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In the last few decades, significant improvements have been made in gas sensor
technologies. Mtaloxide sensos have been esl for lowcost detection of combustible
and toxc gases. However, hurdles relating sengivity, stability and selectivity still
remain. Recently, nanotechnology has helped tremendously through the introduction of
nancengineered materials like nanovdiend nanoclusters. Nanowire sensors have much
better sensitivity as comparedth thin-film devices due to tHarge detecting surfacéo-
volume ratio But clearly, improvements are still needed

For realworld applications, selectivity between different classes of compounds,
such agombustible andoxic gasesis highly desirable. An ideahemical sensor should
distinguish between the individual analytes from a single class of compounds. For example,
in detection of benzene or toluene, a good sensor will not be disturbed by other aromatic

compounds present in the environment. This is & bhgllengefor semiconductor based



metatoxide sensors, such a30., SnG, FeOs and ZnO, which have inherent non
selective surface adsorption sites.

Recently,a new class of nanowHmanocluster (NWNC) based gas sensors has
gained interest. fAis type & sensor represents a new method of functionalizing the surface
for selective adsorption and detectidhe adjustable sensitivity can be achieved by tuning
the density, size or composition of the nanoparticles that decorate the nanowires. These
advantagemake the NWNC sensors a good alternative to conventiondlilthisensors.

So far, research into NWNC sensors has demonstrated the potential in sensing many
important classes of compounds. However, most of these NWNC devices equated
working tenperatures. fiey also have long response/recovery times and must function in
an inert atmosphere. All these limitation will be the obstacles inwedd usage for
domestic, environmental or industrial applicatiosd finally, the sensors thus developed
must be manufacturable. That is, they must be batch fabricated with high yield.

To remedy these problems, my thesis was dividedtirgdollowing tasks,

1. Developdry etching techniquds fabricate horizontally aligned GaN nanowi(BiV),
combining thes techniques witlivet etching treatment for surface damages removal.
| call this afitop-down approaahh  u & suhtmgctive process that fabricat®d/'s from
thin-films and adding sensitive nanocrystals after the initial NW definifids is to
be comparetb the aditive fibottomupd  nvére growth by MBE/HVPE/Sabel, in
which NWs are grown, haested fom the growth surfacand subsequently+atached
to a new surfacelhe topdown approach enhargthe yield and homogeneity of the

NW and it is masproduction oriented.



2. Study themetaloxide nanoclustes (NCs) deposition method by physical vapor
deposition(PVD) and rapid thermal annealif®TA) for TiO2, SnC®, W03, FeO3,
etc.Develop the metal nanoparticle deposition method by PVD for Au, Ag, Ptid>d, e

3. Study the crystalline phases agds adsorption sites formed by the method and
establish a database connectingetatoxide bonding sites with different target
chemicals.

4. Utilize Si doped rtype and unintentionally doped GaN nanowires functionalizell wit
differentmetatoxide andmetaloxide/metalcomposite nanoclusters to creatseaies
of highly selectiveand sensitive gas sensing nanostruatigngces.

5. Developa low-cost micreheater (MH)for local high temperature genéica with low
power consumpoin. This allows theapidchemical desorptionyclesas we anticipate
frequently reuseor resetof the sensorlt also enables the use of these NWs in high
temperature sensor applications.

6. Integrate the&NW, NCs andMH into oneworking sensqgrand integrad multiple types
of gas sensorsaa single chipThechip an simultaneously sense many typegages

withoutinterference.

In this study, the potential of multicomponent NWNC based sefmuisveloping
the nextgeneration of ultraensitive and hidi selective chemical sensorasexplored.
We have achievedA and rA levels of baselinedetector currenandwe have shown that
low UV illumination enhances sensitivity for some cases. These sdmagdow power

consumption making thesuitable for portable devices.
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Chapterl. Overvi ew

1.1Importance of Chemical/Gas Senss

Electronics devicesare widely used in our daily lkeg and the signal and
information generated are recorded and stored in many new ways. Information desired
from the environment is converted to electronic signals via a sensor. Sensors can register
information including temperature, motion, gravity, pressure, sound, etc. More and more
attentionis currently paidto biological state (blood pressuit@dpod oxygenationbody
temperature, pulse, etc.), chemical, environment, atmospheric pressure, hamabligyht
sensing. For environmental and national security reasons, reliable and portable detectors
must exhibit high sensitivity and selectivity for harmful environment conditions. In the last

few decades, significant improvement heesen made in gas semgechnologies.

A chemical sensor is a device that identifies a chemical species and quantifies the
concentration of atoms, molecules, or ions in gases or liquids by producing a measureable
signal[1]. Detection of chemical species in air such as indugtodutants, poisonous
gases, chemical fumes, and volatile organic compounds (VOCS) is vital for the health and
safety of communities around the wofg]. Chemical and explosive detegt systems
constitute the fronline of ddense against chemical weapons and terrorist thigat&as
sensors are widely devg@edin commercial and industrial applications like combustion
engine monitoring, process control, and environmental monitpdinghemical sensors
can also be used for food quality tamh, breathe analysis and disease detedtpnDue

to all thesemportanceapplications extensive reseh is onrgoingin the sensor fieldand



the advent of nanotechnology is continually influendimg development. The goal is to

achieve both low cost, low power dissipation, and high performance in these devices.

1.2 Characteristics of a Gas Sensor

Geneally, a sensofs performance can be characterized by the following set of

parameter§6-8].

1 Sensitivity:the change of measured sigfi@sistance, conductance) evhsensor

exposed to certain concentration of target analyte.

1 Selectivity: theability to discriminate between the components gfaa mixture

and provide detection signal for the component of interest.

1 Stability: the ability of a sensor to provide reptmible results for a certaperiod
of time. This includes retaining the sensitivity, selectivity, responsereaadery

time.

1 Detection limit:the lowest concentration of the analyte that can be detbygttuk

sensor under given conditions, particulatya given temperature.

1 Dynamic rangethe analyte concentration range between the detectioralithe

highest limit
1 Resolutionthe lowest concentration difference that can be distinguishsdrspr.

1 Response timethe time required for sensor tespond to a step concentration

change from zero to a certain concentration value.



1 Recovery timethe time it takes for the sensor signal to return to its inrasle

after a step concentration change from a certain value to zero.

1 Working temperatureghetemperature at which the sensor operates.

An ideal chemical sensor should be able to operate at room temperatpossess
high sensitivity, good selectivity, high stability, low detection limiyide dynamic range,

good resolution, fast response aadovery times.



1.3 Current Sensor Technologies and Limitations

Due to the massivditerature available omnconventional andnovel sensing
techniques, Ihave reviewed aollection of papersfocusng on portable gas sensing

technologie®nly. These inclde the following:

1. Catalytic sensorsalso known agpellistor, targeted forflammable, combustible gases
using a heated wirgia catalytic oxidatior{9-11]. The target gas will bexidizedwhile
releasing heavhen comes into contact with the catalyticface.The electrical resiance

of the wire changes arnd then converted into a readable display on the instrument. The
catalytic combustion sensors typically use a lot of power to opdragghaveselectivity
issues and regularly require fresh or@ged batteries. These sensors require oxygen or

air to work andheir effective functioning is placement dependéai.

2. Electrochemical sensors: Electrochemical sensors are typically available for aofariety
toxic and flammablegases like carbon monoxideydrogen,nitrogen oxideshydrogen
sulfideand chlorine. The target ga®lecules diffusénto the membrane at the top of the
sensor and then react with the chemicals on the sensing elsctoogeneratelectrical
current{13-15]. A common problem is crossensitivityissuesfor exampleslcohol vapors

and unsaturated hydrocarbooan easily interact withthe sesor electrode materials
creating a common signabhort lifetime due to limited amount of unrecoverable base
materials andcannot be exposure #high concentrationare the other disadvantages of

these sensors.



3. Infrared sensors (IR sensors): IRs®B wrk via a system of transmittbeams from

IR sourcesand detected bylR detectos. By sensing the light intensity change of
transmitted IR lightdue tothe presencef an absorbingarget gas and comparirigis
intensity to a reference beamwe areable to detectcombustible or noxious gases
(specifically hydroarbon vapors and carbon dioxigd&he altered state dhe light beam
detemines the type of gasedsThelight absorption and intensitghangs reveal thetype
andconcentration of gas¢$6-18]. The main drawback to IR sensors is their high cost. IR
sensors are are sophisticated and expensive, whmeled frequent calibraticand routine

maintenancelt is not suitabldor use in wearable applicatians

4. Photoonization detectors (PIDs): PID is a type of gas detector and typically measures
volatile organic compounds (VOC#&om sub parts per billion (ppm) to 10000 ppm
Photoionization detectors refyn specific chemical properties of the VOCs. Instead of
absorbing light, a PID usdsgh energy photons, normallyV light source to ionizegas
moleculesinto positively charged ion€Once the gas is ionized, it passes through two
charged plates, which garate the gas ions and the free electrons. As the gas ions flow
towards the plates, a current is generated between the two plates. The greater the
concentration of the compent, the more ions aproduced andollected and the greater

the curren{19, 20]. However, PID sensors canmnaistinguish the type or species of the

VOCs. They are naeselective, higkcost, sophisticated and require routimaintenance.



5. Metaloxide thin-film sensors: They are used for detecting a range of gases including
toxics and combustibles and work via a gas sensativeporousilm that is composed of
titanium, tin, zinc or turgsten oxideq?21, 22]. Materials are maintained at working
temperatve between 300 to 5@ wherethermal generated electrdwole pairs and high
temperature enhanced the reactiate sufficientrate. Themechanism othin-film sensor

is based on changirgf the resistance ofthin-film upon adsorption of the gas molézs

on the surface of a semiconductor. The-gal&d interactions affect the resistance of the
film because of thamountof free carrier (electron for most cases)he filmwere trapped
and released by adsorption and desorption of target fzi@eslowever, resistive metal
oxide gas sensors have serious drawbacks in terms of selectivityetom@paseline drift,
long-time recoveryand hightemperatures required forgh poweroperation, which limits

their use in portable applications.

6. Field effect sensoralso known as FET sensor, MOSFET sensor and targeting for,toxins
explosives and VOCO0s. The MOSF EG@Gttran®stos o r
with catalyic metal as the gate contacthel gas molecules modulate the conduction
channel by effect theoltage to the gatef thetransistof24-27]. For the MOSFET sens,

gate and drain are shortsedthe device functionings a tweterminal device.Drawbacks

are thelow-sensitivity and limited selectivity. The metal gates in these FETs have to be
thin and porous to achieve the required gemity, however this gate design will lead to

many reliabiliiy issues during the reéime sensing.



Table 1.1 shows a summary of applications and limitations of 6 portable gas sensing

technologies.

Sensor Device Type | Applications (Gas)

Catalytic

Flammable
Combustible
Toxic
Combustible
Hydrocarbon
Greenhouse
Volatile organic
compounds (VOCs)

Electrochemical

Photoionization

Metal-oxide Toxic
thin film Explosive
Field effect Toxic
Explosive / VOCs

High power consumption,
interference issues
Cross-sensitivity, short life-time
High cost, large size,

high power consumption,

need routine maintenance
Macro-scale, cross sensitivity,
limited working range, short life-time
Cross-selectivity, baseline drift,
require high temperature
Reliability, limited selectivity and
sensitivity due to gate quality

Table 1.1Comparison of current technologies for portable sensing systems



1.4 Design of High PerformanceGas Sensor

Fig. 1.1High performance integrated sofitite gas sensor design diagram

Fig. 1.1 presents the schematasign of myhighly sensitive and selectiyveeliable
and robust, working at rootemperatureintegrated solid state gas sendeach sasor
modue is made of two componerits parallel a gas sensor unit areimicro-heater unit.
Gas sensor unit isanowirenanoclustestructure, functioning as the main active sensing
part and worlng at roomtemperatureThe micreheater unit is a component pafttbe
integrated systerstaysin idle modemost of the timelt only worksatthe time of cleaning
adsorbents on chip surfabecauseafter somerare andextreme sensing conditiottike
very high concentration of target gasessunknown chemicalexposureand coveragethe
system needs Areseto and desorb all the unwa
output results reliabland repeatableThe micreheater camuickly engageand generate
local heatinghathelp the nanowirand surrounding area®sorbing unwanted gas phase
chemical moleculeattached. The heating assistafgherimprovesthe sensor system to

bemorereliable and robust.



1.4.1Gas Sensor Unit

Modern semiconductor industrigas grown througtthe fastdevelopment of
nanotechology. tis well known that the electrical and physical properties of nanoparticles
(NPs) and nanowires (NWs) can change significantly with the environment. This is due to
the nanostructur eods [283§hSolid statef gascsensarsacanbe® | u me
designed basing on NWs and NPs, and fabricated using integrated solid state device
techniquesFor NPs, it is hard to directly make electrical contacts ¢osthall structure.
However, this small structure can be used@sding andeaction center due to its fast
respond to environmental changes. NWs are very suitable for current measurements.
Current flow changes dramatically with the NW electrical propertie
(conductance/resistance, effective channel width modulationierface carrier
scattering/trappingetc.) Research shows that NW detectors are sensitive, but not selective
due to the single type of analyte binding site common to all angBie82]. To enhance
the NW based sengbiselectivity,single or combinetPsof metatoxides and metalare
used to decorate the NW, creating different binding sites for different reattemicals.

The NPsor nanoclusters (NCs)ecoration can be singlmetaloxide, metal or a mix with
different combination with optimized ratioghis nanowirenanocluster (NWNC) hybrid
device can mitigate theroblem of selectivity by fine tuning the comations ofmetal and
metatoxideNCs supported by Gallium Nitride (GaN) NWs. This hybrid structure not only
improve the sensitivity and selectivity, but also decrease the detection time and most
importantly it will have the capability of tailoringelecivity to individual analytes by

incorporating different NGnaterials.



