ABSTRACT

ZHOU, YILU . A Smart ENose System Based on A Novel Monolithic MEMS Arrélynder the
directionof Dr. Veena Misra and Dr. Bongmook Lee

In this work, | present a novel monolithigaroelectromechanical systems (MEM8atrix
array that can be instantly adapted for electronic nos®m¢$E) applicationg he proposed MEMS
array consists of four microheater rows and four contact electrode columns, arranged in crossbars
and resulting in sixteen intersectioifie sixteenntersections sit on top of suspended membranes
created by frontside isotropic dry etchiigach intersection is a microheat€he performance of
microheatersis characterized by an IR camerRower supply,fine-tuning and wireless
input/output are integted on a custorprinted circuit boardPCB). Thin films of metal oxide
(MOx) can be deposited on this matrix array aiamic layer deposan (ALD) on demand.

With ALD SnQ,, the achieved Hose is lowpower, ultrasensitive, fast, scalablesliable,
and repeatable. It responds to differeolatile organic compound¥OCs)with discreteoptimal
operatingemperaturefor various VOCsFor nitrogen dioxidgdNO»), ethanol (EtOH), andarbon
monoxide(CO), optimaloperatingemperatures and m&aared lower detection limits ard50°C,
6.67 ppb~250°C, 50 ppb, and350°C, 1 ppm, respectivelyDue totheh ar dwar eds di | ut
limit, theoretical detection limits (TDLs) arealculatedand found to beseveral orders of
magnitude lower. At optnal conditions, response/recovery time is always within 1 Aviray
effects including sensitivity enhancement are obsemgduning temperaturerofiles, this E
nose can separate VOC mixturestioachip.

This Enose is ready to be integrated into wad smart wearable applications. Together
with aphotoplethysmogram (PPG&nsor, ienables smart ring that monitors human body health

and ambient air quality simultaneousliheproposed array is a versatile platform, compatible



with complementarymetal oxidel semicondutor (CMOS) technolog and ready forhigh-mix

low-volume (HMLV) manufacturing
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CHAPTER 1 INTRODUCTION

1.1Background and Motivation

Table 1.1.VOCs and disease diagnosis.

Disease Biomarker References
Lung Disease NO, CO [9]7[14]
Lung Cancer Isoprene, Aldehyde [15]1[17]
Diabetes Acetone [5]7[8]
Liver Disease Acetone, Isoprene, TMAO [18]i[21]
Schizophrenia Ammonia, Ethylene [22]
Kidney Disease Ammonia, TMAO [23]1[25]
COVID-19 Acetone, Methanol,-Propanol [26], [27]
Al zhei mer 6s 2-Propanol, 2Butanone, Acetone, [28]i [30]
Hexanal, Heptanal
Table 1.2.VOCs and Nutrients.
Nutrient Biomarker References
Protein Ammonia, Ethylene [4], [31]i [38]
Vitamin E Pentane [4], [39]i [44]
[7], [20], [23],
Fat TMAO, Acetone [45]i [56]

There has been growing interest in gas sensing technologies nowasitiatystepping into
industrial societythe influences ofhuman activitieson air qualityhave become an increasing
concernNot only does theoutdoor air suffer from industrial pollution and vehielaissionsbut
indoor air isalsopollutedby furniture,paint, daily supplies, and so on. A lot of th@s#lutants

are volatile organic compounds (VOC§ommon health risks of exposure to VOCs include




irritation of theskin, eyes, and respiratory system, allergies, and immune regpbrisengterm
and excessivdose exposure can lead to chronic or acute diseases. Some VOCs can even cause
cancerg2].

It has been explained thdOCsinhaledfrom the environmerdre concerningNext, it will
be explained whywOCs emitted from human bodies deserve attentdd@®Cs are emitted by
human bodies through variotsutes. By 2014, over 1,840 different VOCs had been identified as
emitted from the human body, including 872 foundhiebreath, 532 in skin secretions, 381
feces, 359 in saliva, 279 in urine, 256 in milk and 154 in b[@pdThe respiratoryoute 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 $#fps€arrying rich
physiological information, volatile breath metabditere promising biomarkers and critical to
norrinvasive diagnosidt is important to note that knowledgéV OCs 6 met abol i sm me
is a mix of empirical study and hypotless As a result, studies associating specific VOC with
certaindiseaseare afpresenfambiguous andvencontroversial.

Some volatile breath biomarkers are waktepted, however. Acetone is one of llest
developediomarkers so far. Acetone in exhaled breath indicates blood glucose level, therefore
acting as a promising diabeta@smarker[5]1 [8]. Breath acetone variation also flags liver fibrosis
and chronic liver disea$&8], [19]. Acetone is chemically reductive and has a relatively high basic
concentration, making it easy to develop acetone gas sensors. Othestailished biomarkers
include nitric oxide (NO) and carbon monoxide (CO). Their variations mostly correlatungth
malfunction. The occurrence of inflammation causes an incredabe @mission of NO and CO
[4]. Therefore NO and CO are valuable biomarkers for asthma, chronic obstructive pulmonary

disease (COPDRNd other chronic lung diseaqd8$i [14]. These argust the tip ofthe iceberg.



Recently, there have been reports on using VOCs to diagnose CTVADd Alzheimdy R26]i
[30]. Tablel.1 is a summanDietary effect on exhaled breathan emeging field, as shown in
Tablel.2 The amount of protein intake affects ammonia and ethylene concentrations in expired
air [4], [31]1[38]. Vitamin E intake affects pentane emisgibf [39]i [44]. Fatconsumption leads
to a change in expired acetone dmunethylamineN-oxide (TMAO)[7], [20], [23], [45] [56].
1.2 Current TechnologyReview

Metal oxide (MOx) serw is a promising direction due its high sensitivity, fast speed,
scalability, reliability, process simplicity, and low cdS¥]i [60]. Optical methods arthe gold
standard but bulkyPolymer and electrochemical sensors have good sensitivity but poor stability.
Piezoelectric sensors are scalable and compatible widmplementary metal oxidel
semicondutor (CMOS) technoloyg, but difficult to improve sensitivityOn the other hand, the
challenges for MOx sensors include the requirementeratingtemperatures higher than room
temperature (RT). The development of microelectromechanical systems (MEMS) technology
helps overcome the hiea power consumption challenge by thermal insulatédj. The lower
limit of detection (LLOD) isanothemajor concern for MOXx sensors to be applied in real scenarios.
For examplethe annual exposure limit of nitrogen diald (NQ) is 53 ppbandthe 1-hour limit
is 100 pphkaccording to National Ambient Air Quality Standards (NAAQ&)], but MOxbased
NO:z sensors do not perform well at ppb leél3]i [65]. Similar findings are observed for ethanol
(EtOH) and carbon monoxide (CGJs shown in Table 1.[®5]i [79]. NAAQS 1-hour standard
and 8hour standard for C@re35 ppm and 9 ppm respectively, but MBased CO sensors do
not perform well under 10 ppnEeparating gas mixtures is another challenge due to broad
selectivity. Typical solutions include a more complicated sensing mechanism, nanomaterials

processing, and machine learning algorith@&§i [88]. Besides higher cost and complexity, there



are side effects like longer response/recovery tiggtdt), as shown in Table 1.®n the other

hand, sensor arrayare proposed apromisingsolutionbut need mor@vestigation There have

been successful prototypes of amonolithic sensor arrays, where discrete sensor chips were
connected through padfiag [89], [90]. Recently, monolithic sensor arrays have also been
reported[91]1 [93]. Although these devices have multiple sensor channels, their sensors were
designed for operatingplelyand there was only one heater shared by all the sefhseificient

space usandsolesurface condition ultimately limit their functionality

1.3 Dissertation Preview

Chapter 1 presents background information and the motivé&tiomy work, reviews
currently available sensing technologiasdpoints out the gap to be filled.

Chaper 2 explains the mechanism of MOx gas sensors. It introduces the advantages of
atomic layer deposition (ALDXechnology and MEMS technology. Our previously proposed idea
concept and simulation work also presented.

Chapter 3 introduces the details of tlabrication. It starts with the trial runs with the old
design. Then it walks through the process of making thede. Outcomes are presented together
with takeaways. It also summarizes know-how.

Chapter 4 presentthe test results. First is the tegy of the microheater. Then is the
identification of optimal operating temperature and LLOD for.NEXOH, CO, and Ace (without
LLOD). Then it presents the discoveries of the array effect. ineoEs e 6 s r epeat abi
reliability are also tested. THenose demonstrates its novelty in the test against gas mixtures. The

effect of environmental humidity is also analyzed.



Chapter 5 presents the PCB and mobile app that operatentbeeElt also introduces our
achievements in the armband project, and Hmvarmband is going to integrate with the smart
ring consisting of the #ose. The results of the field test are also provided.

Chapter Bummarizes the work that has been done and the future roadmap.



Table 1.3.Comparison of N@ EtOH, and CO sensors.

