small (S) is Ori scaled by 10 times, 

active area 40µm × 20µm. Middle (M) is Ori scaled by 25 times, active area 100µm × 50µm. Large 

(L) is Ori scaled by 50 times, active area 200µm × 100µm. As we can see, at the same voltage, 

microheaters with smaller sizes reach higher temperatures. The reasons can be that smaller devices 

have smaller areas to heat up and less heat dissipation. However, Ori is an exception to the trend. 

The reason is the circuit design. The device itself is so small, but it needs contact pads big enough 

for testing and packaging. So in the layout, pads are distant from the device. The contact wires are 

so long that their resistance cannot be ignored, resulting in a significant potential drop. Thus, Ori 

becomes the hardest to heat up. 
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Next is the temperature-power (T-P) curve, as shown in Figure 4.6. The trend is similar to 

the T-V curve except that Ori becomes the easiest to heat up power-wise. It can be attributed to its 

smallest active area. It benefits from the size more than it suffers from transmission loss. For L, it 

takes ~100 mW to heat up to 300 °C. 

Then is the temperature-resistance (T-R) curve, as shown in Figure 4.7. Trendline 

equations are calculated for each device: 

Ὕ τȢωψὙ ψυρȢρ                                                         (1) 

Ὕ ψȢφυσὙ σπυȢρω                                                       (2) 

Ὕ ρχȢψρσὙ φςυȢωφ                                                      (3) 

Ὕ συȢπωςὙ ρφτπȢρ                                                      (4) 

(1) is Ori, (2) is S, (3) is M, and (4) is L. Using the temperature coefficient of resistance (TCR) 

equation (5): 

‌ὨὝ                                                                 (5) 

Ŭ is TCR. TCR of Ori, S, M, and L is calculated to be 0.0011 K-1, 0.0029 K-1, 0.0015 K-1, and 

0.0015 K-1, respectively. The values are much lower than pure Pt (0.0039 K-1) or Ti (0.0037 K-1). 

It is because the calculated TCR is an average of the cold and hot parts of the device. Resistance 

increase only happens in hot parts, so the average TCR is lower than in pure metal. And Ori has 

the largest proportion of cold parts, so it has the smallest TCR. 

Thermal efficiency is defined as the comprehensive benchmark. Its definition is 

temperature increase over a 1-mm2 area when 1 mW is applied to the microheater [61]. The thermal 

efficiency of Ori, S, M, and L is calculated to be ~0.00009 mm2·K/mW, ~0.006 mm2·K/mW, 

~0.03 mm2·K/mW, and ~0.08 mm2·K/mW, respectively. It is clear that thermal efficiency 

increases with size when the shape is the same. The hypothesis is that temperature increase is 
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dominated by heat dissipation. And lateral heat dissipation is dominant, so we have a heat 

dissipation ś perimeter. Perimeter ś form factor (FF), so temperature increase ś FF-1. In the 

equation of thermal efficiency, area ś FF2, so the result of the equation ś FF. The highest thermal 

efficiency is one main reason that L is determined to be the standard design. 

 

Figure 4.8. T-R curve for different thicknesses. 

 

Inspired by the tooling factor of the e-beam evaporator, the thickness effect was evaluated. 

Metal thicknesses tested are 90 nm, 150 nm, and 200 nm, respectively. The thicker the metal 

thickness, the easier to heat up the microheater, as shown in Figure 4.8. Regarding thermal 

efficiency, there is almost no difference between 150 nm and 200 nm and 90 nm is the lowest. 

Thermal efficiency increases with metal thickness and the trend flattens above 150 nm. 

Considering the range of the power source and compensation for the tooling factor, 200 nm is 

determined to be the standard metal thickness. 
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Figure 4.9. The self-made gas chamber. 

 

Figure 4.10. The Teledyne T700U calibrator. 
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4.2 Gas Sensing Test 

The E-nose was tested against NO2, EtOH, CO, acetone (Ace), and a mixture of NO2 and 

EtOH. First, the test was carried out at a constant concentration but at different temperatures to 

determine the optimal operating temperature. Then the test was carried out at the optimal 

temperature against different concentrations of the target gases. 