The GaN NW with NCs decoratios gas sensing structudgas advantageas
compartedto other structures(such as the GaN nanobelt, nanoribbon and-fitmm)
functionalized by the same NCTheNW is a 1D material thateads toNC decoration of
thetop surfaceas well asidewalls. Nanobelt, nanoribbon and tfiims are 2D materials
for whichthe dimensiorof the sidewall is negligible compar&mithe dimension ahetop
surface Thus the NCdecoration effects mainlyon the top surface only. 8suming the
NCson NW and 2D material are identical, and the diameter of NW is the same with the
thickness of 2D materials. The NWNC sensor structure can improve the sensitivity by
involving sidevalls of 1D materiabeside top surfacé'he conductivity modulation will
be enhanced by introducing more space chargefemeasidewalls, and push mofee
carries tothe NW core. Mreover, 1D GaN NW has lower working current comparing to
the 2D GaN. Bvice noise is proportional to the square root of the basaliment,the
lower noise leads to a higher signal to noise ratio which enhance the detection limit of the
sensorFrom cost point of view, sing NW structurecan integrated mofdWNC sensors
on a single chip and produce meodevices from eactvafer asopposedto the limited

throughput and low yield of 2D structure devices.

1.4.2 Micro-Heater Unit

Over the past decade, great interest has been shown in low cost, fast respense, low
power micreheatersfor a variety of applicationg33]. In particular, micreheaters (MH)
and micrehot-plates (MHP) are integrated twichemical and gas sensdos cycles of
releasing chemicaland maintain working temperatui@4-40], humidity sensof41, 42

and MEMS micro fluid pumps for ambient temperature sp4@p They can also be used
10



in medical care, to deliver aerosol drugs and delivery through inhalfdiéd6)].
Moreover,they can be powered by high chaiggacity, light weight, flexible battery
sourceq47, 48]. Several earlymicro-heater designs had been reported usingftims

such as pohsi to fit in CMOS procesp49, 50]. Recently, platinunj4l, 51] or Platinum

wire patternbased metal combinations (Pt/Ti, Pt/Cr, P#ad or Pt/MgO) have been
widely explored 34-37, 40]. However, for the low cost in thigas sensor systeamdfor

other possible applicationse choose nickelt has 34% less electrical resistivity é2itbo

more themal conductivity comparing tdgtinum, and is much cheaper. There is no report
that | have found on nickel heater elements. The well controlled electroless Nickel plating
method is anothdow costprocess for depositing thick metal heatettgras.A low cost
micro-heater for aerosol generation has been developed tisingilm deposition,
electroless metal plating and selective wet etching technology. The heating element is
fabricated by dbeam evaporation and solution based nickel plafligg metal pattern
temperature reaches the boiling point of glycerol (290€) and higher. This structure and
the use of a plating bath and wet etch render the desticarkably low cost (less thad 2

per devicg This MH successfullyntegrated with gas sears to assistlesorption of
unwanted checmicalsOther applications of the MH design nmedical procedures, such

asaerosol generation ambiug inhalation therapare also explored

11



1.5Contributions and Accomplishments

Gallium nitride (GaN) nanowiresfunctionalized with titanium dioxide, platinum
titanium dioxide compositestin dioxide, iron oxideand tungstentrioxide were
investigated optimized and developad selectively detedhydrogen, nitrogemioxide,
aromatic compounds, arainmoniaTheseare integrated with micro heatethat uses low
cost metaldeposition métod and wet etch process techngier assistance in chemical
release cycles. The micro heater canubed formedical drug inhalation and aerosol
generatiorpurposs as well All t he fabrication processes were designed and optinozed
be capable of reliable wafebatch production ad homogenous device performance.
Processes developed inclutie topdown approach of single NW arrays, MH formation,
NCs and NPs depositioA.compari®n between magsroduction orientated proces$ég,

53] and individualchip-alignment based procesg&4-58] is listed in Table 1.2 and Table
1.3 for NW and NCs formation respectively. | summarize the efforts performed in

completion of this thesias follows

1. | demonstated a dry etchedit-dpwn o f abricated structure
aligned in a horizontal plane parallel to the wafer surface, as shown in figures on
the left side of Table 1.2Previous technique use molecular beam epitaxy (MBE)
to grow nanowiresvertical up (perpendicular to) the wafer surface. Placement of
these vertical structures is rather random across the surface, as shown in images on
the rightsideof Table 1.2,These features must be released from the surface, and
subsequently placed on anotrmrbstrate (either individually or in bundley

dielectrophoresi}.Dielectrophoresis isn electromagnetic wave NW ighment
12



technology that appliea RF voltage bias on the sides of solution through
electrodes. The solution has NWs disperd i n topd ownfdhedriy et chi
method developed here uses the stepper/scanner lithography system to define the
nanowire patterns, followed by inductively coupled plasma (ICP) dry etch. By this

method, the NWs are identical in arrays and sensor fabrication cansibe ea

integrated and mass produced.

. | developed methods feemoving sidewall defects and roughness caused by ion
bombardment during dry etching. The potassium hydroxide (KOH) and phosphoric
acid (HBPO4) wet etch can remove the defects appearing as liregtical texture
along the NW sidewallthatinhibitedprevious attempts at creating dry etched NWs

from succeeding.

. | demonstratd a nanocluster formation method and designed a fast
characterization method using Isonductance measuremeand ellipsomey
techniques besides SEM imaging. Further optimization of titanium dioxide, tin
dioxide, ion oxide, tungsten trioxide NCs was accomplished. Previous work on
NCs relyon chemical formation of powders, the NCs formation method in this
thesis used physicabpor deposition (PVD) followed by rapid thermal annealing
(RTA) which can be fully integrated with modern CMOS procesges PVD

RTA method has advantages in NCs coating uniformity and compatibility to
dynamic structures as the comparison shown in TaldeThe characterization

technique is fast, relidd and nordestructive compared SEM imaging.

. 1 did the design of experimentsading to the establishment ofgas sensing

databasstartingwith TiO2, SNQ, W03, FeOs, TiO2-Pt, etc Metaloxide thinfilm
13



sensors were fabricated and tested by being exposed to various target gases.
Responsive and naresponsivenaterials were determined and were recorded in a

database.

| developed a electroless nickel platingrocesgo create thick Ni layers from a

seed layer. This technique allows precgsmtrolof the final thickness of a film far
thicker tharwould be allowed by lifoff. Moreover, the chemical solution bath is
much lower cost comparing to higlacuum equipment. This method was used in
the micreheater process that can be integrated with gas sensor and provide heat to
augment the chemical release cycldeinexpensive and easily fabricatetdcro-

heater thus developed allows for easssproductions This heater can be used in

aerosol generatsand fabricated as a single device for drug inhalation therapy.

| developed grocess integratioecheme for includingll three micre and nane
struduresinto a singleNWNC hybrid sensor devicelntegration considerations
including the process flows, RTAmultiple passivation layers, NW yield
improvement, active opening windows, passivated control elements and ohmic
contact improvement were studied in detail. The techniques for multiple sensors
integration into a single sensor chip were first time reporiéese enables the
simultaneously multiple gas sensing capability of a single sensor depeloped
aprocess itegration methods for includingultiple gas sensors in a single chip for

simultaneously sensingf variety of gases

| characteried thefully integrated nanowir@anocluster hybrid gas sensor and

micro-heater systemMost of thesensor ung workat room temperature without

the need of heating assistance which endavepower cosumption The sensor 6.

14



fast response and recovery behaviointeanedafter many sensing cycles. This
implies that the developed technology has several advantages like low power
consumption, long life time reliability, high sensitivity and selectivity in sensing
performanceThe micreheater allows for improved gagsorption and the use of

high temperature sensors.

15



The NWNC gas sensor fabricated can achievé Isiglectivity and sensitivity
Integrated MH helps improve the reliability and the-tifee of the sensor and assists
desorption of absorbed chemicdlable 1.4iststhe performance ddaN / TiG:-Pt NWNC
hydrogensensor technology comparing to other nokgtrogengas sensing devices
currently under developing. The significant features and advantages oftegeated

SEensors are:

I.  Room temperature sang as well adigh temperature thermaénsings possible.
ii.  Selective sensing dbw gasconcentratioa

iii.  Reliable and repeatable sensarglanability to recoveback to the same baseline

signal level a®pposed to baseline drift and limited lifetime.
iv.  Fastrespond and short recovery time

v. Capable otheapmass production and integration witkistingCMOS processs
as opposedb the individual nanowie pickandplace fabrication. Thismproves

throughput, reproducibility and yield.

vi.  The MH utilizes alow cost micro fabrication process achieve fast respal and
a robustheating function. The MHtanbe integrated intsensor device®r gas
sensing assistance as well as individually useakmsol generation and medical

inhalationapplications.

16



Top-Down Fabrication Bottom-up Fabrication
(mass-production oriented) (individual-chip based)

NW Formation/Growth Subtractive process from thin-film MBE / HVPE / Sol-gel NW growth

']"":I n AR

Jr.

Homogeneity Control:

Length

Up-detachment
Individual-chip-alignment

Planer contact High aspect ratio contact

Large effective contact area Small effective contact area
NW Contact
Homogeneity Control:
Yield
Contact Area
Contact Resistance

Less processing steps Grow-detach-align steps

NW Summary High compatibility and homogeneity High chip-to-chip variation
Capable of wafer-level production Single device process

Tale 12 Massproduction orientated processes vs. individual didped processéar NW
17



Comparison Deposition Fabrication Spin-Coating Fabrication
Lists (dynamic wafer structure oriented) (Planer wafer based)

NCs Formation/Growth Sputter and Rapid Thermal Anneal Process NCs Dispensed Solution Spin-Coating Process

-

Conformity
Surface Coverage
Uniform coverage density along the wafer Decreasing density from center to edge
Phase & Orientation
Conformal deposition over dynamic structure NCs stack at the high aspect ratio structure
Flexible NC size and phase control Standard NC size and phase, no control
NCs Summary Uniform coverage regardless of wafer structure Uniform coverage only on planer wafer
High cost for vacuum instruments (sputter) Low cost for spinner and hot-plate

Table 13 Massproduction orientated processes vs. individual df@ped processésr NCs



GaNNw /
TiO2-Pt NC

Pd doped
WOs film

Pt coated
WO3 film

Pt-WOs film

Pt coated
GaN NW

ZnO
nanowire

TiO2
nanotube

Pd
nanowire
EWTIS

Pd coated
graphene

Pd coated
SnO.
nanofibers

Pd contact
Si nanowire

Fabrication
Method

Solgel
process

Hydro-
thermal grow

Co-sputter
deposition

CVD growth

MOCVD
grow-detach
dispersealign

Hydro-
thermal grow
vertically

Porous
membrane
mask

CVD /
Evaporation

Eletro-
spinning and
sintering

CVD grown
NW

Carrier
Gas

Breathing
Air

Dry Air /
Pure N

Breathing
Air

N2

Ar

N2

N2

N2

Breathing
Air

Breathing
Air

Selectivity /
Sensitivity

Not mentiond
/1-10,000

Not mentioned
/5-16

Detection
Range

1000 ppm
(0.1%)

1000 pprri
1%

Not mentioned 50 ppmi 200

/3.8-26

Not mentioned
1 12% 14%

Low (Hz, O2)
/ 90%

Low (Hz, O2)
/10- 20

Not mentioned
/0.1%- 10%

Low (Hz,
02)/ 1%-
33%

ultralow (CH,
CO, N, Hy,
C;H,, ethanaol,
toluene and
acetone) 1%
- 30%

Low (Hz,
NOz, NHs)/
1%-33%

ppm

10 ppmi
3000 ppm

500 ppmi
4000 ppm

100 ppmi
5,000 ppm

100 ppmi
50,000 ppm
(5%)

20 ppmi
1000 ppm

20 ppmi
1000 ppm

10 ppmi
50,000 ppm
(5%)

Working
Temp.

300€C

Room
Temperature

9BCi
220¢€

150 €

Room
Temperature

150 €

Room
Temperature

Room
Temperature

Room
Temperature
1320€

Room
Temperature

Response /
Recovery
Time

100s/100s
at300 €

to10s/ 10s

at100 €

15 min/ 15
min

0.6/ 8.6 min

at 220 € to

4.5/ 30+ min
at95 ¢

2 min/5 min

55 s /cannot
fully recover

65 min / 65
min

10s-100s/
10s-100s

1-5min/ 2-
10 min

2si 13s/
2s7s

30 min / 60
min

Table 1.4 Comparison of the current state of the art hydrogen sensors
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1.6 Organization of the Dissertation
This dissertaon has been presented in eighapters.

Chapter 1 (this chapter) gives a brief overview to readers about tlake wh
dissertationl start with the importance of chemical gas sensors and how to characterize a
typical gas sensor, followed by a review of current gas sensor technologies with
corresponding limitations and bottle necks. A proposal design for develom@riggtn
performance sensing device wdscussedfor each unit in brief. Contributions and

accomplishments of this work have been highlighted towards the end of the chapter.

Chapter 2gives the background reviews of current nanotechnology, develops in
nanavire and nanoparticles. Semiconductor nanowire has been used widely in sensing
application since the past decade. General properties of gallium nitride bulk and
nanostructure matermbrediscussed in brieMetaloxideandthin-film sensors have been
studied for more than three decades and the propertiesetz#toxide nanoparticlesare
briefly reviewed. Some literature review of the nanowiamocluster hybrid sensois

presented and discussed.