Type Array LLOD trd/tre Active Area Ref
- 10 ppb ~ 60 s* 2 @8 el g
Transistor
- 0.1 ppm 88 sp’p%%z SA 230 xemo [81]
- 0.5 ppm - 0.6mmx 0.6 mm [65]
MOx
16 Sensors 6.67 ppb 53s/40s(1 200e mx 100e m | This Work
37 ppt (Theory) ppm)
6 min / 4min
- 50 ppb (1 ppm) 8 mmx 8 mm [82]
9s/18s (5
- 0.1 ppm o : /85]
NO; Nanostructured MOx - 0.1 ppm 28 i)é)rAng s - [85]
116s/215s
- 0.1 ppm (5 ppm) - [85]
) 1 ppb . )
5 ppt (Theory) 30 min [83]
] Oéig%%b 26'5/290's ] 6]
: (100 ppb)
(Theory)
2D Material 170s/1630 s 4
- 8 ppb (50 ppm) ~10%cm? [87]
- 0.5 ppb 10 min 165 x4 @5 [84]
50 ppm
6 Sensors 3.58 ppm - 500 nmx 500€ m [74]
(Theory)
MOx 10 ppm
4 Sensors 1.75 ppm 10s/30s 50e mk50€ m [79]
(Theory)
1 ppm 15s/30s (1 .
co 16 Sensors 35 ppb (Theory) ppm) 200e nx 100e m | ThisWork
- 10 ppm - 0.6mmx 0.6 mm [65]
- 10 ppm 30s - [76]
Nanostructured MOXx N 75 ppm N N [77]
88s/62s
- 50 ppm (300 ppm) - [75]
Electrochemical Cell - 0.1 ppm 28 Sp/ps;ﬁ)s (50 - [78]
- 1 ppm 1557185 (50 500 me500¢ m [94]
ppm)
MOXx - 0.1 ppm - - [70]
50 ppb 10s/35s (10 .
16 Sensrs 15 ppb (Theory) ppm) 200e nx 100e m | This Work
6s/95s (500
- 100 ppm ppm) ( - [68]
Ethanol 128s/69s
- 60 ppm (800 ppm) - [66]
Nanostructured MOx ) 1 ppm 3s /pzp‘:ni (100 ~16.96mim? 69]
1 ppm
3s/8s(3
- 100 ppb ppm) ( - [73]
(Theory)
2D Material - 400 ppm - - [72]




CHAPTER 2 FROM MEMS TO E -NOSE

2.1 MOx Sensor Mechanism

e"e" e e e"e" e e

Ee  awind CE
Er Er
(a) (b)

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

Reproduced fronb1].

The sensing mechanism of MOx sensors is the change in resistance/conductance. Generally,
oxidative gases increase sensor resistance and reductive gases decreassstascel he most
commonly accepted theorglates to thelectron transfer between MOx ati@target gasSnQ0 s
(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 MOXx to gas molecules.
Thus, here are fewefree 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 barrig61]. The condition is more complicated for a reductive gake CO as
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an example. If there are already reactive oxygen spéR@sS) adsorbed on the surface, CO
molecules will react with them, leading to the emission of @@l eleatons transferring back to

MOx. If there is not anyROS adsorbed, electron transfer will happen directly between CO
molecules and MOx. CO molecules act as electron davithveut converting into CeJ95], [97].

After accepting el ect r dypegal elebtiOrxagceptance and dohatiamc e d

are:

00 0 QO 060

2.2 Advantage of ALD

ALD is a variant ofchemical vapor depositiofCVD). It is a seltlimiting process. The
growth of the next atomic layer will not begin until the previous layer is compj@&dThus,
ALD realizes uniform growth angrecisethickness controbf a single atomic layeit has been
reported in our previous work thatbenefits sensor sensitivif@9], [100]. The reason is its
thickness contratapability For an ideal sensor, its sensing film thickness should be comparable
to the mat er iag)llf@dsimi®reuchtheckerl tieassgthie bffedts of electron transfer
at the surface will be screened from the bulk.daepending on the carrier density useglof
SnQ is several nanometef@9], [100]. Competing technologies like sputtering and solutased
approaches cannot achieve such thickness and uniformity at the same time.
2.3Why MEMS ?

To be scalable and compatible WiiMOS technolog, microheaters are based on Joule
heating. Common materials of microheaters are platinum (Ptpalgdilicon (poly-Si). As the
substrate Si is a good thermal conductor with a thermal conductivitg49 W/(m-K) If not

isolated, heat generated by the rofeeater will dissipate fast througte Si substrate. Si¢)on the



contrary, is a poor thermal conductor, in other wpalgjood thermal insulator. Its thermal
conductivity is onlyl.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 &Qupporting mateds. As
MEMS technology develops, there have been various successful microheater prosstgpesvn

in Figure2.2[61], [101], [102] MEMS micromachining can be divided into two categories: dry
etching and wet etching. Both have their own advantages and disadvantagébeltigicussed

in detail later.

Figure 2.2. Typical MEMS microheaters. Reproduced frio1], [102]

2.4 Concept of A Novel Monolithic Array

In 2019, our group proposed an idea of a novel monolithic fr€a}, [105] It consiss 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 chifgach heateraw can be adjusted individually. Once there are MOXx stacks
deposited, different eohip annealing temperatures can create a range of surface chemistries. In
our previous research, A Sp(A2 nm)/ZnO (4 nm) stack was depositedtioaSiO, substratdy

ALD. Annealed at 300C, 600°C, 900°C, and1200°C respectively, thee were different degrees
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of diffusion between Snand Zn(Q[104]. At 900°C and 120C°C, SiC; also intermixed with the
MOx stack. Various sensing surfaceand different operating temperaturesincrease the
dimensionality of the dataseWith machine learning algorithmghis monolithic array can

generate fingerprints of different gases.

Concept: Discrete Sensor Array=> Scalable Monolithic Array

(a) . Comventionad MEMS Gas Sensar (Sngle vemaor) (b) Progueed VAL Gas Semner [Maltgie semair |

> 4

=
=
f [
: | = g
[ s )
f e
e
I

.
. ‘e
.
00 om

Corventional MEMS Gas Sensor (Single sensor)

(c) 7 N

Proposed MIMS Gas Senior (Multiple senior)

< 20nem ALD

Metal Oxide \ (d mm (encampire
m - |
£ onventional Sensing Layer '
thick and porous single metal
oxide over large area
¢ i
(¢) intermediate
Electrical heating Temperature
induced metal 1-200 T ittty
cxide intermiring  Layer2=Sn02 — s SRR SIS
Layer3~5i02 Layer 3

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

2.5Simulation of Microheater

Finite element method (FEMyas used to compare different microheater designs before
conducting any fabrication. Details of simulatiosing COMSOL Multiphysicscan be foad in
Akhilesh Tanneeris d i s B@.Mora designshrwere added besides his w&dme were

inspired by literaturg92], [106]. Efficiencywas def i ned to benchmar k m
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performance as shown in Table 2.1t comprehended temperature increase, area, and power
consumption[61]. Designs with higher efficiency generally had more cavity and less support,
sacrificing mechanical stabilityrhe larger the etching cavity, the higher the thermal efficiency
but the weaker the mechanical strengthd some designs had curvelapes, which would add
difficulty to the mask set design and lithography turnotihe final design was determined
considering the tradeff among efficiency, mechanical stability, and fahtion complexity.
Mechanical fragility is always problem for MEMS structures, so a conservative design is
preferred.

Table 2.1.Summary of FEM results.

o : A
1 410 2emx4emx4 0.00087
2 485 2emx4emx4 0.0010
3 1478 2emx4emx4 0.0032
4 1185 2emx4emx4 0.0026
5 515 2eml x4 0.00055
6 405 2emx4emx4 0.00086
7 377 2emx4emx4 0.00079
Cross 1700 2emx4em 0.00028
Hex 251 10ml 2nmx6e |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
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Figure 3.1. Fabrication process of therose.
3.1 Wafer Preparation

The fabrication of the proposedri®se is conducted on arch Si waferd-inch is chosen
considenng both throughput and cost. Iterations are very common in the design and fabrication

stages. Once the process is established, the workflow can be easily transféargdrized

1
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wafers.Unlike a metal oxidel semiconductor fieléffect transisto(MOSFET) process, the Si
wafer does not directlgngagean the proposed device structure,tsth e waf er 6 s dopi n
crystallographic orientatiodo not affect functionality.