Tests were performed in a self-made gas chamber, as shown in Figure 4.9. The sealed 

chamber has feedthroughs for electrical connections and gas pipelines. The chamber layout has an 

inside chamber at the center and 4 micromanipulators around it. The inside chamber is where the 

sample sits and inlet gas flows. There is also a heater embedded under the sample stage. However, 

as the setup ages, the sample stage becomes uneven, and hard for probes to land. The 

micromanipulatorôs movement is also limited by compact space. Thus, it is preferred to package 

the E-nose first and then do gas testing. After packaging, connections can be simply made between 

alligator clips and the PCB. When doing tests, sensor channels are connected to a Keithley 4200-

SCS and microheaters are connected to a DC power supply. Gas flow was controlled by a Teledyne 

T700U calibrator. The Teledyne has one port reserved for zero air and four other ports available 

for test gases. It is capable of generating ozone (O3) from zero air. 

The test started with the identification of optimal operating temperatures. A constant 

concentration of gas flowed when the operating temperature was changed by changing the heater 

bias. The concentration of NO2, EtOH, CO, and Ace is 1 ppm, 10 ppm, 1 ppm, and 10 ppm, 

respectively. NO2, EtOH, CO, and Ace have separate optimal operating temperatures, as shown in 

Figure 4.11. Sensitivity is defined to benchmark the sensorôs relative response, where RAIR is the 

sensorôs resistance (RS) under zero air and RG is RS after being exposed to target gas for 150 s: 

ὛὩὲίὭὸὭὺὭὸώ                                                         (6)                              
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Sensitivity against NO2 has a peak around 150 °C. NO2ôs optimal operating temperature is close 

to what was measured for O3 previously [60]. Beyond optimal temperature, sensitivity against NO2 

decreases with temperature and becomes negligible above 250 °C. The plot of EtOH shows a 

similar trend where the optimal temperature is around 250 °C. On the other hand, sensitivity 

against CO is negligible below 150 °C and keeps increasing after that. Further increasing 

temperature will not have qualitative improvement on sensitivity, instead increasing power 

consumption. The trend of Ace is like CO. Sensitivity against Ace stays zero until 100 °C. After 

that, sensitivity continuously increases. And above 200 °C, the increase in sensitivity slows down, 

which indicates no major increase will appear in the higher-temperature region. 

 

Figure 4.11. Sensitivity against NO2, EtOH, CO, and Ace versus temperature. Measured 

sensitivity is normalized. 
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Response/recovery time (tRS/tRC) is defined to quantify the sensorôs response speed. The 

tRS/tRC is defined as the time needed for RS to increase/decrease from 10%/90% of peak response 

to 90%/10% of peak response. At the optimal temperature of 150 °C, tRS and tRC for NO2 are 53 s 

and 40 s respectively. At 250 °C, tRS and tRC for EtOH are 10 s and 35 s respectively. Around 

350 °C, tRS and tRC for CO are 15 s and 30 s respectively. , Also around 350 °C, tRS and tRC for Ace 

are 7 s and 10 s respectively. Despite different trends of sensitivity, tRS and tRC for all four gases 

share the same trend. In general, tRS and tRC decrease with the temperature, as shown in Figure 

4.12. That is because the higher temperature has faster molecule movement and reaction. And for 

all four gases tested, the reductive gases respond/recover faster than the oxidative gas. The reason 

could be related to the MOx sensorôs mechanism mentioned in section 2.1. Usually, reductive gas 

molecules do not interact with Mox materials directly and do not require to be adsorbed directly 

to the Mox surface. Without adsorption and desorption, the Mox sensor responds against reductive 

gases faster. 

 

Figure 4.12. tRS and tRC versus temperature. 
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The mass flow controller (MFC) of Teledyne has a fixed flow rate range. Thus, each gas 

has its own lower limit of concentration depending on its concentration in the cylinder. At 

Teledyneôs dilution limit of 6.67 ppb, sensitivity against NO2 is as high as 3.68%. At a dilution 

limit of 50 ppb, the array is able to respond against EtOH with a sensitivity of -1.54%. Around 350 

°C, sensitivity against CO is more than -1% at a dilution limit of 1 ppm. The same test was not 

carried out on Ace. Its dilution limit is still way higher than state-of-the-art, so it was determined 

to be less important to approach. 