Chapter 3 presents the formation of a single galliumdatrnianowire, from step
by-step fabrication details of the nanowire arrays to ohmic contact formation. The wet etch
post treatment was discussed in detail to remove the surface damage caused by dry etching.

The singlenanowire tweterminal device as a UV tictor was presented.

Chapter 4 presents the formatmiithemetaloxides nanoclusterand describes the

surface morphology, structural, electrical and optical characterization effort for optimizing
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and analyzing the nanoclustefiie same metadxide deosition methods are used to

fabricate thinfilm gas sensors and photodetectors.

Chapter 5 describes the midneater developmenprocess. The chapter also
describes othedisposable applicati@beyondheating assistance in gas sensing system.
Fourdifferent types of low cost mio-heaters were presented. Natglating bath and wet

etching techniques were briefly discussed.

Chapter 6 shows the overall process integratiorthefmicro-heater unit and
nanowirenanocluster gas sensing unit. Extra protectayer and passivated designs are
used. The fabricated device layout and packaging steps were preddatbdds to

integrate multiple sensors on a single chip were covered.

Chapter imakes an attempt to present the gas sensing measuremgnaset tie
performance of the different gas sensdiisis chapter alsprovidesexplanations othe
sensingperformance and proposasensingnechanism based on the current literature and

observed trend on the devices fabricated in this work.

Chapter8 sumnarizesthis research and predsia path tofuture researclefforts
related to the work. Possible amaliions of this sensor technology and emphasis the

importance of further understanding and which could be of interest of future research.
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Chapter2: Background

This chapter presents the background fanderstanding thé&ey component,
importantconcepts and materiafghysical principals and chemieaechanisms behind the
gas sensing with semiconductor nanowiraed nanoclustersThe detailed literature

reviews of sensimtechnology as well as the NWNC sensing technologinaheded here.

2.1 Nanomaterials, Nanowires and Nanoparticles

Nanomaterials and nanostructures are defined as having at least one critical
dimensiorthat islOnanometers or lesBor the purposefdhis thesis, a nanmetric device
is one whose dimensions are conveniently expressed in nanorAethesnanoscale level,
the physical, chemical, and biological properties of materials differ very much from the
properties othebulk matter{69-71]. Thedifferent properties enable the development of
high density and amplex functional materials and systems, which in many ways can

improve our daily lives.

Nanowres are onaimensional structures that are cylindrical in shape, with length
to diameter ratios often greater thad. Nanoparticles are zextimensional particles sized
range from 1 nm to 100 nm. Nanowires and nanopatrticles are highly functionalrstsuct
with unique propertiesriginatefrom their low dimensionalitief72-74]. Nanowires can
be grown without any dastrate, which result in no lattice mismatch and coefficient of
thermal expansion (CTE) mismatch in these structures. So idea grow nanowires are free
from strain, dislocations, and other structural defects. Due to their high surface to volume

ratio propery, nanowires are widely used in applications such as photodef&&tai7],
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optical switch[78-80], ultraviolet nandaser[81-83], biological sensof84-86], chemical
sensol[84, 87-89], solar cel[90-93], etc. In the cases of gas sensoosidiction through

the nanowires strongly affected by the elmical species adsorbed on the nanowire surface
[94-97]. This property enables us to develop highly sensitivity chengashnd biological
sensors as well as provide effective heat conduction and convetidbiVs can be dry
etchedthrough topdown approachfrom thin-films ddined patterns by lithographic
methods, theyave the capability of integration with any developed Si fabrication plant.
This opens up the possibility of integrating-Ylcompound semiconducting nanowire
devices with conventional CMOS microelectroniostailed advantages of this fabrication
method are listed in Table 1.Reduced dimensionality enhances optical, electrical and
chemical properties of the nanowires. Nanoparticles research raises intense studies in
application in biomedica[98-101], optical [102 103] and sensig field [104-10§.
Nanopatrticles the material size in between bulk and atomic or molecular |ékethis

level, the surface properties of a mate become significant. The interesting and
unexpected properties of a material in the nanoparticle from are largely due to the large
surface area to volume ratio. There are many way to synthesis nanoparticles, including
attrition [107, 10§, pyrolysis[109-111], hydrotherma[112114] and solgel [11511§.

The PVDRTA synthesis method developed in this dissertation maintains the nanoparticle
uniform and is compatible with modern CMOS microelectronic processing platforms.

Detailed advantages of this fabricatimethod are listed in Table 1.3.
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2.2 Semiconductor Nanowires for Gas Sensing

Molecular trapping onnanowire surface changes theelectrical properties
(conductivity/resistivity) of the nanowire For gas sensors, current will change when
exposed to takg analytes. Sensing properties of nanowire formed by si[itd® 120,
metalg121, 1227, metatoxides[123 124, and polymer§l25 126 hawe been studied and
reported. All prior studies successfully demonstrated that the nanowire sensors show
enhancement isuperiorsensitivity, resposetime and catalytic efficiency because of large
surface to volume ratio improve the reaction speed andidqeawore bonding sites.
However, due to surface interactionbairenanowire and gas are limited and repecific,
similar to nanowireso bul k sameiatkotselgrtavityt s ,
Metaloxide materials have good selectivity ¢ertain type or group of chemical analytes.
To maintain the high sensitivity and short respond timenoparticles and nanoclusters
decoration oithe naowiresstructureare proposed to improve selectivity thefine-tuned
NPs and NCsurface bonding sisgd127-129, these approachesll be discussed ithater

sectiors.
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2.3Properties of Gallium Nitride Nanowires

Waurtzite TEnergy

A-valley | M-L-valleys

i 300 K

, E,= 3.39eV
E | Povley E | Emi=45-53eV
R E W Ba= 47-55eV

£ Eq= 0.008 eV
0 Eq= 0.04¢eV
K, B, = —_Heavy holes k,
| Light holes
Split-off band

Fig. 2.1 Band Structure of wurtzite GaN

Galium Nitride has direct band gap energy of 3\8%¢ room temperature which
is about2 times higher than silicon or gallium arsenide (GaAs). Eifj.shows the band
structure of wuzite GaN[130, 131]. This wide band gap allowsehGaNto work at high
temperaturebecause¢he thermdy drivenelecton-hole generation is low.He very strong
gallium-nitrogenbond of GaN maket robust and less vulnerable to amsive chemicals
and environment stre$$32, 133. GaN nanodevices are widely used in power electronics,
spaceand ultraviolef{UV) emission and higtemperature device&aN NWsof a range
of bandgaps can be made &lloying and dopingThis contrasts with carbon nanotubes
with fixed bandgap. Also carbon nanotubes stilkannot be selective growwf

semiconducting or metallic nanotubds34, 135. One of the advantages that GaN over
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otherlll -V compound semiconattor is that (unlike GaAs or InfjaN has a low density

of surface states, which will not pin the surface Fdawel at a characteristic value. So
GaN will lead tohavea low minority carrier surface recombination velocBy depaiting
different metal catalysts will have different surface depletion effects, which in turn will

enable us to personally tailor the selectivity to certain analyte.

To maximize thesensitivity of bare GaN nanowire sensors, the critical dimension
of the namowire (diameter) shouldave some dimensional restrictions. If were sensing
changes in mobile charge density in accumulation layers, the sensor film thickness should
be at most twice thextrinsic Debye length.The extrinsicDebye length Lp, for a

semicaductor is defined as:

Where Uis the dielectric constanksis the Boltzmann'sonstant, Tis the absolute
temperature in kelving} is the elementary charge, aNglis the density of dopants (either

donors or acceptors).

Similarly, of we are sensing changes in depletion thickness, the sensor thickness
should be on the order of the depletion depth. This is of course, a function of background

doping concentration and surface charge induced bias.

The GaN nanowire produced in this disseotatis ntype with donor density
ofp T & . At room temperature, the Debye length for the nanowire is approximately
10 nm. The GaN nanowires growby molecular beam epitaxy (MBE) technique produce

random nucleatiocreating awide range of densities and diameters even within a single
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growth process. Optimized growth provgtiiametesin the range of 200nm to 350158,
136-:13§. This dissemtion usean MOCVD methodto growGaN thinfilms for thetop-

down dry-etching. The catalyshduced growthtechniqueis betterthan the catalysfree
approaches. &ausehte MBE grove GaN always end up with untentionally ntype
doping due tahe volatie nitrogen species that generatertiogenvacancie$139. MBE
requires ultrahigh vacuum conditions and the relatively low growth temperature which
redwes the surface atom mobility, leading to an increased defect density in the GaN epi
layer[14Q. MBE grown GaNwill provide verylimited sensitivitydue to the heavily doped
n-type backgoundand defect densitied\ top-down etched nanowire structure method
from an ultralow dopedand high qualityOCVD GaNthin-film is proposedo overcome

this lack of sensitivity

2.4 Metal-Oxides Thin-Film for Gas Snsing

In the field of gas detion, the use of thifilm metaloxides helps achieve low
cost, low power consumption, acceptable sensitivity and stgldifitiy143. A typical thin
film metaloxide gas sensor and the sensing behavior is illustrated i2FA¢144]. The
sensor structure is simple and easy for fabrication with interdigitated elest(tDE)
deposited on metalxide thinfilm. The metaloxide sensors detect gases by the
modulation obulk orsurfaceconductivity. This igeflecied inthe currenflowing through
the device. Metabxide gas sensors cover a wide range of detection iti#éipabncluding
oxygen, explosive and toxic gases. However, so far, even theotatelevel of metal

oxide gas sensorsacnotsolve the sensitivitproblemand most of them need heating
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assistance and require elevated working tempeta&ansitivity of themetatoxidesensors
is controlled by many factor§he sensor works by gases interacting with the nuetiale
Understandardconditiors, thin-film sensos exposed t@xygenor other reactants, these
species absorbemh surfacebecome charged, amtkpletethe surface of mobile charges
Thisformed space charge region usuadigiuces the effectivanduction thickness of film.
Whenthe sensor exposed tatarget gas, the absorbed oxygen will retlicbugh this
depletion mechanismand @use further ddetion or removalof the oxygen fromthe
surface A change of theeffecive conducting thickness is reflected & reducedor
increasedconductivity, detectable by monitoringhe currentflowing throughthe film.
Previous studies conclude three independ&ctors that controlled the thifim sensors
sensitivity: receptor function, transducer function and output resistahaage as
illustrated in Fig.2.3 [144. From the above described sensing mechanism, several

conclusons can be made to summarize the mechanism of-métld gas sensing:

A The smallercrystalline size andhinnerand more poroughe metatoxide films
enhance theffect of conductin chanel thickness modulatiof.his makes the

device more sensitive

A It is important that the concentration of native surface states be minimized for a

sufficient band bending modulation wheretaloxideresponds to an analyte.

A To achievegood sensinghe meal-oxide should be chosen so thlag¢ activation
energy of chemisorption on the oxide surfecemalland the energy of desorption
should be high Thisinsuresthat there is a&table amount of gas absorbed during
sensing period. So many oxides cannot vawla chentialresistive sensas they

do not satisfy this simple rule
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A Decorating the xide with nanoparticles catalyzte chemisorption of analyte onto
the surface which lead to increasing of sensitivity, improvingsehsing

performance antlining the selectivity.

A Many other factors like crystalline facets, porosity of the material, dopants, surface

defects can influence the sensor performance as well.

A
(}xidc Gas-in Gas-out
. (a) Sensor response
G S=Ra/Rg
g
Au =
electrode 2
S
o =4
& - ! Sample gas (Rg)

Alumina substrate Time

Fig. 2.2 Schematic diagram of a typical t#ilm metaloxide sensor and sensing behavior

(a) Surface (b) Microstructure (c) Element
(Receptor function) (Transducer function) (Output resistance change)

Fig. 2.3 Schematic diagram of the receptor, transducer and output resistance functions control the

sensitivity of a thiAfilm metaloxide gas sensor.
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2.5 Properties of MetalOxide Nanopatrticles

For the bulksemiconductingnetaloxide materials the band gap are normally
wide and the material reactivity is lojt45. However, for nanoparticNP) sized metal
oxides, theband gapghanges with the decreasing of the material size and dhisdap
modulation affects the chemical reactiiiyd6-14g. Metaloxide nangarticles are small
in size,have high surface to volume radadin high dendy of corner/edge surface sites
which result in unique physical and chemipebpertiesSolid-gas reactins mostly occur
at the surfacenterface regimeand grain boundariesf the solid. For nanoscataetal
oxide the unique structure and electronic surface @mogs result in a significant
adorption of analytesMoreover,the presence aominate phaseslangling bonds and
oxygen vacancy sites in the oxidan enhace the chemical sensing selectivay the
systemOne type of gas has different binding energies for different type of adsorption sites.
The nanopartid can acieve even higher and more efficieaf conduction channel
modulation than the thifilm nanostructure sensor$he presence of discrete atdike
electronic states also makes the nanostructure produces quantum confinemeité€ects

150.
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2.6 Nanowire-Nanoclusterhybrid sensing