A SiO; layer is then grown on top of the Si wafer. The S8&yer acts as bothnelectrical
insulatorancat her mal i nsul at or . 189 VW/(stK)t whie Sidhdsaloww nduct
thermal conductivity of 1.3V/(mtK) [103].1 t i s cr i tical to theismicrotr
grown by thermal oxidationThermal oxidation can be dividedto two different processes. One
uses gaphase @to supply oxygen molecules, the other uses water vdjhar previous one is
called dry oxidation, and the latter one is called wet oxidation. Wet oxidaticm faggergrowth
rate. However, the fast grolwtate causesrystallographialefects and unpaired electrons at the
Si-SiQy interface. Additionally, dry oxidation produces higliemsity and lowestress oxide due
to its slow growth rateHigher density improves electrical insulatidinalso has the advantage of
asmoother Si@surface, which is very important if thengll be metal depositioafterward Dry
oxidation is conducted using the tube furnadd@8U Nanofabrication Facility (NN), as shown
in Figure3.2 The chemical reaction equation is as follows:

YQO © "YQOU
In the actual process, H@bws into the tube with dry @ The introduction of HCI effectively
increasesthe growth rate[107]. HCI also cleans the quartz tube, preventing mobile ion
contamination. It results in stabler electrical insulatitime temperature is set to be 1@ The
furnace has a working temperature region from 850to 1100°C. The higher the growth
temperature is, the lower stress the SiAs[108]. One reason is at highegmperaturesthe
density of SiQ has a smaller variation during the whole oxidation prod&ssause Si@acts ag

structural material in the MEMStructure its stress level affestthe mechanical stability of the
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whole deviceThe finalthickness is 300 npat an average growth rate of 1.875 nm per miritite

is the maximum capacity of the furnace. Above 300 thgrowth rate willdecrease sharply and
become negligible.

777/

i

77

Figure 3.2 Thermal oxidation tube furnace at NNF.

3.2 Trial Run

A trial run was conducted before fabricating the proposad$e.Thetestdesign include

discrete devicesnly, but it wasa good start for getting familiar with microfabrication aamd
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cleanroom environment. Was alsotesing the feasibility of iRhouse MEMS fabrication with
available resources in the Research Triangle.
3.2.1 Microheater Layer

The trialrun staredwith the patterning othe microheater layefThe patterrwas formed
by photolithographyThe smallest feature in the whole masitis 10um, and the misalignment
tolerance is also 10 pumBased orthe resolution and alignment accuracy requiremégasd, SUss
MAG6/BA6 contactalignerwas choseronsidering its high throughput once the mask is ready.

The first step was solvent cleaniddne cleaning step was done on a Headway spinner. The
recipefor solvent cleaning includes two steps. The first step increases the spinning speed to 500
revolutions per minut¢RPM) at a ramp 0800 RPM per second, lastirgys. The second step
increaseshespinning speed to 2500 RPM at a ramp of 1000 RPM per seestidglLOs. During
the first step, acetone was applied to remove organic contaminants on the waferisogemeyl
alcohol(IPA) was applied following acetone to remove remains acetone left bdtiaedecond
step wasspindrying. Right after solventleaning, the wafer was baked on a hot plate at°CL5
for 5 min to vaporize all remaining liquids on the surface.

After solvent cleaning, the second step Wwagamethyldisilazan@HMDS) coating.SiO;
is naturally hydropitic, so it is harder fophotoresitsto adhere to Si©compared to hydroptbic
substrates like Si. The hardness of adhesion causesniformity, bubbles, and other issues
during photoresist spin coating. It becomes a bigger problem for larger substrates. Thus, an
adhesion promoter is nessary. HMDS is the most commonly used adhesion pronibter.
mechanism is to repladg/drophilic hydroxy groups dhe SiO; surface. The Si atoms in HMDS
bindwith O atoms instead of H atonferminga new surface made of hydrophobic methyl groups

as shown irFigure3.3[109]i [111]. NNF has two proesses for HMDS coating, spin coatiagd
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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 reaftitdis[112]. So,a Yes

prime oven as shown irFigure3.4, was used to coat HMDS in the trial run.dAbecausef the

93 °C chamber temperature atite HMDS r eci peds pheHMPS redpeiswurc | e s,
right after solvent cleaning, hot plate baking is not necessary.

(HyClSi_ Si(CHy)s

ftH (HiO)sSi_ SilCH); (HeClySi_ SiCHy);

NH NH
hydrophilic surface

OH.: » OH:. - OH OH OH OH OH

Lo chin — [

s A Si Si S

low contact angle 05 55585 20 R BB :

high surface energy 5 _,S!_.E,.EEKEIS, 2
AT]-n NH3

\ hydrophobic surface

 (H30)3Si (H3C)ySi (H4C)Si (HyC)aSi (HaC)ySi (HaC)ySi
(H30)sSi,_ \ \ \ \ \

: S i R

" high contact angle Substrate

xxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxx

low surface energy

Figure 3.3 Mechanism of HMDS aanadhesion promoteReproduced fronfil10].
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Figure 3.4. Yes prime oven at NNF.

The nextstep was coatinghe photoresist. The photomaskeere made for negative
photoresist s&\Z nLOF 5510was initially usedIt was spun using a custom recipe. The-step
recipewas500RPM, 250 RPM/s ramp, 3 s aB800 RPM, 500 RPM/s ramp, 40 4t should be

pointed out that NNF does not provide AZ nLO¥L1B. The bottle found in thghoto roomwas
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likely past itsexpiration dateand showdan unusual number of defects after spinniftge resist
thicknesswas about 1um. Soft bakg(SB) wasat 90°C, 60 s.SB is to get rid of solvent and
consolidate photoresist.

After soft bake, the wafer was exposednMA6 mask aligner. Itsltraviolet (UV) source
has a wavelength of 405 nExposure mode is hard contact wéetlhOO um gap. Exposure time is
4.5 s.Postexposurebake (PEB)wasat 115 °C, 150 s. PEB igo boost chemical reactions like
crosslinking and create desired sidewall profile.

After PEB, the wafewasready to be developetihe developefor AZ nLOF 5510is MF-

319. If swinging the wafer frequently ide the developer/0 swasenough.The color of the
developemwas checkedbefore development to ensure consistent results. After development, the
wafer was rinsed inalonized (DI) waterfor 5 cycles. DI water is used in microfabrication to avoid
ion contamination, which can cause electrical characteristics to degrptietomicroscope with

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

Before metal depositiotheHMDS layer needs to be removed to ensure a good-$iO;
interface formation. Or there will kemetal peelingoff issue. There arafew ways to remove
HMDS. O plasma is a common methodl Nordson MARCH Q ashemwas used to etch HMDS.

It should be noted thatplasma also etches photoresist. If the process runs over 2 min, there will
benonnegligiblethickness reduction. And over 5 min, the etching rate of photoresist will increase
sharply because of substrate heating up. BQL.amin is enough to thoroughlyear HMDS at
exposed sites. The process was run under 600 mTorr chamber pressure and 50 séiaw.of O

The nextstepwas metal deposition. Tanium (TiYPt bilayer was deposited byhpsical
vapor deposition (PVDlsinga 6 &-Beam Evaporatoat NNF.When using Pt as microheater

material, Pt thickness is usually betweennd®to 250nm, depending on desigi$13], [114]
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200-nm Ptwas depositedh thefirst run. Ti istheadhesion layeand10nm 1 20nm s enough for

goodadhesionfi 6 s thickness in the first run was det
The liftoff was done iN-methyl2-pyrrolidone (NMP)solvent. At first it was atRT, but

the overheating issue during Pt deposition made the msidbextra hard to strip. Théeating

up NMP was triedThe optimal temperature for NMPB 70°C. After a whole week, there was still

a considerable area of unstripped photoreastshown irFigure 3.5. Besides liftoffdifficulty,

there was alsa metal peelingoff issue. Reducinghe T i evaporation rate wa

change the outcome. dbuldbe related to the poor quality thie Ti target Additionally, the6 @-

beamevaporatolis not capable of depositing Pt at as@aable rateresulting in a very inefficient

processBased on all the reasons listed abavdifferent resist and facility were used

.
4
o \

Figure 3.5 Remaining resist after liftoff
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SPR220 positive resist replacéd@ nLOF 5510 It was spun through a twaiep recipe:
500 RPM, 250 RPM/s ramp, 3 s a4@D0 RPM,2500RPM/s ramp, 40.sThe resist thickness was
2.5 um. However, to use the same photomamksnage reversattep was requiredsB and PEB
for SPR220 werat 115°C, 90 s Exposure on MA6 was 5.5 s energy dose, hard contact mode.
After exposure,ristead of development, the wafeent throughan image reversattep.iImage
reversal was done inside the Yes prime o\iére photoresisivas treated with ammonia. Exposed
areas ad unexposed areas swapped their characteristics. Following fh@sd exposure step. It
was exposed on MA6 without a mask for 1Tlsenwas another PEB.he developefor SPR220
was CD26. It was enough to complete development for 70 s with enough sgirgven with
overheating, liftoff was finished within 24 h duetteetaller sidewall and other factors.

A Kurt Lesker PVD 75system atShared Materials Instrumentation Facility (B}
replacedhe6 @&@beamevaporator at NNF. It evaporates Ti and Pt Afdand 3A/s respectively.
And it is a highly automatic system. Because it is a popular tool, the Ti target is fresher. The metal

peelingoff issue was solved after using tert Lesker PVD 75

Figure 3.6. Goodliftoff outcome using SPR220 and PVIb.
21



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. S8iN«-SiO; trilayer is a common choicgl01].
However, SiNx usually tas higher film stress than SiOwhich is not preferable for a MEMS
structurg[115]. And there igesearch reportin§iO, makes heating up active areas more efficient
compared t&iNy or acombination116].