To predict beyond the hardware limit of the present flow control system, the theoretical 

detection limit (TDL) was calculated [119]: 

ὝὈὒσ                                                                (7) 

ὔέὭίὩ                                                                (8) 

S is the standard deviation (SD) of the baseline curve, and N is the number of data points. For NO2, 

EtOH, and CO, TDL is 37 ppt, 15 ppb, and 35 ppb respectively. 

4.3 Array Effect 

In this section, array data is discussed wherein the array configurations are labeled in the 

form of óthe number of heaters on Ĭ number of sensor channels measuredô. A single sensor with a 

single heater was also included as a reference. A systematic NO2 measurement was conducted 

where the concentration was changed from 10 ppb to 50 ppb with a step of 10 ppb, as shown in 

Figure 4.13. The automatic gas flow was realized by programming the Teledyne T700U calibrator. 

When all four heaters are on, the sensitivity significantly outperforms other conditions. The sum 

of 4 sensor channels has a sensitivity advantage over the single channel especially in the low 

concentration range. However, when heaters are partially on, the obtained sensitivity is below that 

of a single sensor due to the dilution effect caused by the presence of cold sensors in the array. The 
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larger the proportion of cold sensors is, the lower the sensitivity is. This can be explained by a 

simple parallel resistor circuit model. On the other hand, when all heaters are on, the number of 

sensors will not affect the output theoretically. However, enhanced sensitivity was observed in 4 

× 4 and 4 × 1 cases. A simulation program with integrated circuit emphasis (SPICE) was used to 

analyze the phenomenon in the next session. 

 

Figure 4.13. Different array configurations against 10-50 ppb NO2, 10 ppb step. 

 

4.4 SPICE Study 

The goal of the SPICE study was to establish a theoretical basis for measured results. A 

simplified circuit diagram was built in the Ltspice simulator as shown in Figure 4.14, where UH is 

heater bias, US is sensor bias, RA is actual sensor resistance, RC is contact resistance, RP is parasitic 

resistance, and RH is heater resistance. Among all the resistances, only RA was variable during the 
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simulation. The simulated results match the measured results qualitatively, confirming the 

monolithic array has the effect of enhancing sensitivity. 

Besides the circuitry, another reason could be that extra SnO2 areas act as adsorption sites 

and free electron sources though only active junctions are heated up. 

 

Figure 4.14. The circuit is built in Ltspice. 

 

4.5 Repeatability 

The repeatability of the sensor was evaluated under 50 ppb of NO2 at 150 °C, as shown in 

Figure 4.15. The cycle of zero air, NO2, and zero air was repeated with the same timing. SD of æR 
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within 10 cycles is 108 Ý or 0.18% in percentage. And no baseline drift is observed in the curve. 

The proposed E-nose has extremely good repeatability. 

 

Figure 4.15. Repeated curve at 50 ppb NO2, 150 °C. 

 

4.6 Reliability 

     

Figure 4.16. Left: a normal chip. Right: a flawed chip. 

 

Suspended structures are fragile and easy to have flaws. One E-nose chip only has half of 

the heater junctions working properly, as shown in Figure 4.16. However, it shows great resilience 
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and delivers good sensing characteristics still. This flawed chip was compared to a normal chip 

side by side in a systematic measurement, as shown in Figure 4.17. The concentration of NO2 is 

6.67 ppb, 10-50 ppb. In general, the sensitivity of the flawed chip is lower, especially under which 

0 ppb is only half of the normal. But the sensitivity becomes more and more comparable as the 

concentration increases. There is more baseline drifting in the flawed chipôs result, which is 

believed to be caused by poor recovery of the flawed parts. 

 

Figure 4.17. The two chips in Figure 4.16 tested against 6.67, 10-50 ppb NO2. 