Forabare nanowire (NWiwo-terminal devicethe sensitivity is limitethy thewire
diametewhichis larger than Debye length and selectivitytloé nanostructure ithesame
asbulk material A nanowirenanocluster (NWNC) hybrid sensormsade bydecoratinga
NW surface with metal ometaloxide nanoparticlefNPs) or nanoclusters (NGsThis
enhancssensitivity angsharpens theelectivity.So, metal/metabxide NCs oraGaN NW
will act asnarocatalyss, which will not only improve sensitivity and decrease the detection
time, but also enable us to tailor the selectiyyusing carefully selected metal/metal
oxide nanoparticles Catalysts are used to lower the activation energy of correspgpndi
reaction that produce ionized active radicals from the target absorbed analyte. And then the
active radicals(e.g I R ( ) will spill-over to semiconductor surface with more
effective charge carrier transfeiSpill-over and fermievel control are the two very
important effects when a catalyst put on a semiconductor sydfatd53. Catalysts of
metaldepositedn the semiconductor surface witfect the Fermilevel ofthematerial. A
metatsemicanductor junction will formand the Fermlevel will beflat on the zero auent
state The depletiomegionwill be formedon the semiconductor, anie depletion width
can banodulated byarget gases molecules adsorbednatalnangarticles asong as the
metal particle ismallenough and the feratevel of metal is sensite/to adsorbents.hE
current through NW will be modulateg thedepletion regionvidth [154-157]. Moreover,
the NCs and NPs cameateadditional absorptiontes on NW By all means, NCs improve
the sensitivity and tailor the selectivity of the NW sensing systéra.NCs and NPs of
metatoxide can function as catalysts that lower the activation energy of a reaction, helping
fast dissociate chemicals to actiaglicals and improve sensing respond time.
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In recent years, many reseagshhaveeported hybrid gas seng nanestructures
utilizing metal or méal-oxide NCs and NPs amtecorate NWs or nanotubesghrib et al.
reported gas sensatstect NO and CO hiyn dioxide (SnQ) NCs decoratedn multiwall
carbon nanotubes (CNT$158. Duy et al.presentedethanol sensing at a working
temperature of 250C utilizing mixed Si©2 and TiQ clusters onsingle wall carbon
nanotubes (SWNTs) [159. Balzsi et al.demonstrated N© sensing with hybrid
composites of hexagonal V¥@owde and metal decorated CNTs at room temperature
[160. Kuang et alreportedan increase in the sensitivity H2S, CO, and Ckbased on
SnQ NW sensors by suréa funcitonalization with ZnO andNiO NPs[161]. Zhang et al.
utilized ZnO NWs decorated with Ps to serse ethanol and got sensitivity thrgmes
higher than control group seors that without Pt NPdecorationg162. Chang et al.
demonstrate@nO NWs decorated with Au NRs sense CO and gsénsitivity enhanced
significantlyas well[127]. Dobrokhotov et aldesignedsaN NWs decorated with Au NP
to sensdN2 and CH [163. Wrightet al. fabricated/ultiple GaN NWs decorated with Pd

NPsfor the detection of kHin N2 carrier gas atoom temperaturgs2].

All the above researcimdicates thathe NWNC hybrid sensors are promising.

However, there are stithanychdlenges and barriers to overcome:

1. Most of the NWs are growing verticallpy MBE/CVD methods followed by
sonication detachmerdand individually alignment to electrodes. Tée series of
processes cannot maintain batch to bamcliormity. The yield issue rad the non
repeatable device behavior are the bottle ndekihinder the gas sensor move to mass

production
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2. Most experimentsuse high operation temperatar@gnore than 250 §. Only few
reports show room tempeuaé sensing, but the sensitivities repdrare low and

responséime is long.Selectivity is limited tdew numberof chemicals

3. Very few research grogpseair as carrier gas. For most cdsesoxygen in air will

affectsensing. Howeverdeally the sensor should detect target analytes in
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Chapter3: Gal Il i um Nitride Nanowi

This chapter provides averview of the proposeddbricationscheme fothesingle
GaN NW arraythat subtractive processed by the-tlmpvn approach (dry / wet etching)
Staring with a highquality thinfilm of GaN on sapphe wafer, followed by PECVD
deposition of passivation layerstepper lithography and ICP resistive metal mask
deposition,ion milling andICP dry etch And KOHH3PO4 wet etchpost treatment was
discussed in detaib removethe NW ssidewall roughnesand sirface damage caused by
former dry etching proces#n the endtop contact metallizain, bond pads deposition,
packaging andvire bonding will bediscussedor later characterization purposéhe

singlenanowire tweterminal devicénas excellentUV detecor behavior

Gallium Nitride (GaN) is a versatile semiconductor used in optical devices- (light
emitting diodes, laser diodes, UV sensors) and in power electronics (power switches, RF
devices,and high power transistorg)64]. Due to its direct band gap and chemical and
thermal stability, GaN nanowires (NWSs) are gaining significant importas@hemcal

sensor elemen{d63 165 164.

To date, mostfadGaN NWs devices are fabricated using chemical vapor deposition
growth with a follow up detachment from the substrate and individuahgnalignment.
Due to the variation in morphology, dimensions, doping, and crystal quality, it is hard to
control thequality of NWs gravn via the bottorrup methodg167]. Besides, variations
from a multistep pickandplace fabrication process result in a low yield of functioning
devices. Thus, such a processaar waferlevelintegration capabilities, rendering mass

manufacturing challenging. An alternative approach to overcomedhmsie a ¢ K ®p- i S
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down fabrication, in which NWs are patterned on a uniform tfilm using standard
lithography and etching. Verticalgligned semiconductor NWs (nanorods, nanopillars or
nanocolumns) have been demonstrdigdsuch topdown methodg453, 168171]. The
heights of these nanostructures are limited by the thickness of the startiffgnthin
material, andthey often exhibit tapering as a result of etching. On the contrary,
horizontallyaligned NWs can be fabricated without any length limitations. For
photodetectors and photovoltaic devices, vertiealigned nanowires represent a high
efficiency platformwhereas for chemical sensors horizontaligned nanowirg are the
optimal choicd84, 172 173. Due to its inherent inertness to most wet chemical etches,
GaN nanostructures are commonly praetlasing dry etch techniquddowever, high
aspect ratio GaN structures achieved by plasma etching aras$eriated with extensive
side wall damage, result in lowperformance of the devidd74.Therefore, producing
damagefree nitride structures with a precisalgfined geometrgver large area remains a

challenge.

By combining deefJV projection lithography and inductivelyoupled plasma
(ICP) etching, thishesisdemonstrates horizontaigligned NWs etched from a GaN thin
film grown on sapphire. Since the rough and tapered hM&wsalls due to dry etching
create leakage cuant and limit NW performancl74], a post ICP potassium hydroxide
(KOH) wet etching procedure was developed to smooth the NW.WalésKOH etching
also allows us to control the final shape and dimensions of the NWs. The PL and current

voltage (+V) results verify the improved performance resulting from the KOH treatment.

The topdown approach described here can potentially enaldeN&®l and SMW

to be integrated with LED, micrpumps, and micro heaters for systemchip
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developmen{55, 56, 175179. Different types of sensors such as chemical, gas and bio

sensors can be fabricated using thedoprn method.

3.1 Fabrication of GaN Nanowire

In modernnancgelectronic and micr@lectronic manufeture industry, a general
fabrication technique should have the following desirable characteriatiagability to
batch fabrication, compatibilitwith standrd CMOS silicorprocess and suitabilitipr a
wide range of nanwire materials besides galliumtride. So far many literature reports
on ebeam lithography, focused ion beam (FIB), atomic force microscopy (AFM) and
Dielectrophoresis manipulation and alignmehtNWs, however, all of theroannot well
fulfill above properties. The stepfseanner projection lithography followed by
inductively coupled lasma(ICP) etch and KOH wet etch polishing can achieve the high
yield and reproducibility on nanowire fabricatiofhe fabrication of welbefined and
aligned NW by dry etchings shownin the processliagram Fig3.1 and Fig3.2.Fig. 3.1
is a lift-off process and Fid.2 is the alternative etdtack processthe following section
demonstrates a higihroughput fabrication method of gallium nitride (GaN) nanowire
(NW) and submicron wire (SMW) arraysising a combination of projection lithography,
plasma etching, and peglasma wet etching techniques. Photoluminescence (PL), field
emission scanning electron microscopy (FESEM), akdnieasurements were used to
characterize the GaN NW/SMW devices. Th&BNVs/SMWs can be used to create highly

sensitive and selective conductometric chemicaléeiosors.
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The length and width of the wires can be precisely customized. The length of the
NW/SMW varied from &mm to 5 mm and the width ranges from 100 nm to 500 nm. Such
comprehensive control in the geometry of a wire is difficult to achieve with other
fabrication methods. The peglasma KOH wet etching greatly reduces the surface
roughness of the GaN NW/SMW aselvas improves the performance of devices.
Complementary metabxide’ semiconductor (CMOS) and mieedectreamechanical
system (MEMS) devices can be incorporated with GaN NW/SMW arrays on a single chip

using this topdown fabrication method.
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Fig.3.1Schematic representation of the nanowire fabricqtisetal mask by lifioff) process flow
(1)RCA cleaning of GaN on sapphire wafer, (2) SiN et@dsk deposited using PECVD, (3) spin
coating of photeesist stack of LOR3A and Ultia (4) lithographyuse positive maskand
development, (5) metal deposition bypeam evaporator, (6) liiff in 1165 photeresist remover,

(7) ICP etching to transfer the patter on GaN, (8) HF etching, RIE etching to remove metal and SiN

etch masks, followed by subsequent K@kt etch treatment.
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Fig. 3.2 Schematic representation of the nanowire fabricafimetal mask by etechack
subtractivg process flow(1)RCA cleaning of GaN on sapphire wafer, (2) SiN etesk deposited
using PECVD, (3) metal deposition bybeam evap@tor, spincoating of photaesist stack of
LOR3A and Ultrai, (4) lithographyuse negative masind development, (3hetal mask etching

by ion-milling (6) remove photoresist 165 photeresist remover, (7) ICP etching to transfer the
patter on GaN, (8HF etching, RIE etching to remove metal and SiN etch masks, followed by

subsequent KOH wet etch treatment.
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3.1.1 GaNThin-Film Growth

The thinfilm growth of the base galliumitride was carried out at NTT Advanced
Technology Corporation, Japan. Twdferent thicknesses of commercial intrinsic GaN
epitaxial layers (NTT Advanced Technology) grown gplane sapphire were used in this
study: 3 pm thick GaN films were used for characterization of the etch rate of ICP dry
etching, optimization of wet etclgnand measurements of PL spectra; 1 un thick GaN
films were used in the optimization of the wet etching process as well ad/in |
characterization. AlGaN is a buffer layer widely used to compensate lattice mismatch and
reduce stress in the growing film,cathereby improves the crystalline quality of GaN on
sapphireFor photodetector device, the layer structusmis/entional high quality undoped
lum GaN epitaxy growth on sapphire substrate with buffer layer of 500nm thick AlGaN.

The composition of Al i9.2 in AlGaN.

3.1.2 Wafer Preparation

The starting material is a twiach wafer ofunintentionallydoped (UID)GaN on
sapphire substratgith a-plane orietation. The wafer is rinsed #cetone, Methanol and
then Isopropanol (IPA) with ultra sound scetion for 2 minutes each solvent. The sample
arerinsed, removin@ny unwanted debris and neeady for standard RCA cleaning. This
is a standard cleaning procedume semiconductor manufacturingfhe substrate

preparation is as follows:

i.  Immersion iNRCA-1 solutionformed with volume ratio of 5:1:1 4@ (DI Water)
+ NH4OH (Ammonium Hydroxide) + kD2 (Hydrogen Peroxide) at 80 for 10

minutes to remove insoluble organic residues.
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ii. A quick immersion into 50:1 solution &f20 + HF for removing thin oxide laye

formed in last RCAL step.

ili.  Immersion in RCA2 solution formed with volume ratio &£1:1 HO (DI Water)
+ HCl2 (Hydrochloric Acid)+ H202 (Hydrogen Peroxide) at 80€ for 10 minutes

to removemetallicresidues.

In between each two steps, transfer wateDl water bath to clean surface solution

residues.

3.1.3 PECVD Passivation Layer

After cleaning the wafer, a passivation layer of 50nm SiNXx is depogitéatmly
on the wafer by plasmanhancd chemical vapor deposition (PECY[Plasmarherm
Versaling. PECVD is a common technique used in insulating and passivation purpose
quality layers for SiNx, Si@ amorphous and polycrystalline silicon. PECVD is relatively
cold process with normal deposition temperaturd@i< to 30 and uses energetic
electronsrom the plasma to dissociate the pmscu gases. In my process @ven lover
temperature of & is used to deliver a fast deposition rate of 2niésmallythe leakage
current in PECVD oxidesgs higher than other high temperature CVD processes. So the
PECVD formed thidfilms cannotbe usedas afunctional oxide such as MOSFET gate
oxide. However, this is not an issue in my desagthe layer ianerelya passivation for
protection otheGaN surface from metal maéki) penetration caused contaminatiorne
layer of SiNx will eventually be removed after ICP dry etch. In our optimization, 50nm

PECVD SiNx is good enough to prevent ICP hagtergy ions penetrate with Ti into GaN
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surface. The thickness of PECVD is double proofed by Nanospec Reflectometer

(Nanometricyand ellipsometry studies

3.1.4 Stepper Lithography

Stepper lithography is a welleveloped nanscalepatterning technique used
mass productiant is highly efficientandless sophisticated tharRbeam lithographyAn
ASML i-Line gepper (PAS 5500/27pis used for this procesA.resdution of 280nm can
be achievedbith this tool. $epper lithography definition dhe NW structure starting with

spin photeresistand thedetailedprocesses are showelow:

I. Prebake wafer at 22 for 10 minutes to remove water andgyanic residug Cool

down wafer and nitrogen blodry.

ii. A bi-layer stack of photoresis{dlicroChem LOR3A and Ulir&) were used to
supporta lift-off process for the metal shadow mask struct&mn coating of
LOR3A at 4000pm for 45 seconds followed by 5 minutes bake a€2 s used
After cool down a spin coated Ultra (4000 rpm for 45 seconds followed by 90

seconds bake at@0) layer was installed

iii.  Stepper lithography with waf bonding bond a2-inch wafer onto a caer wafer,

deep UV exposure with570mJ/cm?of dose energy.

iv.  Postbake on 11® hot plate for 90 seconds, cool down and followed by develop
in Microposit MR26A for 60 seconds. Rinsed in DI water and after this step the

windows for metal deposition aopened.

v. Reactiveion Etching RIE, Unaxis 790)anddescum witha 30sccm flow rate of

oxygen for 45 seconds to clean up thethwroughly developed resist residue.
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3.1.5 Shadow Mask Metal Layer Depositiand Lift-Off

A bi-layer metaktack 60nm of ttanium and 120nnof nickel) is used to form the
shadow maskTitanium is a gooddhesive layer between GaN and nickel, aiclah is
resistive under ICP chlorine etchirighe Denton Infinity 22 Ebeam Evaporator is uséal
deposit the metalAfter deposition wafers weremmersel in 1165 or remover PG solvent

with gentle Gtip sweep follift -off. Clean with acetone, methanol, IPA and DI water.