Because ther@asalready a metal layer on the wafer, any following processd notgo
above ~400C or the metalvoulddegrade or even peel off. Thugagmaenhance€VD (PECVD)
waschosento deposit Si@ A film by PECVD has lower density, so the thickness is usually
above 500 nntio compensatfl01], [113] 600-nm SiQ was depositedsingAdvanced Vacuum
Vision 310at SMiF. The substrate temperature was 200 °C. The chemical reaction was:

Y'Q©O0 U © YQU

- - l_ 4l

S .

v

Figure 3.7. Advanced Vacuum Vision 31IBECVD systenat SMiF
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3.2.3Sersor Electrode Layer

The sensoelectrode layer sharessimilar workflow with the microheater layer. The
biggest difference is that each pair of electrodes gpen circuit. The empty channel is reserved
for sensing materials to fill in.

Since sensor electrodes provigeelectrical connection betweehe outlet and sensing
material,thar resistanceshould beelatively small compareth sensor resistancwhich is about
several thousand ohms at a single junctiom the other handhinner Pt reduces-lgeam
evaporation time and costndalsoreducediftoff difficulty. Therefore, thenetal thickness ahe

sensor electrode layer was determined to ber@di and100 nmPt.

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

To be able to test and operate microheaters, Microhea¢act pads need to be unburied
fromPECVD SiQ.Et chi ng has two main approaches: dry
advantages over wet etching inclualéaster etching rate, better controllability, higher safaty,
straight sidewall profileand broad etching mask options. Among these points, the last one is
critical. Wet etching is not compatible with most photorssistequires special chemicals or high
guality hard masks as etchintasks which not only dramatically increases fabricatomsts 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 dhe photoresistvas determinetiasel on the etching recipe (selectivity
ratio) and the thickness of Si@® be etchedf CHFs based chemical is usatieetching selectivity
ratio of SiQ to photoresist will be 1.5 to 1. @F-basedchemical is used, the ratio will be 1 to 2.
Chemical reaction equations are as follows:

0 00 "YQP "YQO
00 0 "YQF "YQO

NNF has anOxford PlasmaPro NGP8&activeion etching(RIE) etcher.CHR-based
process was determined becaiid®eas a higher Siéresist selectivity ratioSPR220 was chosen
to be the etching mask to simplify the workflowhe recipe sets the chamber an30orr, flows
40 sccm CHF3, and turns on a high frequency (HF) power of 200 W. The etching rate was ~30
nm/min. After calculatingthe estimated etching time, 10% was mounted on top of it to make sure
thattheetching 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 @fraooling down.
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3.2.5 Backside Etching

Backside etchingvas the most challenging step in the wial&ication Before achieving
desired results, there were several failed trial runs and sacrificial waéeeral dferent technical
approaches werested.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 dyeep RIE DRIE). Since the target was to etch all the way
from the backside and stop at frontside thermal SilBere was ~500 um Si to be etched. Thus,
SPR220 was no longer enough to protectsaxcrificial areas. AZ P4628 a thick photoresist and
has a thicknessf ~10umwh en spun at 2500 RPM for 40 s. |
need PEB. Its SB was A15 °C for3 min. It was exposed aiie MA6 mask aligner for 17 S.hen
it went through image reversal ihe Yesprime oven. After image reversal, it was flood exposed

on MAG for 25.5 s. Finally, it was developed in 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\Veng
high viscosity, so HMDS coating is necessary rather than recommended to makbesure
photoresist covers the whole wafer. Secdhdre wasa consistent bubble issug every single
wafer consumed in trial runs, althoutdpe severity variegdas shown ifrigure3.10 It was believed
to be caused by the roughness of the backside of the wafer. All sacrificial wafesingtrsided
polished to reduce cost. Thirtthe reslution is limited by the aspect ratio. Patterns smaller than 5

pm will not turn out well.

Figure 3.10 AZ P4620 with severe bubble issue.

The front sideof the wafer was also coated with AZ P4620 to protect it from wax and
etching. Before etching, the wafer was baked at®@Uor 5 min to further consolidate the
photoresist. This step is called hard bake (HB)e temperaturef HB is kept under 100C

otherwise the photoresist will refloWwhen SiQ was etched by RIE to expodee Si substrate.
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Figure 3.11 The wafer mountedta 6 0 carri er wafer via wax

The DRIE was done by é8PTS Pegasideepsilicon etcherat SMiF. It was operated by
the staffonly. Because its sample plateonlyfa¢ 6 waf er , t he device waf e
carrier wafer via waxThe selectivity ratio between Si and $i® around 300 to 1The recipe
used wadased on the weknown Bosch processThe Bosch process is anigopic. It creates
vertical sidewalls. It is basically a repetition of two stepB-basedRIE etching of Si; GFs
passivation of sidewa]|lLl17], [118] A lot of optimizations are required to improthe sidewall
profile and aspect ratio. The chemical reaction equationfalaws:

YO YO YOO
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The outcome of DRIE had several problems. First, thereawaisro loadingeffect, which
meangheetching ratelecreases wittheaspect ratiosSecond,d@ compensate fahemicro-loading
effect, the etching time was extended by 10%. However, that inevitabdretchedsome wafer
areas. Third, although the DRIE etcher at SMiF has a relatively high selectivity ratio among DRIE
tools, theoverarchingstill causedthe SiO, membrane to collapse considering the thickness
difference between Si and Si@as several orders of magnitudlast but not leasthe debonding
process was nasty and destructive to membrane strucdgetene broke down the wax but could

not completely dissolve i'he remainingvax 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. dtasgum
hydroxide (KOH), the ratio is usually over 500 to 1. Fatramethylammonium hydroxide
(TMAH), the ratio is usually over 5000 to 1. The trial run utilizetD% TMAH solution. It was

heated to 75°C by a water bath.The Si etching rate measuredrt dummy samples was
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~833nm/min. The SiQetching rate measured was ~0.16 nm/min. The selectivity ratio was about
5208 to 1Because alkaline chemicals barely etch (111) planes, the outcome of wet etching is a
pyramidshaped cavity. The angle betwdkasidewall and the wafer surface dependthenwafer
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 °.

Althoughwet etchinghas the advantages mentioned abovesitlts inpoor controllability
as mentioned isection3.2.4.In the complete etching ruthe average etching rate was only ~486
nm/min, almost half of what was measured from the dummy saripét.was the resultven
though the solution was replaced by fresh TMAH every 2 to 3 hildadtching 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 plete the highest temperatufigne etched
cavity did have a bettatefined geometry compared to dry etchthgugh as shown irFFigure

3.14

Figure 3.13 The wafer after TMAH etching. Leffrontside. Rightbackside.
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Figure 3.14 Comparison of geometries of etching cavities. Top: TMAH etclBagtom DRIE.

Anotherpracticalchallenge is the etching mask. In the trial run, since the goal was to verify
the feasibility of TMAH backside etching, Si@self was used as the etching mask aaather

protection materials were usdglt to protecthe surface and circuitry, a reliable etching mask is
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needed irthereal run.ProTEK PSBis an alkali andacid-resistanfpolymer Some companies in
theMEMS industry use it aanetching mask for KOH etchindt. is UV-sensitive and works as
negative photoresist. However, it is an expensive chemical, with 1 L worth more thaatoll@60

A more traditional way is to use hard materials Il as the etchingnask.Because of the
presence of circuitry, there @ uppeiimit of process temperatur®ECVD is almost the only
option to deposit SiN In the trial run, both SiNdeposited at NNF and SMikeretested. The test
was done in the KOH tank at NNF. Thdwimn was 40% KOH. The tank temperature was@0

Its etching rate on (100) silicon was ~1 pm/min. Wil from SMiF was completely stripped
after 2 h and 40 min. TH&iNx from NNFmaintained the layer structure after 2 h, but the film was
full of pinhdes. SiN. from SMiF had worse quality. Its lower deposition temperature could be one
of the reasons: 20TC versus 220C. SiNx was tested again after being annealed at 400 °C under
vacuum and Bflow usingAnnealsys Rapid Thermal Proces§Ri P). Its quality was improved

by the thermal processing, but pinholes still appeared after 4I&uUs, the wet etching was
abandoned due to the failure of finding a proper etching mask.

In anothertrial run, DRIE wasused to etch bulk Si and TMAH wased to finish the last
mile. The short etching time would not be enough for TMAH to penetteehotoresist,
meanwhile the high selectivity was utilized to avoid overetching SiBack then, both DRIE
etchers at SMiF and NNF were down, so DRIE was coeduby anAlcatel AMS100 Deep
Reactive lon Etcheat Chapel Hill Analytical and Nanofabrication Laboratd§HANL). The
average etching rate was ~7 pm/min. Once some etching windows appeared to become transparent,
DRIE was ended and the wafer was tramsféintothe TMAH solution. The wafer was sunk in
TMAH for enough time to etch ~5 um Si. Then the etching wadadke,and the wafewas sunk

in acetone to remove wax and photorefgicause there was not a microscope Withdesired
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magnitude in the eanroom 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 wafetevas
etchedduring TMAH etching. The membrane windows were notagefined. But there were dtil

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,SRE'S 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 membraseotineathanhe 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.