 

4.7 Gas Mixture 

A mixture of 1 ppm NO2 and 10 ppm EtOH was tested on this E-nose with varying heater 

configurations, as shown in Figure 4.18. Mode 1: all 4 heaters at 150 °C. Mode 2: 2 heaters at 150 

°C, 2 at 250 °C. Mode 3: 1 heater at 150 °C, 3 at 250 °C. Mode 4: all 4 heaters at 250 °C. At Mode 

1 and 4, NO2 and EtOH dominate respectively. Compared to reference plots of just single gases, 

the shift of response is within 15%. The E-noseôs response against the other gas is limited. At 

Mode 2 and 3, a clear interference pattern between NO2 and EtOH is observed. For Mode 2, the 
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average response after stabilizing is +20.02%, which is an oxidative response. However, Mode 3 

shows an average response of -8.16%, resulting in a reductive response. When the mixture starts 

to flow, the response first goes down and then goes up, indicating EtOH reacts with the SnO2 

surface faster than NO2. When the mixture stops and zero air comes in, the response first goes up 

and then goes down, indicating EtOH desorbs faster than NO2. This finding is consistent with 

III.A. These results indicate that the sensor array can be tuned to yield desired output against 

complex mixtures. Its ability to separate gas mixtures is inherent. 

 

Figure 4.18. On-chip recognition of mixtures of 1 ppm NO2 and 10 ppm EtOH. 

 

A different mixture of 1 ppm NO2 and 1 ppm EtOH was also tested, as shown in Figure 

4.19. Similar curves were observed in Mode 1 and Mode 4. In Mode 2 and Mode 3, however, NO2 

dominating pattern is observed instead of an interference pattern between NO2 and EtOH, since 
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the concentration of EtOH is lower. But an up-and-down curve is still seen at the recovery stage 

for Mode 1, 2, and 3. Mode 2 and Mode 3 show an almost identical average response after 

stabilizing, +71.18% and +70.55% respectively. 

 

Figure 4.19. On-chip recognition of mixtures of 1 ppm NO2 and 1 ppm EtOH. 

 

Figure 4.20. Average responses at the stable stage. 
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4.8 Humidity Effect 

Different humidity conditions in the gas chamber were created by a bubbler and an MFC. 

The MFC has a maximum flow rate of 1 standard liter per minute (SLM) and was controlled by 

the percentage of the maximum flow rate. Two different humidity sensors from Sensirion, SGP41, 

and SHTC3, were used to calibrate the change of relative humidity (RH). When the flow rate was 

set to 50%, æRH was ~10%. When the flow rate was 100%, æRH was ~20%. The first thing noticed 

when flowing water vapor to the E-nose was the decrease in baseline resistance. The change in 

baseline only occurred when the microheaters were on. It indicated that the water vapor cooled 

down the microheaters somehow. 

 For NO2 and EtOH, both absolute and relative responses decrease with RH. To confirm if 

it was due to the cooling effect, the test was conducted against O3 at RT. The same trend was 

observed, as shown in Table 4.1. It can be concluded that environmental humidity has a negative 

effect on sensitivity. The reason could be that water molecules are easy to be adsorbed to the MOx 

surface, leaving fewer sites for interactions between the MOx and target gas molecules to take 

place. 

 

Table 4.1. Summary of humidity effects. 

 Normalized Sensitivity 

Bubbler MFC (%)  NO2 EtOH O3 

0 1 1 1 

50 0.83 0.87 0.66 

100 0.73 0.82 0.57 
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CHAPTER 5 SYSTEM INTEGRATION AND FIELD TEST  

5.1 PCB Circuit  

 

Figure 5.1. PCB control board (left) and sensor board (right). 

 

A PCB board was built to control the E-nose. This board includes a CC2642 

microcontroller (Texas Instruments), a Bluetooth-enabled device that utilizes a dual CPU 

architecture to separate low-level sensor sampling from high-level BLE communication. The 

resistance values of each of the four sensor channels were measured by treating each sensor as the 

low-side resistor in a resistor divider, with the high side being tied to a regulated 3.3 V. The voltage 

at the midpoint of this resistor divider was sampled using an external ADC (Texas Instrumentôs 

ADS7142) in reference to the ground. The voltage of the heaters was controlled by using a variable 

voltage regulator for each of the four heaters. This variable voltage was generated by using a digital 

potentiometer as a resistor divider between a regulated 5.5 V and ground, with the wiper being 