3.1.6 ICP Chlorine Dry Etch

An Oxford Plasmalab 100 is used in the ICP etching proegdsacombination
of 25 sem of Chlorine, 5 sccm of Nitrogen and 1 sccm of Argon under conditior®of 40
temperature, 5 mTorr pressure, RF power of 300W and ICP power of @d@/N¥hinutes.
Several GaN layers (3 pn thickness) were ICP etched for different times to calibrate the
etch rate. The etched thickness was measured by a profilometer and the data summary is
shown in Fig.3.3. Black dots show the original data, and the regression linearization
analysis (green line) gives the dry etching rate of 428.9 nm/min. Based on thanrate,
min etching was performed on the 1 pm GaN/500 nm AlGaN films to fabricate the
nanowire devicesThe AlGaN etch rate islightly slowerthanthat of GaN, due to the
sapphire is pretty resistive to chlorine etchingjttie over ething estimation tira was
used And in this ICP etch procesthe SiNx uncovered by Ti/Ni layers easilyetched
away at thebeginningof the processSo, in considation of thesetwo reasons, the

optimized etch time is set torBinutes.
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Fig. 3.3 ICP etch depth as a ftina of the etching time

(The original data are shown by black dots, and the linear fit presented by the green line)

3.1.7 Metal Mask and SiNx Removal

Partof the metal masks etched during ICP, and theemaining portions can be
removed by immersiom HF/HNO3/DIW (1:1:10)solution for 10 minuteS'he SiNx layer

can be removed by RIE SiNx etch for 5 minutes.
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3.18 Potassium Hydroxidesurface Treatment

After ICP etch, the ideal cross section should be a rectangular shape. However, the
actual shape isapeed as scanninglectron microscopy (SEM$hows(see Fig.3.4).
Plasma etching creates a textured vertical lines structure on the NW, increasing surface
roughnessThis sidewaltexturecaussthe formation okurface defectas theSEM image
shows Thesesur f ace defects wil/ generate surface
and selectivity. The top side is smooth dug¢h@protection ofthe SiNx and Ti/Ni mask
layer. To achieve ideal NW with smooth side wall&® can rerave this roughness by
adding an additional polishing step. Thisvet treatmentstep consists o Potassium
Hydroxide (KOH) etch. Wafer wvaimmersed in 10% KOH iethylene glyco(EG) solvent
at 8& for 2 hours,the SEM image odmoothing additive selection and optimization will

bediscussed in the next section

Fig. 3.4 SEM images of a nanowire section after ICP etch. (a)ykam, (b) 45 tilted. The top

surface appears smooth, however sidewall damage is evident.

45



3.2Potassium Hydroxide Wet Etching

The vertical texture on th&idewalls formedy plasma bombardment is obvious
and hard to remove in situ dry etching procdssremove the surface defects, KOH wet
etching methods are explored with different etching temperatures, solvent comppsitions

additivesand times.

3.2.1 We¢ Etching Temperatures

The samples were etched for 10min in a 10% KOH in deionized water (DIW)
solution at 40 €, 60 € and 80 €. PL measurements were conducted before and after
KOH etching as well as on the control sample (pristine GaN filmifidn3.5, intensities
are normalized with respect to peaksnapurity-related PL peak near 420 nm (F&g5a)
andnearband edge (NBE) of 355 nifrig. 3.5b) Surface defects are created during the
ICP etch, which are neradiative recombination centers, resutighe decreasing of the
NBE emission compared to the impuriglated PL peaks at 420 nm and 600 nm. The
subsequent KOH etch removes the i@dnaged layers from the sidewall surfaces and
remarkably reduces the surface sradiative recombination centersnd#y. After etching
at 80 €, the overall shape of the PL spectrum of GaN NW surface resembles that of the
pristine GaN film surface. Similar results also observed and reported on by Q. Li et

al[170.
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3.2.2 Wet Etching Solvents

Isopropanol Ethylene Glycol

Deionized Water

plan view plan view plan view

45° tilt view 45° tilt view 45° tilt view

Fig. 3.6 SEM Images of NWs after KOH in different solvents. The first row indicatespltena

and mplane wires under study. The second row shows the conjoined parts. This is apbuoet a

NW comects two rrplane NWs. For DIW and IPA solventsplane NWs were ovegtched and
disconnected after treatment. Blue dash lines indicate the original NW sidewall positions before
the treatment. Yellow dash lines indicate that the final sidewall positentedatment. The m
planes replaced the originaptane at the inner loop of the part because of a higher etch rate on the
aplane (in contrast to the-piane.) For the EG solvent, NWs were not severely etched after the
treatment. This result shows thlaetKOH in EG solvent is the best candidate for isotropic etching

among the three explored.

The 10% KOH in DIW etchant used above shows the improvement of PL intensity
at 80 €. However, the KOH in DIW shows aggressive etching of thplane of GaN,
leading to an anisotropic etching profile as shown in the first coloifing. 3.6. To address

this issue, three different types of etch baths, namely 10% KOH in DIW, isopropanol (IPA)
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and ethylene glycol (EG) , were studied in order to find a truly isotrdplc ene that is

more controllable when used batch fabrication.

All three groupaverestudied under the same conditions:mid etching at 8aC .
PL measurements were conducted after treatment. These results are similar to those shown
in Fig. 3.5 (purpe line). SEM imagesKig. 3.6) revealdifferent etching rates of different
facets: for the top surfacesitane) of GaN NWs, etching was not observable for all three
cases. The sidewalls of the NWsplane and nplane) were found to be more easily

attaked by KOH.

Generally speaking, them@ane is less stable thanptane due t@ higher surface
energy{179 180, so the etcing rate is faster on-plane than on the 4plan. SEM images
(Fig. 3.6) show NWdlisconnecteat several pointafter etching with KOHn DIW, while
m-plane NWs remain theane Thus, we conclud&OH in DIW etches glane much
fasterthan theother solutionsA high reaction rate is not favorableachieving the smooth
etched surfacgd 81, 187. An organicsolventaddition such as IPA or EGslows down
theaplane etching process and makihgomparable in rate to #plane etching in order
t o achi ev etching Bhe trgavigsoleentontained in the solutioplays an
important role in the etching process. Tdrganic moleculeswill selectively adhere to
some crystallographic planesgine in our case), thereby hindering the access of etching
agent (KOH) and slowing down the correspdi ng pl ane BQH irelPAc hi ng
etching shows an improvement in thetispy of the etch proced®A can slow down the
etch rate of @lane. However, it still etches faster than thglame. KOH in EG etching
shows the most isotropic result since botplane and nplane @d up with the same NW

width. Both the first and second colurahFig. 3.6 highlights the original NW sidewalls
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before treatment by blue dashines. It is obvious that the@ane etches faster than m
plane NWs in DIW and IPA. Thieigh magnification imag of the 90°bendparts proves
this fact. The inner side of the NWs is etchedntplanes with 120°interplanar angles
between them. This lEghlighted by theyellow dasledline in these figures. These results

show that KOH in EG solvent is the best ddatk for an isotropic etching for GaN.

3.2.3 Wet Etching Time

A series of studies of etching times from 10 min to 5 h based on the optimized
condition of 10% KOH in EG at 80 € were conducted. SEM images were taken to observe
the NW sidewall surface rohgess changes with the increasing etching time. .
shows the control group without wet etching treatment. Sidewalls were rough created by
plasma bombardment can be clearly seen. Fig.shows a set of SEM images of NW
sidewalls after wet etching a0 min, 20 min 2 h, and 3h. The NWs hadimilar surface
morphology withetching times greater th&h etching. Both 2h and 3h of etching show
smooth sidewalls. Comparirfgg. 3.4 andFig. 3.7 (a)we concludeKOH goes into the
deep trenches to widerg them and causingthe vertical textures to beconmaore
pronouncd at the beginning of the wet etching. After thiie horizontal textureand
steps on the tapered sidewall become visible
sidewal | Isl ii kne co Fhl®& (bkcEhes¢ convex block textures amttacked
by KOH with further wet etching and decreasies size into smaller convex spoEsg. 3.7
(c)). After 3h of etching, the convex structures largely disappeared, ending up with smooth

sidewalls Fig. 3.7 (d). InFig. 3.7 (c), (d) the nterface layer, highlighted with yellow dash
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lines, of GaN and AlGaNre identified easily on the smooth sidewalhe original
sidewall 6s position before wet enudehidnng can

layer as highlighted with blue dash lines.

(a)10 min treatment (b)20 min treatment
45° tilt view 45° tilt view

e e s St

(c)2 h treatment (d3 h treatment
45° tilt view 45° tilt view

Fig. 3.7 (a)(d) correspond to different etching times from 10 min to 3 h under condition of 10%
KOH in EG at 80 €. Blue dash lines in (c) and (d) indicate the original NW sidewall position
beforethe treatment. Yellow dash lines in (c) and (d) indicate the interface between GaN and
AlGaN layers after treatment.
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3.3 Electrical Characterization

3.31 Ohmic Contact Formation

3.3.1.1 Photolithography

Photdithography is a welbdeveloped submicro and micro-structure tool in mass
production industrygomparing to stepper, it is contact alignment and useMAG Front
and Back Contact AligneSlss Microtekis used for this procesgsolution of submicro
can be achieved. The fabrication procesphottaithography definition obhmic contact

structure starting with spin photesist is detailed below:

i. Prebake wafer at 21 for 10 minutes to remove water and other organic residue.

Cool down wafer and nitrogen blow.

ii. A bi-layer stack of photoresisfslicroChem LOR3A andMicroposit S1813were
used to suppod lift -off process for thehmic contact metaSpin coated LOR3A
at 4000 rpm for 45 secondss use as a first laydollowed by 5 minutes bake at
21 . We nextspin coated S181at 4000 rpm for5 seconds followed bg 60

secondbake at 116 .
ii. UV exposure with 90nJcm2dose energy.

iv.  Postbake on 116 hot plte for ® seconds, cool down and followed by develop
in Microposit MIF-319for 60 seconds. Rinsed in DI water and after this step the

windows for metal deposition are opened.
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v. Reactiveion Etching (RIE, Unaxis 790)as followed by alescum with Bsccm
flow rate of oxygen for 3Geconds to clean up tmemainingdeveloped resist

residue.

3.3.1.2 Ohmic ContactMetal Depositionand Lift-Off

A Ti/Al/Ti/Au metal gack has been reported by many researchera low-
resistanc@hmic contact to +GaN[183-185. In thisprocess, even with undoped GaN, the
Ti (40nm) /Al (100nm) /Ti (40nm) /Au (40nmgxhibit linear FV characteristicsA

Ti/Al/Ti/Au metal stackwasdepositedn theDenton Infinity 22 Ebeam Evaporator.

Titanium and aluminum based metallization schemes have been successfully used
to form ohmic catacts of GaNFor the Ti/Al/Ti/Au stack of layers, the first Ti layer aiming
to have a good contact due to its high sticking coefficient to the semiconductor surface, so
it is Titanium adhesive layer. In order to form a good ohmic contact, the workdurugti
the contact metal has to be matched with the electron affinity of the semiconductor or near.
Ti has a work function of 4.33eV which is very closethe electron affinity of GaN
(4.1eV).GaN surfaces have a very high chemisorption affinity for oxydema result, a
thin native oxide layer will form on surface of GaN. This layer can insthe&aN from
the metal However, Ti hashe greatdvantagef reducing the GaN native surface oxide
by alloying. Ti can dissolve small amounts of oxygen andetilain inas t a BTl peasel
During high temperature annealing, N-aliffuses from GaN to form TiN and the nitrogen
vacancies in GaN act as dondrsthat casethe undoped GaN will become heavily doped
at the metal semiconductorterface This further improves the ohmic contact louwey
resistanceeven further Aluminum, as the second layéras a thickness of 100nm. This

layer is aimedo insurean overall low resistana®ntact. Anothelayer of titanium is added
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in betweerthealuminum andhegold layesto prevent or minimizenetaldiffusion under
high temperature RTA process afterwarfsp layer of gold (Au) is noble metal and used

to prevent oxidation and corrosion of the metal stacks.

After deposition,lift-off is accomplished bymmersion n 1165 or remover PG
solventaccompanied by a gentle-tfp sweep Finally, wafer wascleared with acetone,

methanol, IPA and DI water.

3.3.1.3 Rapid Thermal Annealing

Rapid Thermal Annealing (RTA) is employed for ohmic contact formation of metal
stack ad GaN. High performance ohmic contact is essential to operation of nanowire
devices. In RTA, the wafer is placed inside a thin quartz chamber with halogen lamps
surrounding it. The temperature rise is fast (as high@s@& seconds). The rapid rise of
temperature generates stress in the nanowire device leading to a structural breakdown and
re-bonds. The wafer ambient is 6000 sccm of yhnge Ar. The RTA is performed at
70® for 30 seconds. The temperature ramp rate is set @ @0 minute. Slow ge rate
is set to make sure the GaN, metal stack and rogtdé are given enough time to reach
equilibrium while keeping a low stress level. This RTA process generates a well

functioning, low resistance ohmic contact.