3.2.6Trial Run Takeaway

The mainfindings from the trial runs are the disadvantages of backside etching.

First, asuccessful backside etching requires strict stopping point control. Frontsigle SiO
acts as botla supportive membrane ardstopping layer. loveretchinghappens, the SiQwill
be thinned or evepenetrated, resulting in mechanical failure of the MEM&cstire. On the other
hand, ifunder etchings 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 enoutte likeal run, the

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

Secondfelating to defining the stopping poirit,is hard to moitor etching progressA
contactprofilometer is not applicable due to the high aspect ratoopticd profilometeris
workable but also timeonsuming. Therefore, it is hard to measiieactual etching ratelhe
timing could only be based on estimat&ncethe SiO, layer is reachedan optical microscope
can be used to investigate the etching progress, only if agliglity microscope is available in
the lab spageas shown ifrigure3.17.

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

When small features are fully opened, bigger features witMeeetchedfor sure. And thever
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etchingcannot 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 likexnare damaging and contaminating the circuitry.

Fifth, because the suspended membrane is exposed to air on both sides, it is incompatible
with any equipment with @acuum sample stage. Baivacuum is the most common waytold
samples on the stage in lzanroom environment. So, this weakness makes any following work
much harder to conduct.

Last but not leasthe 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 maintaasamnable mechanical strength.
However, this kind of measure cannot solve the problem, but also significantly reduce the
throughput.

3.3 Microheater Formation

The microheaterés design was transformed f |
scaledby different factors1, 10, 25, and 54 0 st udy the size &effect
performanceAnd discrete devices with the same design were added to study the array effect.
Because the smallest feature was 1 um, onlyGR& AutoStep 200-line Steppemeets the
resolution and alignment requirement withithe North Carolina Research Triangle
Nanotechnology Network (RTNN)he stepper exposes a single die repeatedly over the whole
wafer. The die cannot be larger than 15 mm x 15 mm. The maximum size was uked
photomask design. Eaclevicewas duplicated in case of a low yield rdtevas 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 issuesWhen defining the spacing, all layers were taken into
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consideration rather than only the microheater lapecause the periphery of the die was
alignment marks reserved for the dicing saw, the effective device area was 14 mm x 14 mm. A
radial geometry wagut down in the microheater maak the alignment mark for the stepper. The
geometry consisted of a 4 um x 4 um dot and fine lines whose widths were 2 um or 1.4 um. There
were arrow arrays along the lipeinting tothe center of the alignment mark. Wittis kind of
mark, misalignment can be controlled within 0.5 um in practice at NMIs 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 doamgalignment. Verniers were put around the
alignment mark to investigate the misalignment. Although each layer shared the same alignment
mark, verniers were singlése and each layer had its own vernier. There were 4 more layers in the
mask set, so 4 verniers wareeded in the microheater lay&he sensor electrode layer had the
smallest misalignment tolerance, which was within 1 um, so a fine vernier withu®.@&solution
was used. For the other 3 layers, a vernier with 0.5 um resolution was used.

Compared t@ mask aligner, a stepper uses optical lenses for alignment rathaligharg
patterns on the photomask with patterns on the wafexcsb e ar f i el d or dar k f
the convenience of alignment. Thtise lithography work could use SPR22@heut an image
reversal stepThe biggest difference from the trial run was the equipment. The photoresist was
spun coated oan SVG 90 Coat Track. The coat track is an indusgmel tool. It integrates hot
plates an@ spinner inside onpiece ofequipnent. The workflow is psggrammedn 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 loadhg dock and processes wafers in sequence. Its spinner has a centering calibration step

before spinningThe 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 mydaptate Robot arms only

contact the backside of the wafer, leaving the frontside unaffected. All these factors make the
coatingt r ack provide better photoresist uniformit
for other work and avoids human errorspecially when dealing with multiple wafers. Although

it is designedfor users to be completely handf, it has been modified to accommodate an
academic environmenthe photoresisis manually injected onto the wafer by an injection gun,

just like the pocess 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 ¢batingtrack, other steps before the
exposuraverekept the same.fHe 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 coveratygrend
out too thick. In the first several trial runs, therereconsistent metgleelingoff problems. One
possible reason is that the HMDS was too thickandtglODa s ma ashing di dndt
completely.lt explains why the issue happened maoréhie 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 fragilityt was originally an automatic industry tool like the coat track
but wasmodified 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 x 7 matrix. It was optimized
by eliminating the 4 corners, resulting in a total of 37 dies. Tpesxe dose was 0.35 s. PEB

was doneby 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 observaduafl inspection. The wafer

coated by the coat track had chufewer optical patterns.
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Figure 3.20 CHA Mark 40 System
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Before metal deposition, thveafer was treated inside the @lasma asher for 1 min.

At the beginning of the fabricatipfhNNF installed a new-beam evaporatoCZHA Mark
40 System. It is serautomatidike the Kurt Lesker PVD 7&t SMIF. In the last trial run, although
the PVD 75 prueided satisfying metal quality, the overheating problem was more seriousthan
previous runsas shown ifFigure3.19 There was remaining resist everywhere across the wafer.
The wultrasonication didndét hel pareag, butitirdquiredCot t o
strong pressurand 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 affectedthe metal deposdn and the worsening of the overheating issitee CHA
evaporator had a large chamber to slow down temperature increase aretheating issueas
observed durin@t depositiortestrunsl t s sampl e hol der is a rotatd.i
waferpsi tions. This is another advantage over t
time. Additionally, the CHA evaporator hasfaster pumping speed. These were the reasons
making the CHA evaporator a preferable tool.

The preprogrammed deposition r&te Ti and Pt was 2.5 A/s and 2 A/s respectivédlge
Ti/Pt bilayerthickness was set to be the same as the last trial run: 10 nm/140 nm.

The wafer was hot right afterleam evaporationindicating the heating up during Pt
deposition The liftoff process kept the same, but it was done at NNF ratherinthaumr 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 wingsndin ultrasonication removed most of the remains. The leftover did
not come off after more ultrasonication. It was clearea bgtton stickinstead When applying
the cotton stick, the stick was first soaked in NMP, then applied to the wafer surface when held
parallely to the surfacéo reduce the pressure

However, afé r being tested on the probe station
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 Dektak D150 Contact Profilomete
Surprisingly, the actual thickness was only ~80% of the tafdpet.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: 6@ SiG by PECVD. However, at that time, tAelvanced
Vacuum Vision 31@t SMiF was constantly out of workp thePECVD processas done at NNF
instead NNF has an Oxfor@lasmaPro 88ystem, which has two chambers: an RIE chamber and
a PECVD chambelt is notinside the main cleanroom on th® floor. Instead, it sits in thést
floor cleanroommext dooito our own cleanroom. This cleanroom has a lower class level compared
to the main one but is enough for applications other than photolithography.

Its deposibn rate was ~46 nm/min. It took ~13 min to deposit-660SiQ. The chamber
pressure was kept at 1300 mTorr. The target substrate temperature was 186WeJagP sccm
He, 499 sccm 1% silane, and 80 scce®NForward power was 21 VWAt the beginningof 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 systsnewacuated before leaving.

The actuabiO; film thickness was measured byNanometricgeflectometeat NNF

Figure 3.22 TheNanometrics reflectometer at NNF
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3.5 Sensor Electrode Formation
The process to metalizbe sensor electrode was the same as the microheater, é&xcept
the thickness. At first, the metal bilayer wa&srim Ti and 96nm 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 toithe heaterin the
first run, theremaining photoresist and metal wingere left as they werafter theliftoff of the
microheater layerSince the sensor electrode ran across the microheater at multiple spots, its metal
lines also ran over the wings in the microheater layer, wivighibasically abrupt stepghey
created hardness for metal to adhere tostitace. And these weak points were easily broken
during ultrasonicationas shown irrigure3.23 Although after later ALD deposition, these open
periods were connected by MOX, they were still fatal toBileo s e 6 s f uncti onal ity
thefatal flaws, firstthewaferwas thoroughly cleaneafter the liftoff of the microheateAnd T i 6 s
thicknesswas increased tomprove its step coverage. Thus, on the following wafers, the metal
bilayer was 2hm Ti and 8enm Pt. In the liftoff, ultrasonetion wasavoideddue to its potential
damageThe remainsvere gently removed bgcotton stick.

In the latest design, the width of the sensor electrode contactwamsexpanded from
20 um to 40 um to make it robuand reliable And their positions wermarginally 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
guestion was how much they should overlap with each diiane overlapping did not seem to
benetft the sensarlt 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 lengshd@aum in the latest design.