3.3.2 IV Characterization

The eletrical properties of the no KOH treatment control group NWs and a 2 h

KOH etched NWs with different lengths were studie¥. heasurements were conducted
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under UV (355 nm wavelength, 48 (W/cm?intensity) illumination. Due to the high
resistivity of intrinsc GaN, dark currents measured in the pA range (from 10 pA to 100
pA). With UV excitation, resistances tend to increase with increasing NW length, shown
in Fig. 3.8. The KOH treated NWs show lower resistance compared to Wiusé not

KOH treated and dhe same length under UV excitation. This enhancement becomes more
significant as the NW length decreases. This phenomenon can be explained either by the
suppression of the ndrradiative recombination process due to surface improvement or

the surface trament may lead to a lower barrier resistance and form the ideal ohmic

contacts.
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Fig. 3.8 Electrical behavior with UV assistance of NW before and after KOH treatment
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3.3.3 UV Respose

UV photocurrent measurements were conducted with 200 pm and 1000 ps1 NW
For both lengths, NWs with and without KOH wet etching samples compared. The same

UV source intensity and voltage biases were used for 5 cycles, 2 min for each cycle (1 min

UVonand1lminofffFig.39 shows the response &tyclde. he NWsO

Note: the NW is almost insulating without UV exposure. For the same dimension, surface
treated NWs show almost 3 times higher current under UV exposure. Furthermore, the UV

response is proven to be repeatable and reliable over multiple cycles.
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Fig. 3.9 UV photocurrent transient measurement of 280 and 1000xm long NWs with and

without KOH treatment.
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3.4 Chapter Conclusion

In this study, methods and techniques teliably and reproducibly fabricate
different lengths of alignmetitee, horizorél nanowire arrays for various applications
were presentedStepper lithography, ICP etching ak®H wet etching techniques were
used to ensure mass production capability and competitive performance to conventional
bottomup nanowires. Different wet etclgntemperatures, solvents, and times were
explored for surface improvement of NWs. PL, SEM aivIdharacterization were used
to show wet etching is necessdor optimal GaN NW devices. On the basis of our
experimental results, this NW fabrication methdabwss promise, potentially enabling
mass production of sensors, optical and power devices based on single NW structures. The
top-down approach desbed here enabl€gaN NW and SMW to be integrated with LED
micro-pumps, micro heaters to provide usefulssarstructuresMany sensorsghemical,
gas and biology) using botteap GaN NWscan be benefit from the tegown approach.

The study was published at the journal of Microelectronic Engindétihg
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Chapter 4. Metal-Oxide Nanoclustes and Thin-Films

This chapter describes the optical, electrical and structural characterization effort
for analyzing themetatoxide nanoclusters (MONCSs) and the correspondingftimrs.
Surface morphology and microstructure of the MONCs was characterized by scanning
electron microscope (SEM) and atomic force microscope (AFM). The crystallinity and
phase analysis was assessed badiffraction (XRD) and auger electron spectrgeeo
(AES). The element composition of tHilm was studied by energy dispersive
spectrometer (EDS) and -bay photoelectron spectroscopy (XPSElectrical
characterization of the thifim was performed by measuring the currgnttage (V)

curves by Agilat B1500A and S4200 semiconductor parameter analyzer.

4.1 Fabrication of Metal-Oxide and Metal Nanoclusters

Deposition of NCs is a tricky pabecaus®n one handsufficientamount of fully
functioningNCsand high surface coveragan provide high seitwity ; on the other hand,
over deposition will cause isolated island of metabe coalescento a conducting film.
Two methods are mainly considered, sputtefaigwed by RTA processf NCs and spin

coatingof chemically synthesizeldPs.

The Denton Vcuum Discover 550 isused for sputtering each metadide NCs.
High purity metaloxidetarges were use@nd RF mgnetron sputtering sources at different
substrate temperatures with a wide range ofOAflow rate and RFEDC power were
optimized For meal-oxides rapid thermal annealing (RTA) after the deposition is

necessary to achieve a dominating crystalline phase of M@dinalized recipes fanany
58



types of metabxides and metad are shown in Table 44nd Table 4.2The detailed

optimization praess will be covered in the following sectidake TiO2 for example, the

TiO2 NCs were prepared by RF sputtering of a TiO2 target using Dérdocoum

Discovery 550 system. The base pressure was maintained bel6W@fE The substrate

temperature was fed at 325C to increase the mobility of arriving particles. Ar gas flow

of 50 sccm and RF power of 100 W was used to yield a low depositiorTreteRTA
process at 700 eC for 30 sec in Ar gas ambi

The RTAwass et a ramp/mmte of 100 eC

Metal-

Oxide
Materials

100 325 240 50 0 700 30 100
200 90 300 20 30 700 30 100
WQO3 30 325 180 50 0 700 30 100
Fe203 100 300 300 40 0 700 30 100
V205 80 90 300 36 4 300 30 100

ZnO 100 90 300 50 0 700 30 100
Table 4.1 List ofmetaloxide NCs deposition recipes by sputtering metfatbwed by RTA

Metal DC Power Deposit Deposit Ar Flow 02 Flow
Materials (W) Temp . ( Time (s) (sccm) (sccm)
Pt 20 25 60 20 0

Pd 20 25 60 20 0

Au 20 25 60 20 0

20 25 60 20 0

Table 4.2 List of metal NCs deposition recipes by sputtering method
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4.2 Process Optimizationby |-V Characterization

The sputtedeposition of a material from nothing on bare substrate tefitmmon
substrates includes 4 phases. The deposition process start with forming small nucleation
and isolated particles, the further deposition will bring more energized particles with
certan level of mobility on the surface to adhere on early formed particles and form grains.
Further deposition will make the grains grow and finally grain boundaries start merging
and form amorphous thifim. Considering the NCs have larger surface to voluati®
than continuous thifilm. And Isolated NPs have less deposition surface coverage
percentage than NCs. Both of the case will decrease the surface sites density and ergo
decrease the sensitivity of the sensor devices. The ideal NCs should be titeodgpase

that in between the early isolated NPs phase and the final conductifénthrinase.

It is challengingo precisely control the process because thehbteghickness of
general metabxide forming thinfilms from isolated NCs is around @ # nm (based on
my optimization data). The crystal sensor that in situ detects the sputter deposition
thickness is unreliable in this ultfeaw thickness region. Optimization experiment with
extremely low deposition rates were designed and run morepfauitnes to ensure the

reproducibility and reliability.

4.2.1 FV Measurement for Fast Optimization

A new method based on conductivity measurement was developed to shorten the
optimizationturnaroundtime. For the metabxide thinfilm fabricated by spuéring the
metaloxidetarget withoxygenabsent or deficientondition, the sputtered metakide is

conductive due to the oxide deficiency in the materfdle oxide vacancy can be
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considered as #type dopant in metadxide semiconductoOptimization eyperiments were

run on prepared samples with fateposited electrodes instead of bare sapphire wafer or
real NW samples. Bwpplying a voltage bias on the electrode pair and measuring the
current leveleach sample can be toldhether the used recipe foriNEs or thinfilm right

away This approach is fast by avoiding huge amount of time in SEM imaging of the NCs
on NW or substrate samples. Examples of 2T&bd WO optimization currentoltage

plots are shown in Fig. 4.1 and Fig. 4.2.
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Fig. 4.1 }V measurenent of different thickness of TiO

(8 mil and 16 mil sinds for electrode distances and are convert2@@emm and 400mm

respectively)
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Fig. 4.2 IV measurement of different thickness of WO

(8 mil and 16 mil stands for electrode distanaed are converted @00 /7m and 400mm

respectively)

It is obvious that the threshold deposition time for Z@&hd W are 360s and
120s. The correspondinbicknesses calculated from deposition rate are 6 nm and 3 nm

respectively. The deposition rate is calibrated from thick film deposited for a long time.

4.2.2 Inspection of Optimized Nanoclusters

The finally NCs fabricad by the optimized recipes was inspected with Skl
AFM microscopy imaging. Fig.4.3hows theAFM images of TiO2 NCs deposition
thickness of 1 nm and 3 nM/e used the AFM in tapping motlesense atomic forces and

62



plot the surfacenorphology. he imagngtechnologycan scan critical dimension down to
nanometer rangéy height variation.But the techniquecannot distinguishbetween
different materialsespeciallywhenthe different surfacesexhibit little height variations
SEM imaging can distinguish twdifferent materials by their differeatomic masseand
by mass density changdsag. 4.4 shows the SEM images & NCs formed bythe 5
nm depositionandthe continuous Snofilm formed bythe7 nm deposition. Similar SEM

images of W@ NCs(1 nm and4 nm) on sapphiresubstrateare shown in Fig.4.5

TiO2 (1 nm)

Fig. 4.3 AFM images of TiO2 NCs with low and high surface coverage percentage

{ypyYo [y TY YD

Fig. 4.4 SEM images of SPNCs and thirfilm formed by 5 nm and 7 nm deposition
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Fig. 4.5 SEM images of WENCs withlow and high surface coverage percentage
4.3 Metal-Oxide Thin-Film Gas Sensos and GasSensingDatabase

Metaloxides are well known for sensitive and active in surface bonding with
chemical molecules. With the heat photon assistances, the mei&ide @n split or
activate the adsorbates to reactive ions or radicals and enhance the chemical reaction as
catalysis Water split with metabxide NPs to generate hydrogamd oxygens one of the
promising applications based on that thejdi§6-188. Many synthesis uses metatide
for low temperature and selective purpfs@9 19(. Lots of toxic gases are decomposed
by metaloxide catalyst$191-193. Different crystal orientation and phase of NCs surface
will have different bonding sites for corresponding chemical gasesd@&akecandidates
for each metabxide surface would be the gases that haveenigthsorption energieban
desorption energies. In thiase, there Wibe a net amount of adsorbgdsesvhen statistic

equilibriumreaches.

The properties of metalxide surfaces and the sensing capabilities wterdied by
characterizing the thifilm sensorsand the thidfilms. The thinfilms were prepared

exactly the same way with NCs but depositionddonger time to ensure the deposition
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thicknes beyond the threshold which was calibrated in the last sedtien thinfilm
samples were characterized by XRD and ellipsometer for the phase andapand
propertiesThe thinfilm sensors were put into tlyas sensing chambede(ails inchapter

7) and run multiple gases for sensing capability characterizati@mall database was
established base on the gas sensing results. The links between eadahxitetalaterial

to all the sensitive gases were getesta

The thinfilm sensing studyllustratesan idea that highly selective sensors cannot
rely on single metabxide NCs. Mixing of metabxides and metals is a clear path to fine

tune the selectivity of a high performance gas sensor.

4.3.1 ThinFilm Sensor Preparation

The thinfilm sensor structure of each sampdeshown in Fig4.6. Metatoxide
thin-film was deposited ont@ sapphire wafeusing the recipe mentioned in NCs
fabrication A longer deposition timavas used to ensure the formation of thim. Take
TiO2 thin-film sensor as an example, @ Bm thickness was depositeth extra dummy
wafer for later thirfilm characterization was deposited at the same thfier theRTA

processinterdigitated electrodes (IDES) were patterned on the rogi@é thinfiims.

Electrod Metal-

~ @ Sapphir

Fig. 4.6Metaloxide thinfilm sensorstructure
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4.3.2 ThinFilm Characterization

XRD of different metaloxide thinfilms werestudied. The study of thirfilms can
reveal the crystalline phasé NCsin a certain levelThe XRDof TiOz2 thin-film revealed
the anatasghase dominatesig. 47 showsXRD patterns of the 50 nm T&xhin-film
coated on silicon substrate, the diffraction peaks arising exclusively from anatase phase.

The inset figure confirms the XRD pattern of peaks of silgaiostrate.
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Fig. 4.7 XRD patterns of Tigxhin-film
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4.3.3 Gas Sensing Database

Thin-Film Material Sensitive Gas(es) Non-Sensitive Gas(es)

- --
WO3

NH3, NO2

SnO2

Fe203 CoO

CuO H2S, HCN CO, NH3, Methanol, Ethanol
Xylene

TiO2/ Pt
TiO2/ Pd
TiO2/ Fe

TiO2/Cu

SnO2/ Pd

SnO2/ Fe

SnOz2/ Cu

SnO2/ CuO2 Cl2, HCI HCN
Table 4.3 @Gs sensing database for maigides

Table 4.3 shows théatabase that links each metaide materialto all the
responsiveaargetgases. It is clear that therkilm sensor has the limitation in selectivity,

single type of metabxide material genellg responsgto multiple gaseslake TiQ thin-
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film sensor as an example. It shoresponsedo nitrogendioxide gas as well as organic
gases (methanol, ethanol, and aromatic compoufd).48 shows the TiQ thin-film
sensor respond to 250 ppm RGOnderUV exposure Wavelength 365 nm, intensity 468
mV/cm? and in dark. The sensor was introdute@50 ppm NQ for 5 min of sensing
period followed by 5 min of breathing air. It is obvious thHd©2 sensing behavior is
enhanced by UV irradiation. Fig.9%shows the Ti@thin-film sensor responses to diféat

concentrations of N©Ounder UV irradiation.
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Thin-film sensors have limitations in selectivity, generally a single type of metal
oxide thinfilm responses to multiple gases. Fig. 4.10 shows the sameéhiindilm sensor
can response to low concentration alcohol gases with high sensitivégensing signal
never achieved steady state which a stable and saturated current when sensing even after a
long time sensing exposure (30 min, Fig. 4. IM)e TiG; thin-film sensor respond to
Benzene, Toluene, Ethylbenzene and Xylene (BTEX) is shown indFig@. A drifting
baseline current is obvioustime figure whichfurther proofthe thinfilm sensors normally
degradesensing capabilityith the time.Similar baseline current drifting and sensitivity
degradation was observed in \AAQin-film sensor fo ammonia sensing (Fig. 4.13 and Fig.
4.14).Fig. 4.13 is the Wethin-film on KOH treated GaN surface and Fig. 4.14 is on the

HisPOy treated GaN substrate.
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4.4 Thin-Film Photodiodes

A self-powered ultraviolet photodetector based axip and RZnO was fabricated
usingthe sputtering technique on indium doped tin oxide (ITO) coated plastic polyethylene
terephthalate (PET) substrates. Tha mnction showeghoto responsaith quantum
efficiency over 63% under UV illumination at an applied reverse bias of ITR¥.
engineered ultrathin Ti/Au top metal contacts and UV transparent PET/ITO substrates
allowed the PDs to be illuminated through eitliemtside or backside. Morphology,
structural,chemicaland optical properties of sputtered NiO and ZnO films were also

investigated.

As a representative-N1 group semiconductor, ZnO is intrinsicallytype with 3.3
eV directbandgap, 60 mV exciton binding energy, and additionally high radiatnd
chemical resistandd 94, 195. For the UV PD applications, junctions that are composed
of ZnO have been investigated extensivalye to the excellent electrical and optical
properties of Zn(196-:199. Despite the advantage of simfédrication process as well
as low stray capacitance, high internal gain of ZnO based Schatikly metal
semiconductemetal PDs, g junction structure appears to be more promising dus to it
stability, low or zero bias currents, high impedance, lower applext| Aind faster response

[195, 204 .

The PDs have been fatated on PET substrates using the &iutteringmethod
and the deposited thin films/devices have been charnaetérFig. 4.15 shows the
schematiof the deice structure whereas Fig.16shows the optical image of the same,

demonstrating its transpargnand flexibility.
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Fig. 4.15Schematic of the]iO/n-ZnO PD on PET/ITO substrate

/

Fig. 4.16The fabricated device exhibiting flexibility and transparency

In Fig. 4.77, grazing incidence Xay diffraction (GIXRD) measurements of the
fabricated devicet®ow all the diffraction peaks that can be assigned as cubic NiO (JCPDS
78-0643) or hexagonal wurtzite ZnO structure (JCPDa4861), accordingly. Fig. 48L
shows the bandgaps of the NiO and ZnO thin films with Tauc plots measured-tig UV
spectroscopy. Tdbandgaps are estimated by extrapolating the linear region of the Tauc
plots of (Uhs)] versus hs to hs = 0, where U
energy. The estimated bandgaps are 3.74 eV and 3.25 eV for NiO and ZnO, respectively.

The wide bandgaps lead to the transparency of the prepared films in the visible spectrum
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and will determine the rising and falling edges of the EQE patterns under various reverse

bias voltages.
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Fig.4.18Tauc plot for direct energy bandgap from absorption spectroscopy
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TheFig. 4.19illustrates the mechanism of the sptiwered PDs through thmnd
diagrams of the fabricated device. Under UV illumination, eledme pairs are
generated in the depien region of the device. At the interface of NiO and ZnO films, the
built-in electric field across the depletion region separates the photo generated -electron
hole pairs and drives them out of the depletion region. The drifted electrons then diffuse
through the ZnO layer to be collected at the Ti/Au cathode. Similarly, the geatrated
holes reach to the ITO anode through the NiO lafgure 4.20shows the currentoltage
(I-V) characteristics of fNiO/n-ZnO heterojunction device in the dark and undé/
illumination from the backside (PET/ITO) at room temperature. The applied #otages
from 11.2 V to 1.2 V, wher e (Theeiodeshewsan v e

obvious rectifying behavior and a rectification ratidbof11 ate 1.2 V is calculatedrom

the dark current.
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Fig. 4.19Energy bandgap of the PD
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Fig. 4.20Diode characteristic of the PD

Fig. 4.21shows the temporal response of the fabricated photodetectors under
illumination of 365 nm UV at room temperature. The photocurrent increases very rapidly
upon exposure to UV radiation, stays essentially constianmg the UV exposure, and
decays much faster when UV is turned dtfie rise time (tr) for the photocurrent to reach

from 10% to 90% of its maximum value i$ 323 msand the decay time (td) for the
photocurrent to decrease from 90% to 10% of the peak valu&2sns. The slow response

of the PD is related to strong carrtesipping These photoconductoexhibit comparable
or better temporal respont&n other oxide based P01, 207, indicating high quality

engineered metal oxide heterojunction with excellent sensitivity.
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4.5 Spin Coating of Nanoparticles and SolutionProcessed ThinFilm Photodiodes

Both sputter deposition of NCs and spimating of NPs were studied. The final
sensor process picked the sputtguatition over spircoating chemical synthesized NPs
even though NPs have smaller size and larger surface to volume ratio than NCs. The
decision was made from process integration pointie@f. in-c oat i ng process d
have a conformal and uniform coage of NPs on -B and high aspect ratio wafer
structures likénigh-wall NWs anddeeptrench windowsBut the spircoating method has
advantage in loveost, so that it can be used for tfilm and NPs deposition on plane
waferand low aspect ratio subsiatThe solutiorprocessed thifilms were explored and
spincoatedon transparent glass substraf@e fabricated m junctions were proved novel

photodiodes

Solutonpr ocessed pin heterojunction photodio
transitionrmetd o xi des i n which Ni O and ternary Znl
employed as {type and rype semiconductors, respectively. ComposkHielated
structural, electrical, and optical properties are also investigated for all the Wilms.
observed that theamdgap of Zm i MgxO films can be tuned between 3.24 and 3.49 eV by
increasing Mg content. The fabricated highly visiblé i nd pi1n junction phot
an excellent rectification ratio along with good photo response and quantum efficiency
under ultravblet (UV) illumination. With an applied reverse bias of 1 V and depending on
the value of x, the maximum responsivity of the devices varies between 0.22 and 0.4 A/W
and the detectivity varies between 0.1 ¥t and 2.2 xp 1 cm "Od * ¥ . The
photodetectors show an excellent b#visible rejection ratio. Compositional non

uniformity has been observed locally in the alloyed films with x = 0.1, which is manifested
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in photo response and-pdy analysis data. This paper demonstrates a simpleéasolut
process, low cost, band tunable photodiodes with excellent figures of merit operated under

low bias.

Transitionmetal oxide (TMO) UV PDs was fabricated by solutfmocess of p
NiOand RZn1 iMgxO (x = 01 0. 1) | ay e-dopedtnoxide (FM@Quct i ve
covered gl ass swiMg® thia filnesshow &lexagogae wurtziZentype
of crystalline structure and no significant change of grain morphology for all the films
studied.The devices show prominent but tunable UV photo response with various Mg
contents consistent with the bandgap of alloyed ZnO. For higher Mg content (x = 0.1),
compositional noruniformity has been observed over the film which is manifested in the

d e v i optead @operties.

4.5.1 Experiment Details

For NiO, nickel acetate tetrahydrate was dissolved -mefhoxyethanol and
monoethanolamine (MEA) in a glass vial. Similarly,1ZrMgxO precursor solution was
prepared separately using zinc acetate tetrahydrate and magnesium acetate tetrahydrate in
the same solvents. The molar ratiadofQ :MEA or (0 ¢ +0 "Q ):MEA was maintained
at 1:1 in the solution. The concentoatiof0 "Q was adjusted to form Zn MgxO thin
films with x ranging from 0 to 0.1. Concentration of all metal ions was 0.4 M. The dissolved
precursors were magnetically stirred at 60 € for 2 h in a water bath and then filtered with

a 0.45mm filter.

The FTO/glass substrates were cleaned with acetone and isopropanol in an

ultrasonic bath, rinsed with deionized water, and finally dried witlgds. For thirfilm
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fabrication, NiO precursor was spooated on the substrates and the film was immediately
dried at 300 € for several minutes on a preheated hot plate in a fume hood. The procedure
was repeated multiple times to achieve film thickness of 250 to 300 nm. The same

procedure was repeated foriZnMgxO to obtainU9 01 120 nm t hi ck f il m.

films were annealed at 400 € for 20 min in air. Ultrathin Ti (10 nm)/Au (3 nm) top contacts
were deposited by electrdne am evapor ation at a rate of abo
mask having an aay of circular openings of 3.8 mm. No process optimization was

performed.

Surface morphology and cressectional structure of the PDs were examined using
a Bruker Dimension FastScan atomic force microscopy (AFM) instrument and a Hitachi
4700 highresolution scanning electron microscopy (SEM) instrument equipped with
energy dispersive Xay spectrometry (EDS). Crosectional images were taken from
freshly cleaved samples after coating them with carbon to avoid charging €éFects
4.23. Structural charderization of the oxide films was conducted using conventioral X
ray diffraction (XRD)(Fig. 4.29. Vacuum ultraviolet variable angle ellipsometry (VUV
VASE) measurements were performed to determine the dielectric functions of the films

from which opticaband gaps were extracted by employing Tauc glts 4.25.

4.5.2 Results Discussion

Fig. 4.22shows the schematic of the PD with varicosnponents associated with
t he pin | unct cressseciohab3EM dnage dfea.représentative deisce
depicted inFig. 4.23 The SEM image clearly shows the multilaggucture of the PD for

nominal Mg concentration of x = 0.08howing varios oxide layers on FTO/glass
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substrates. Thiicknesses of spinoated NiO and Zn95Vigo.050 have beepstimated to

be about 250 and 120 nm, respectively. The shatprface between NiO and
Zn0.95Mgo.050 indicates smootkurfaces of fabricated film&ifetime of photo generated
carrier is a crucial factor in determining the performance BDa The photo generated
minority carrier outside the depletiargion (the interface) has a very short lifetime
because of fagecombination with majority carriers. Hee, thesensitiveregion of a UV

PD is the depletion regioms is generally recognizedleanwhile, defects in the interface
will greatly reduce thdifetime of photo generated charge carriers in terms of enhanced
possibility of scattering and functioniag recombinationenters. Therefore, a sharp, high

guality interface ensures betfgrformance of the PD.

Fig. 422 Schematic of the device
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Fig. 4.23Crosssectional SEM image of PD with x=0.05
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Fig. 4.24XRD scans of diffraction peaks from cubicONand hexagonal 2,rkMgxO

Fig. 4.24shows XRD patterns of prepared NiO and ZtMgxO (x = 0, 0.05, 0.1)

films. All the diffraction peaks can be identified as cubic NiO (JCPDS ent§648) or
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hexagonal wurtzite ZnO structure (JCPDS entryl361), accordigly. These results
imply that the fabricated ZMO films retain the ZnO hexagonal wurtzite crystal structure
without any segregation of MgO phase. The broad diffraction peaks are in agreement with
the polycrystalline nature and the small grain size of msEthin films. A subtle shifting

of ZnO (002) toward higher diffraction angle from 34.51°(x = 0) to 34.68°(x = 0.1) with

an increase in Mgontent is identified in Fig. 4.1 his observation can be attributed to

the slightly lower ionic radii of Mg2+which decreases the grain size of ZMO in the c

axis.
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Fig. 4.25Tauc plot estimation of the band gap by ellipsometry (inset shows the band gap linearly

fit as a function of Mg content)
To understand the optical absorption and bandgap energy of NihandwgxO,

absorption coefficients (U) are calcul ated
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films using ellipsometry. The optical band gap (Eg) is then derived from the Tauc plot,
which is a | ineavrerrseusa thigo nwdidteir paergyfiy. 4i128h gt)he p

Eg is deduced from a linear fit to the near band gap spectral region and is finerid to

3.72 eV for NiO, which is an agreement with repordeth[203.For Zn. 1 MgxO films,
there is a gradual blue shift of the fundamental absorption edges with the increase of Mg
concentration. The value increases linearly from 3.24 eV for x = 0 to 3.49 eV for x =0.1,

which can be fitted with the equation E¢3:248 + 2.51x) eV.

It must be noted here that for x = 0.1, the Tauc plot shows another linear regime at
lower energy (below 3.7 eV) in addition to the one used for linear fitting, and this may
indicate some composition variation across the sample agavidhown later. Although
the ionic radius ob "Q ions (0.57 A) is almost equal to that@®f ions (0.60 A)[204],
which might imply a wide range of solubility of Mg in ZnO, the thermodynamic solubility
limit of Mg in ZnO is a mole fractioof only 4%[205. However, solid solubility of MgO
in ZnO has been reported to be mole fraction of 83%hin films deposited by PL[206]
and 43% deposited by MBED7]. The sol 1T gel mmeeuilitridm grosvth b a s e d
conditions. hus, the solubility is influenced by the starting precursors, solvents,
temperature, etc. as opposed to other-eguilibrium growths. The compositional
fluctuations in solutiofprocessed ZnxMgxO systems havesd been reported for modest
[208-21( to higher [211] Mg content, and our data also indicate some possible

compositional varigon for x = 0.1.