3.6 Packaging Preparation

A few steps had to be done before the chip was ready for packdgiagnicroheater

contactpads buried under PECVD SiOneeded to bepened The contact pads of both the

microheater and sensor electe needed to have a gold (Au) surfacéeacompatible with Au
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wires. There were reports and commercial advertisements about successfully bonding Au wire to
Pt surfacelt was triedbut could notwvork out. So, this approactwas abandone@nddepositing
another Au layer on top of Rias determined as tla¢ternativeapproachas shown ifrigure3.24

This stephad to be donbefore the frontside etchirdpe to the facthat once there were cavities

on the frontside, the photoresist coating wiobecomechallenging,and any processing could

damage the suspended membraasshown ifrigure3.25

Figure 3.24 Au deposited on top of Pt.
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Length:41.03um

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 uPG 10Direct Writer instead of the mask aligner. It was to skip mieskmaking
step and accelerate the workflow. The direct writes askaser head and follows the digital mask
file to write patterns. The alignment was basedhencoordinates in the mask fildp to 2 points
onthewafercan be designateabs alignment marks in théeidelbergsoftware. The central dot of
the stepper alinment mark was an ideal point. To improve wafeale alignment accuracy, the 2
points should be as far as possible. So the dots itetimeostand rightmostdies were chosen.
Before loading the mask file, the whole mask set was certatéeé origin fa convenience. When
the software shows the option of automatic centering, make sure it is unticked because it will
recenter the single layer the origin. That can cause a significant shift in the alignm¥riten
doing alignment with the microscope, fifscuson 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 unloderthe wa

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

can cause an unsuccessful development and undesired sidewall phafdeposure dose was 14

mW, 100%. On the last page before starting exposursyiteeto tick the UnDirectional Mode.

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

profle The exposure on a 40 wafer was a | ong pr oc:¢

and had a lot of blanépace to skip, it still took about 4@ne way to make the most of timeds

startt he exposure at the end of NNF6s business h
When stripping the photoresist after the etching, there was always remaining phiotoresis

as shown irFigure3.26 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 depositidoneas the CHA
evaporator. The bilayer was-20n Ti and200 nmAu. The deposition rate of Au wasiZs. 200
nm Au was enough for wire bonding accordingyémeralexperience.

The liftoff was a little tricky. Unlike other metals, Atays as a continuousrn rather than
breaks into powders after liftoff. That makes it easier to stick to the Wddfeffirstthing tried was
swinging the wafer back and forth in NMP. A lot of times that was enougéttaod ofunwanted
Au. In some tough cases, a bare wafas puton top of the device waferhen immersed in NMP.

The frictionpeeled off unwanted Awhenthe two wafersvere separated
3.7 Suspended Membrane StructureCreation

Although theSPTS Pegasustcher at SMiF is overall a better DRIE tool, it can only
conductthe Bosch process. In other words, it can only etch anisotropidaliyin this work, an
undercut needed to be created in the DRIkerefore, the frontside etching was done by the
Alcatel AMS100etcher at NNFAt 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 existencaroélectric field, lateral eting is slower than vertical
etching. Thus, parameters have to be finely tuned to achieve the desired structure.

Because AZ P4628 too thick for the stepper, SPR22( was used instea8pun a500
RPM, the final thickness wa+im. SB and PEB are Btat 115 °C but extended to 2 min. The
exposure was 0.5 s. Its development was 3 min iIR6IHB was the sam@&he etching of Si®

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 wafde equipment and recipe were tested and adjusted.
The recipe was based thre Bosch procedmitwithout sidewall passivatioifhe chamber pressure
was ~2.1x16 mbar. The sampleholder (SH) is 200 mm away from the power souffee
regulation at the centef SHwas 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 powenW.akt8hing
chemicals were 160 sccm &knd 40 sccm @ After thefirst 5-min etching, the sample was taken
under the microscope for investigation. There was a ~{l2.5indercut at each side of the bridge.

If the etching rate persisted,-B2in etching would fully suspend the bridge structure. However, as
thetest contined, 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 umanted areas. It also madee resist no longer transparent, whiphevented
monitoring the etching progresss shown irrigure3.27. Polymer redeposition could completely
clog the small etching windows and stop further etchasgshown irFigure 3.28 It also made
resist untransparent. What made the situation more complicated was that these two problems were
not discreteNormally, lower substrate temperature brings more polymer redepogiidimst,
some easy fixes were triedz @eaning was run faup tol h before the etching but it did not solve
the polymer redeposition. The etchimgs divided into shortloops, but it did not solve the
overheating problenThen the Si carrier wafewas replaceavith an Al-coated Si carrier wafer.

The idea was toeduce the temperature increase during etchyngeucing chemical reactions
happeningat the carrier waferHowever, it did not solve the problem but introdueeskverer

polymer redeposition problemfter switching the carrier wafdrack tothebare Swafer, polymer
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redeposition disappeareld.could be due ta cleaner and more conditioned chambert it was
hard to draw a conclusidmecause several factonad been changesimultaneouslyAfter the
polymer redeposition problenvas solved,lowering the SH temperaturavas tried to solvehe
overheating problemAfter decreaisg the SH temperature from 0 t& °C, polymer redeposition

did not happen agaiand resist overheating waffectively prevented

Figure 3.27. Overheating of resisturing 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 problénesetching rate
became the next to be optimized.t&f changing the SH temperature, the lateral etching rate
became half of the origindlvhat was more important, as the undercut became ldhgdateral
etching rate decreased almost td 0.increasehelateral etching rate was to make etching more
isotropic.By increasing chamber pressuilee mean free path of reactive ions is decreased, which
makes their movement more isotropic. Higher pressure also makes ions better diffuse into etching
cavities. Afte finely adjusting thevalve position and gas flow rate, the new versibthe recipe
setthevalve position to 10%, which resulted in a pressure above the gauge uppef lirhit10
! mbar, andlowed 80 sccm SFand 20 sccm © The new version ofhe recipe also solved the
microloadingeffect.

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

no matter howhe parametersvere adjustedA conclusion was drawn that the resist thickness was
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too thick forlithography and itshould be reduced by increasihg spinning speedSpun at 4000
RPM, SPR22&1.5 had a final thickness of 4 pBefore determining the approadome testhad

been rurto make suréhereduced thickness was still enough to protect the waferefthéng rate
of the resist was measured to be ~20 nm/min in the RIE. The etching rtte rekist was ~10

nm/min in the DRIE using the new versionté&recipe.

Length:58.18um

Length:105.97um

Length:58.70um

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 drcuit 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 struthares.
wafer was diced by a DISCO DAD32utomatic dicing saw. The first step was to mount the wafer
to the dicing taperlhe dicingtape holds the wafer together during dicing. Dicing tape was attached
to a metal frame. To make sure good adhesion between the watbediting tapetheair was
squeezed out as much as possilileatment on a 70C hot plate further drove out air and

tightenedthedicing tape.
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After dicing, hstead of peeling the dicing tape from the metal frame, the wafer was cut off
using a razor bladé'he 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 TheDISCO 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 »8mS the most commonly used
MOx material for VOC sensodue to its good sensitivity against multiple VOCshbuse ALD
technology usetetrakis(dimethylamingsn[N(CH)2]4) as Sn precursor andz@s O precursor.
Our group has established recipes 4etm, 6.5nm, and 12hm film respectively{99], [100]
Although the thinnest film has the higheglative response, its megaotevel resistance is

challengingto measue. So,a 12-nm SnG film wasdeposited
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The chamber temperature was set to ZD0The heating jacket coveritige Snprecursor
cylinder was set to 75 °C. Thes@enerator was turned on and turned to trimBefore loading
the samplgl0-cycle purging was done @heSn precursor witkhecylinder closed. It was to clean
the pipeline. Then the chamber was vented and the sample was ldtidethading the sample
the chamber was closed and evacuated. When the chamber pressitabivasdaround 0.4 Torr,
the recipe was started. Before the deposition, there wasycBOQ purging, which conditioned
the chamber. The 168/cle deposition took about 1 h.

The ALD process does not require human supervision, but the first several styoldd
be monitoredo make sure precursors are flowing properly. The heigtitedbn peak should be
~0.15 Torr after subtracting the baseline. Thep@ak should be over 1.4 Tofrhe flow might
take several cycles to stabilize.

To get the desireBnG crystal plane2-hour annealingt 400 °C in room aiwas carried
out[59], [60]. After annealing, (110) is the dominant crystal plane at the surface.

3.8.3 Wire Bonding

To move from devicelevel fabrication to wearable system integration, and ftam
measurement to field test, thenBse chip needs to be packaged. The icle@of packaging is to
enable the connection between the chip and external circuits. Considering #itgeasith
simplicity, wire bonding(WB) was chosen as the approachhis work. Unlike the traditional way
involving packages and sockets, the chigs directly bondetb Au pads on the custom PCB.

Only SMiF has a publicly accessible wire bonder, so tlewss performed at SMiF. The
tool model iswWest Bond 747677Htuses0 . 0010 Au wire. Au wire
not need inert atmosphere protectidbhehot plate inside theample holdewasturned on andet

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

rate. The default program the wire bondewas usedForce calibration is strongly recommended
every time before doing any WBhe gram gauge provided by SMiF was used to calibrate the
force. The default program is @ualforce 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 inbondforming soit is recommended not 8avetime. Afterforce calibration, WB

was practiced on the dummy pieces provided by SMiF. It was also to see if there was amy clog
the capillary. When bonding the real device, the first bond wakeoddvice and the second was

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

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 ttt@p. 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 looksalggend) a tail
when moving the capillary, this kind of bond is sometimes calledl bond. The more formal
name is wedge bond.

Because ALD was done before WB, there was anthi2SnQ film on the surface of the
chip. It created a lot of challengesforwBne easy trick is to use th
create grooves at the surface, exposing covered Au.

When WB is failing continuously, there is a high risk atapillary clog and wire
derailment. The easiest way to reset the condition is to perfevera successful bonds on the
dummy piece.
3.9 Process Standardization

When finalizing the designt was determinedo only keep the largest devices. That
lowered the bar for lithography resolution and alignment accunduy.stepper was tied to the
staffds schedule and needed a new mask whenev:
fabrication and enable gagerations, 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 P46eKer resist

protected the devideetterduringnot only etching but also dicing.
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Figure 3.36 HeidelberguPG-101 Direct Write.
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CHAPTER 4 E-NOSE TEST
4.1 Microheater Test
The performance of the microheaigcritical to the Enose.Temperature measurement is
the core of Ehose testing. Ithiswork, 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, thfterentkinds of handheld IR cameragre
used Onewas made byinfrared Cameras InclGl), andthe otherwas FLIR TG165X. Both
cameras had fixedensesand werenot designed for microelectronics applicatiomefore
measuring the microheater, they were validawetheasuring the temperature of a hot platdR
TG165X was better made and easier to use, but it could not capture any image of the microheater.
The 1A camera had a complicated operating system, but iltagital magnification function.
Under the maximum magnification, the microheater appeared as a hot spot in thehithaggh
it met the minimum requirement of temperature measurements, it waetrimined to be unfit.
The biggest reason was that it was handheld. Because it was haldaogl, 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 devidgecause at that time the chips were not packaged, the
measurement was carried out on a Cascade probe statisiiown ifrigure4.1 The microheater

was powered by a source measure unit (SER3 Keithley 4200ASCS Parameter Analyzer.

61



Figure 4.3. Thehomemade probe station witALIR A325sc IR camera

Figure 4.4.A typical IR image fronFLIR A325sc IR camera
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After finishing fabricating the Eose, alternative approachesneasuring temperatures
were explored. First, a loyrofile thermocaplewith a micromanipulator was tried. However, the
thermocouple was too soft and could not establish good contact with the microheater. lmgckily,
were able to borrow BLIR A325scthermal camera with daseup 1x (25 um) IR lenswith the
closeup lers, its spatial resolutiors 25 um, good enough for most features on the wdfeiR
A325s®& s t emper at ur2@ °Crtoa3b60g°€. It rsaximhumdrame rate is 60 Hz. The
camera is fixed to a camera stand when in usethene was no commercittipod that could fit
in the Cascade probe statiand hold the camera firmly at the same tie, available partsere
adapted int@a homemaderobe station to work with the IR camees shown iFigure4.3. The
power source was again Keithleyds SMU. Af ter
much easierMicromanipulatorsand microscopesvere no longer needed. And a more portable
power sourceanHP E3631A DC power supplywas used.

A sequence of DCiaseswvasapplied to the microheaters. The sequence started frovh 0.5
with a step of 0.5 V.The sequence ended when the microheater was broken down or the
temperature exceeded t he ITRe cuar@nneaevasa Mmeasurdde mp e r
simultaneously byite SMU.The IR camera video recorded the whole measurement procedure.
Temperature analysis was conducted using FRéRearchIRThe whole device was defined as a
region of interest (ROI). Then a temporal plot was used to find the highest temperatunt It co
be observed that the microheaters heated up and cooled down very fast, indepesaent of
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.
400 -
350
300
250
g 200

—

150
100

50

O L] L] L] L] L] 1
0 20 40 60 80 100 120

P (mW)

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

First, the temperatureoltage (FV) curve is plottedn Figure4.5. The original (Ori) refers
to the design used the FEM study, active arequm x 2um Small (S) is Ori scaled by 10 times,
active are@0um x 20um Middle (M) is Ori scaled by 25 times, active at@®um x 50pumLarge
(L) is Ori scaled by 50 times, active ar2@0pm x 100umAs we can segt the same voltage,
microheaters with smallerzgs 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 pantabig 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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Nextis the temperaturpower (T-P) curve as shown ifrigure4.6. The trend is similar to
theT-V curve except that Ori becomes the easiest to heat up aserit can be attributed to its
smallest active area. It benefits from the size more than it sérdengransmission loss. Fdar, it
takes ~100 mW to heat up to 3T0D.

Then is the temperaturesistance (AR) curve as shown inFigure 4.7. Trendline

eguations are calculated for each device:

Y otgl Yup 1)
Y yHUY oTPw (2)
Y pRPY @O 3)
Y o@8twY p QW 4)

(1) is Ori, ) is S, (3) is M, and (4) is.lUsing thetemperature coefficient of resistance (TCR)
equation (5):

— 1 QY )
U is TCR. TCR of or i, S, M1, 0.6089K™?, 0.0015K!, anéh | cul a1
0.0015 K, respectivelyThe values are much lower than pure Pt (0.003pd¢ Ti (0.0037 KY).
It is because the calculated TCR is an averagbkeafold and hot parts of the device. Resistance
increase only happens in hot parts tise average TCR is lower thampure metal. AndDri 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-aihy area when 1 mW ispplied to the microheatfg1]. The thermal
efficiency of Ori, S, M, and L is calculated to be ~0.00009¢-K/mW, ~0.006mm?-K/mW,

~0.03mn?-K/mW, and ~0.08mn?-K/mW, regpectively. It is clear that thermal efficiency

increases with sizethen the shape is the sanféhe hypothesis is that temperature increase is
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dominated by heat dissipation. And lateral heat dissipation is dominant, so we haat

dissipations perimeter. Perimetes form factor (FF), so temperature incredseFF?. In the
equation of thermal efficiency, aréaFF?, so the result of the equatiénFF. The highest thermal

efficiency is one main reason that L is determined to be the standard.design
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Figure 4.8.T-R curve for different thicknesses.

Inspired by the tooling factor of theb®am evaporator, the thickness effect was evaluated.
Metal thicknesses tested are 90 nm, 150 nm, and 200 nm, respedivelthicker the metal
thickness, the easier to heat up the microhga®rshown inFigure 4.8. Regarding thermal
efficiency, there is almost no difference between 150 nm and 208ndm0 nm is the lowest
Thermal efficiency increases with metal thickness and the trend flattens above 150 nm
Considering the range of the power source emmipensadn for the tooling factor, 200 nm is

determined to be the standard metal thickness.
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"“ TELEDYNE
ADVANCED POLLUTION INSTRUMENTATION

T SERIES DILUTION CALIBRATOR - MODEL T700U

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

The Enose was tested against N@&tOH, CO, acetone (Ace), aadnixture of NQ and
EtOH. First the test was carried out at a constant concentration but at different temperatures to
determine the optimabperatingtemperature. Then the test was carried out at the optimal
temperature agast different concentrations tietarget gass

Tests were performed in a selfade gas chamheas shown irFigure 4.9. The sealed
chamber has feedthroughs for electrical connections anuggises. The chamber layowdan
inside chamber at the mer 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 urewkrhard for probes to landhe
m cromani pul ator s move mentThuds,gtisareferred td package ed b
theE-nose firsiandthen do gas testing. After packaging, connections can be simply made between
alligator clips and the PCBVhen doing tests, sensor channets @nnected to a Keithley 4200
SCS and microheaters are connected to a DC power s@gdylow 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 capableg#nerating ozone @pfrom zero air.

The test started witlthe identification of optimal operating temperatures. A constant
concentration of gabowed whenthe operating temperature was changed by changing the heater
bias. The concentration of N& EtOH, CO, and Ace is 1 ppm0 ppm, 1 ppm, and 10 ppm,
respectivelyNO,, EtOH, CQ and Acehave separate optimal operating temperaf@gshown in
Figure4.11 Sensitivityi s def i ned t o benchmar kwhetelRgisth@ nsor 0

sensor 6s Jd wnderzero arard&s Rs &ter being exposed to target gas for 150 s

VQE i QO Q0 O (6)
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Sensitivityagainst NQ has a peak around 150 ‘06 s o pt i mal operating
to what was measured fog @reviously[60]. Beyond optimal temperature, sensitivity againseNO
decreases with temperature and becomes negligible abovi&2%8e plotof EtOH showsa

similar trend where theptimal 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, insteaasingpower
consunption. The trendof Ace is like CO. Sensitivity against Ace stays zero until AD0After

that, sensitivity continuously increases. And above°Z)@he increase in sensitivity slows down,

which indicates nonajor increase will appear in the highempeature region.

2 1-
>
B _
c y
3 . —No,
3 = EtOH
N 0.5 - CcoO
© A
g \ . ce
®)
Z
0 " -l ] n 1
0 100 200 300 400

T (°C)

Figure 4.11. Sensitivity against N& EtOH, CQ and Aceversus temperatureMeasured

sensitivity is normalized.
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Response/recovery timerfltrc)isd e f i ned t o quantify Théhe sen:
trdtrc is defined aghetime needed for Rto increase/decrease from 10%/90% of peak response
to 90%/10% of peak respongé the optimal temperaturef 150 °C trsand &c for NO; are 53 s
and 40 sespectively At 250 °C trs and &c for EtOH are 10 s and 35 s respectivedyround
350°C, trsand kcfor CO are 15 s and 30respectively, Also around 350C, trsand kc for Ace
are 7 s and 10 s respectively. Despite different trends of sensitigBnd kcfor all four gases
share the same trend. In genetigd,and kc decrease with the temperatues shown irFigure
4.12 That is becausthe highetemperature has f&s molecule movement and reactiémd for
all four gases tested, the reductive gases respond/recover faster than the oxidative gas. The reason
could be related to the MGQectiog2d tUsually, feductivesgash ani s
molecules do rnointeract with Mbx materials directly and do not require to be adsodiesttly
to theMox surface. Without adsorption and desorption, tlex Bensor responds against reductive

gases faster.
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Figure 4.12.trsand kc versus temperature
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The massflow 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 cylitder.
Tel edyneds dil uti on &gaimsiNQisad higit as@.88% adiutions en s i t
limit of 50 ppb, the array is able to respaghinst EtOHvith a sensitivity of1.54%.Around 350
°C, sensitivityagainst CAs more than1% ata dilution limit of 1 ppm.The same test was not
carried out on Ace. Its dilution limit is stiay higher tharstateof-the-art, so it was determined
to be less important to approach.

To predict beyond the hardware limit of the present flow control systentheoretical
detection limit (TDL) was calculatgd 19]:

YOO o— (7)

0 € Qi O (8)

S isthestandard deviation (SD) ttiebaseline curveandN isthenumber of data point&or NG,
EtOH,and CO, TDL is 37 ppt, 15 ppb, and 35 ppb respectively
4.3 Array Effect

In this sectionarray datds discussedvherein the array configurations are labeled in the
f or ntheaumbedof heatesnl number of sensor chanwithtas meas:
single heater was also included as a reference. A systematimB&urement was conducted
where the concentration was changed from 10 ppb to 50 ppb with a step of, H3 gblown in
Figure4.13 The automatic gas flow was realized by programntiegleledyne T700U calibrator.
When all four heaters are on, the sensitivity significantly outperforms other conditfesum
of 4 sensor channels has a sensitivity advantage over the single channel especially in the low
concentration range. However, whigeaters 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 carplaéned 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
x 4 and 4 x 1 caseA. simulation program withintegratectircuit emphasigSPICE) was used to

analyze the phenomenon in the next session.
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Figure 4.13.Different array configurations against-50 ppb NQ, 10 ppb step

4.4 SPICE Study

The goal of the SPICE study was ®tablisha theorgical basis for measudaesults A
simplified circuit diagranwas built in the_tspicesimulatoras shown irFigure4.14 where U is
heater bias, blis sensor bias, &Rs actual sensor resistance,iRcontact resistancepi® parasitic

resistance, andiRs heater resistance. Among all the resistances, qonlyaRvariableduring the
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simulation. The simulated results match the measured regultditatively, confirming the
monolithic array has the effect of enhancing sensit
Besides the circuitry, another reason could be that 8xita area actas adsorption sites

andfree electron sources thoughly active junctions are heated. up

& . l
U H US US H US US
R Cfa
Re 2° Rp ° Ry ° Rp ¢ Rp
—A\W M\ MWy MY AMN—
Ra Ra Ra R
- AM— —AMA— —AMA— - AMA—
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A — AW — . A —
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L AM— L AM— L A— —AM—
S A A i
W AM—

Figure 4.14.The circuitis built in Ltspice.

4.5 Repeatability

Therepeatabilityof the sensor was evaluated under 50 ppb of &Q50 °C as shown in

Figure4.15 The cycle of zero air, N§andzero air was repeated with the sametimBd of &R
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within 10 cycles i s 1Aadno Haseline drifls.odsé\vid in the cyne.r c e n t

The proposed faose has extremely good repeatability.
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Figure 4.15.Repeatedurve at 50 ppb N&150 °C

4.6 Reliability

Figure 4.16.Left: a normal chip. Right: a flawed chip.

Suspended structures are fragile aady to have flaws. @ Enose chip only has half of

the heater junctions working propers shown ifrigure4.16 However, it shows great resilience
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and delivers good sensing characteristics Stilis flawed chipwas compared ta normal chip

side bysidein a systematic measuremeas shown irFigure4.17. The concentration of NQOs

6.67 ppb, 1660 ppb. In genal, thesensitivity of the flawed chip is lower, especially undéich

0 ppb isonly half of the normal. But the sensitivity becomes mard enore comparable as the
concentration increases. There is more basel]

believed to be caused by poor recovery offilneed parts.
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Figure 4.17.The two chips irFigure4.16testedagainst.67,10-50 ppb NQ.

4.7 Gas Mixture
A mixture of 1 ppmNO2 and10 ppmEtOH was tested on thistiose with varying heater
configurationsas shown ifrigure4.18 Mode 1: all 4 heaters at 150 °C. Mode 2: 2 heaters at 150
°C, 2 at 250 °C. Mode 3: 1 heater at 280 3 at 250 °C. Mode 4: all 4 heaters at 250RCMode
1 and 4, N@Qand EtOH dominate respectively. Compared to reference plots of just single gases,
the shift of response is within 15%. TheneEo s e 6s response against the

Mode 2and 3, a clear interference pattern between &l EtOHis 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&1i6%, resulting in a reductive respondéen themixture starts

to flow, the response first goes down and then goes up, indicating EtOH reactee 8t

surface faster than NOWhen the mixture stops and zero air comes in, the response first goes up
and then goes down, indicating EtOH desddster than N@ This finding is consistent with

llI.LA. These results indicate that the sensor array can be tuned to yield desired output against

complex mixtureslts ability to separate gas mixtures is inherent.

4 Mixture On Mixture Off Mode 1
3.5 - po==""" Mode 2
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Figure 4.18.0n-chip recognition omixtures of 1 ppm N@and 10 ppm EtOH

A different mixture of 1 ppm N&®and 1 ppm EtOH was also tested shown irFigure
4.19 Similar curves were observa@dMode 1 and Mode 4n Mode 2 and Mode 3, however, NO

dominating patter is observed instead of an interference pattern betweeraMNDEtOH, since
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the concentration of EtOH is lower. But an-apddown curve is still seen at the recovery stage
for Mode 1, 2, and 3Mode 2 and Mode 3 show an almost identical average respaftee

stabilizing, +7118% and +70.55% respectively

Mixture On Mixture Off

Mode 1
Mode 2
Mode 3
Mode 4

= « «NO, Only
= = «EtOH Only

Normalized Rg

= N w
- o1 N BT o s
[ ]

A T r T

o
o
[l

0 L] ] L]
100 200 300 400

Time (s)

Figure 4.19.0n-chip recognition ofmixtures of 1 ppm N@and 1 ppm EtOH
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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 oksfandard liter per minute (SUMand was controlled by
thepercentage ahemaximum flow rate. Two different humidity sensors froenSirion, SGP41
and SHTC3, were used to calibrate the change of relative humidity (RH). When the flow rate was
set to 50%, &RH was ~10%. When Théfestthingooticed at e
when flowing water vapor to the-fosewas the de@ase in baseline resistan@ée change in
baseline only occurred when the microheaters werdt @amdicated that the water vapor cooled
down the microheaters somehow.

For NO and EtOH, both absolute and relative responses decrease with RH. To confirm if
it was due to the cooling effect, the test was conducted agairedt RT. The same trend was
observedas shown in Table 4.1t can be concluded that environmental humidity &aaegative
effect on sensitivity. The reason could be that water molecrdesaay to be adsorbtmthe MOXx
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 Os
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

5.1PCB Circuit

Figure 5.1.PCB control board (left) and sensor board (right).

A PCB board was built to control th&-nose This board includes a CC2642
microcontroller (Texas Instruments), a Bluetcettabled device that utilizes a dual CPU
architecture to separatew-level sensor sampling frorhigh-level BLE communication. The
resistance values of each of the four sensancelsveremeasured by treating each sensor as the
low-sideresistor in a resistor divider, with the high side being tied to a regulated 3.3 Voltdge
at the midpoint of this resistor divider was
ADS7142) in reference tineground. 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 &nd ground, with the wiper being
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