In any case, all the films are highly transparent in the visible range, which makes

them suitable for UV PDs. Considering the
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utilize either PLD or MBE-grown Zrn. 1 MgxO on NiO to avoid suchampositional non

uniformity at higher Mg content.
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Fig. 4.26Energy levels of &rious components in the PDs

The energy levels of various components of the Plaogvn in Fig. 4.26where
Zn1 1 MgxO is depicted as a tunable bandgap system because oénliffiég content. On
the basis of the reported data, incorporation &2 into ZnO leads to the modifications
of conduction band (CB) edge of the ternary oxide whereas the valence band (VB) edge
remains unchanged[217. Thus, the CB edge changes withU 0.25 eV asthe
corresponding bandgap of ZnlixMgxO varies f|
Mg content (x = 010.1). Under UV il 1l uminat
transported through th&ni 1 MgxO layer to the Ti/Au cathode and the holase
transported from the NiO to the FTO anode. On the basis of thedolgedenergy offsets,
NiO/Zn1 1 MgxO layers form aype-Il heterojunction (Fig. 4.26 The builtin field as well

as the energy gradient at the tyipenterface enables spatial sepavatof electrons and
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hol es. The currentivoltage characteri sti

anticipated rectifying behavior in the dark and exhibieacellent rectification ratio df
18 500 ate 1 V (inset of Fig 4.27. Under UV illumination,current enhancement is

observed under forward and reverse bias because gqihthite generatedarriers. It is
worthwhile to mention here that the current density of the devices decreases after Mg
alloying because dhe increase aksistivity. Undoped Z0 is an ntype material, and the
higher carrier density is attributed to the interstitial zamcl/or oxygen vacandgl13.

When Mg is incorporated into ZnO, the oxygen vacancies are suppressed, which reduces
the carriedensity in the film{214]. Hence, dark current decreases from 1008mA at a

reverse bias of 1 V when the Mg content increases @@ to 0.1.
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4.6 Chapter Conclusion

In this chapter methods amh techniques to fabricate metatide thinfilms, NPs
and NG wereexploral. The thresholthickness for NCs formation were characteriaed
revealed The thinfilm samples with the same NCs sputtering conditions were used for gas
sensing database establishment. The-fihin sensors thus fabricated respdod wide
range of g@sesl also showhat meal oxide thin film sensors ladelectivity andt is hard
to maintain a constant baseline curréRélably and reproducibly fabricatinthin-film
stacksbased on solutioprocessesor varous applications were explorethe reailting
fabricatedthin-film p-n junctionrs can be used as photodiodé&RkD, AFM, and SEM
techniques weresed in characterization of the NCs and 4filiims. On the lasis of our
experiments, thanetal oxide NCs and thifiilm fabrication method show promise,
potentially enabling mass production of sensorsapittal devicebased on single layer
stacled layersor integrated onto NWs. The tamwn approach described here enables the
NCs to be integrated with NWs and micro heaters to provide useful sensburets. The
process overconsghe barrier ofthe spin-coating process thaxhibits the non-uniform
coverage issue f@-D or high aspect ratiwvafer structures. Many sensors (chemical, gas
and biology) using metaixide/ metal NCs can be benefit from tbp-down approach and
the sensing database. The study was published at the journal of alloy gulind[215,

applied physics letter: materi@16], and ACS advanced materials and interf§26§.
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Chapter5: Mi c-Heat er

This chapter gives the fabrication details ofrtiero-heatedevicesthe embedded
micro-heater that was integrated with gas sepsatherseverallow-costdesigns that use
a freestanding silicon membrane or3Ns-memberane support for aerosol generation
purpose. bw-cost metals deposition and wet etch process technigyees usedto
fabricatelarge batches of micrbeaters. @er applicationsvere exploregsuch asgnedical

drugaerosol generators farhalationthempy.

Over the past decade, great interest has been shown in low cost, fast respense, low
power micreheaterdor a variety of applicationg33]. In particular, micreheaters (MH)
and micrehotplates (MHP) are integrated with chemical and gas seffisorg/cles of
releasing chemicaland maintain working temperatuf@4-40], humidity sensof41, 42
and MEMS micro fluid pumps for ambient temperature sp@p They can also be used
in medical care, to deliver aerosol dsuand delivery through inhalatioj#4-46)].
Moreover, they can be powered by high chasgpacity, light weight, flexible battery
sourceq47, 48]. Several early micrbeater designs had been reported usingftims
such as pohsi to fit in CMOS procesp49, 50]. Recently, platinunj4l, 51] or Platinum
basedmetal combinations (Pt/Ti, Pt/Cr, Pt&&3 or Pt/MgO) have been widely explored
[34-37, 40]. However, forlow cod, we choose nickel. Elemental nickehs 34% less
electrical resistivity and 27% more thermal conductivity comparing to platinum, and is

much cheaper. There is no report that | have found on nickel heater elements.
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5.1 EmbeddedMicro -Heater for Gas Sensp

A robust micreheater (MH) which is the same dimension in length as NW was
studied to generate local heat assistant for NW. The gas sensor designed and fabricated can
work properly at room temperature. The embedded MH is to enhance the sensing unit and
enable the system to be more reliable and robust intine@lsensing situations. The local
heating will increase the desorpticateof unwanted gasemn NW and reset the sensor to
thebaselineOn the other hand, the MH enables the sensor unit witraghebdity to work

at the extreme cold environment like north/south pole and space.

5.1.1 DesigrConsiderations

Micro-heater, metal pattern in meander shape on wafer substrate and in parallel
with nanowire, was desigdand made. The length of the MH&designed the same with
the NWs (0, 9, 100 and200 /). The MH pattern islesigned ta meandeshapdine
that has width of im and lays 20m away from and in parallel with the NW. For each
NW, a MH is aside for generating a lodagh temperature anassisting desorbg all the
unwanted gases to redbie gas sensor unikig. 5.1 shows the schematic of the MH

alongside of the gas sensor unit.

To maintain the whole system low power consumption, the MH was designed
carefully by considering three major factaitse MH size, the heat conducti@ificiency
of the chosen substrateaterialand NWmaterial the heatoss due taonvection at the
MH surface. Device size wise, the smaller the MH, the lower power consunyliide

achieved The width of MH is chosen to be/&m. For heat conduction contralhe ideal
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MH should only generate a high temperature island in a small areaitdainthe total
low powerconsumption. In thisense, | designed the MH metal pattern deposihen
AlGaN or sapphire substrate (this is itkeid by the NW dry etching, will discuss more and
detail process integration in Chapter &)d be parallel to and 20 um apart from the GaN
NW. The thermal conductivity of GaN i@ W/mK at room temperaturf217-222,
Al0.2Ga0.8N is onlyaround 20 W/nK [221-223 and sapphire is 27.21 WK [224, 225
(Alo.2Gean.eN and sapphire are closdhp this way, the generated heat will be confined
within a small area due to the low thermal conductivity of &N&and sapphirsubstrate
and will be uniformed distributed within the GaN NW due to its high thermal conductivity.
A design 0f300 nmthick SiQe passivation layer to cover the whole Mélan additional
strategyto minimize the heat convection at the sogfdue to the thermal conductivity of
SiO2 is 1.4 W/mK [226 227], a magnitude lower thafl0.2Ga0.8N, sapphiresubstate
and nickel metal (90.0 W/mK) the majority of the heat generated will be forced and

conductdownwardthrough the substrate to the NW.

Fig. 5.1Design shematic of the MH embedded to gas sensor
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S0, 1.4 W/m-K— €— GaN 110-220 W/m-K

Nickel 90.9 W/m-K €— Al,,Ga,gN 20 W/m-K

Mailar heat flows. =

Al,,GayzN 20 W/m-K

Sapphire 27.21 W/m-K

Fig. 5.2 Major heat flow and the thermal conductiytgfile of materials
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5.1.2 Fabrication

AlGaN thinfilm on sapphire substrate was givaked at 210€ for 10 minutes to
remove water and other organic residue. Aalger stack of photoresists (MicroChem
LOR3A and Microposit S1813) were used to suppdift-off process for the heater metal.
Spin coated LOR3A at 4000 rpm for 45 seconds was use as a first layer, followed by 5
minutes bake at 210€. We next spin coated S1813 at 4000 rpm for 45 seconds followed
by a 60 second bake at 115€. After UV exposwith 90 mJ/cm3dose energy, the MH
wafer was posbaked on 115€ hot plate for 60 seconds, cool down and followed by
developing in Microposit MIR319 for 60seconds. reactiven gching (RIE, Unaxis 790)
was followed by a descum run with 30sccm floveraf oxygen for 30 seconds to clean up

the remainingun-thoroughlydeveloped resist residue.

A Ti/Ni (10 nm / 210 nm) metal stack was deposited in the Denton Infinity-22 E
beam Evaporator. The wafers were lifigfflin PG Remover or 1165, and rinsed dea
IPA and DI water. Rapid Thermal Annealing (RTA) is employed for stress release and
enhances the reliability of the MH. In RTA, the wafer is placed inside a thin quartz chamber
with halogen lamps surrounding it. The temperature rise is fast (as higbCaper
seconds). The wafer ambient is 6000 sccm of plinee Ar. The RTA is performed at
700€ for 30 seconds. The temperature ramp rate is set to 100€ per minute. Slow rise rate
is set to make sure the metal stack is given enough time to reachraquilvhile keeping
a low stress level. A passivation layer of 300 nm2Si¥as deposited uniformly on the
wafer by plasma enhanced chemical vapor deposition (PECVD, RHsena Versaline)
to seal the MIdfrom air, reducehe oxidatiorwhile heatingdecrase théeat loss through

surface convection and push heat conduct to the substrate direction.
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5.1.3Heating Performance

Infra-red (IR) camera was used to characterize the heater elements. Emissivity
calibration was run at 50 €, 100 €, 150 € and 20> The MH samples were put an
hot plate without engaging the MH, set the hot plate temperature to the calibration set point
and wait for 10 min for an equilibrium state achieved. Tune emissivity value to match the
IR camera readings with the hot platetsenperature. Themissivity values ar@.90, 0.93,

0.88 and 0.60v/m2at 50 €, 100 €, 150 € and 200 € respectively.

5, 10 and 15 Woltage biases wergpplied to each MH to see the heat generation

efficiency. The currentpowerand steady state tgrarature are shown in Table 5.1.

Voltage 5 Volts 10 Volts 15 Volts
Bias
0.05 0.25 0.078 0.78 -

0.041 0205- 0.072 072-0078 117-

0.04 0.07 0.078 1.17

0.026 0.13 0.054 0.54 0.065 0.975

Table 5.1 IV measurement and IR camera characterization of MHs
The temperature targets areg@nd 110e @or removal of organic adhesion and
humidity respectively. From the dataTiable 5.1, it is obvious the power consumption for
the shortest MH with smallest surface area is the most power efficient M. Fig. Fig.
5.6 showthe IR camera imaging of 10, 100 and @ »m MH at 5 and 10 V bias
temperature distribution densgieDue to the MH is very small and the resolution of IR

camera is 2@m, each MH only occupies 4 pixels. The accurate temperature of MH cannot
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be told, but the temperariof the local area and the temperatlisgribution can be read

from the IR images

Fig. 5.4IR Images of 50rm MH with (a) 5 V bias and (b) 10 V bias
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Fig. 5.6IR Images of 200m MH with (a) 5V bias and (b) 10 V bias
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5.2 Low-Cost Micro-Heater for Aerosol Generation

The micreheaters were further explored for la@st and disposable applications.
Using va&uum instruments, cleanroom facilities and metal deposition tools aredjoe
factors keepthe total cost high. The well controlled electroless nickel plating method is a
good lowcost alternative process for depositing thick Ni heater patterns. It is fast
(270nm/min) and low cost comparing to the waiting time of purging to high vacuum of
PVD equipment. The thickness and growth rate are controllable at the same time. Thermal
Evaporator has difficulty controlling deposition rate, aing time consuming for thick
metal deposition. Moreover, PVD cannot deposit nteiakness largethan the thickness
of shadow mask or thiemit of lift-off photoresist the subtraction process need more
process steps and tinsensuming dry etching backhe solution based nickel plating bath

can grow metal as thick as bh without peeloff issues

The substrate of MH must conduct heat generated by theaercoil and ideally
achieve uniform temperature all over the local area. Different substrate materials were
reported have acceptable performance, Si membrane isyaigiglied for MEMS designs
due to their excellent thifilm electrical and mechanical propertigs3, 35]. Reports also
show heaters based orsl$4/SiOz structures present highermal characteristid84, 36,

40]. Other reports show Polyimide exhibits better mechanical and thermal properties in
achieving freestanding membrane in high yield in fabrication, as comparedi &nd
SiOcme mbr anes 6 136 &1 ilnl ney warlkahioth sileon and silicon nitride
membranes are used to achieve different functions. Amorphous silicon is resistive to
HF/HCI (10:1 volume ratio) etcht ¢an be used as good shadow protective layer when wet

etchng a trench and achievirfigee-standing memiane. While silicon nitride has slower
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etching rate in HF/HCI acid and it can be used to form reservoirs for drugsisiate of

MHs. HF/HCl is a fast etchant for glass slides, exhibiting an etch rate of 25um/min. For
example, a 0.13mf.17mm micrecover-glass, it takes 5 min to etch away and leave a
free-standing membrane poeposited on top of the glass. Photo resist AZ4620 was tested
and proved to be a good protection maslHFHCI acid for at least 8 min (from my
research optimization runjt canbe used to function as a shadow mask and define the

reservoir.

General &brication starts with a fast PECVD deposition of silicon nitride or
amorphous silicon thifilm on normal micro cover glas&llowed by Cr/Ni seed layer
deposition, Ni platingspn coating AZ4620 photoresist on sides, photo lithography and
wet etch. The process discussed here is on purpose of low cost, fast fabrication and for
disposable device applications. So the disiens and structures are in hundreds
micrometer level. Nanotéoologies can be implemented to further scale down the size to

nanadevices and integrated with other nanostructasasientioned in the former section

There are 4 types of micitweaters designed and fabricated to meet the requirement
of different appliations: MHs with no reservoir and MHs equipped witlicee, bottom, or
top reservoir All 4 types can function as an aerosol generator. Shadow masks of both
meander and doubkgpiral wires with different lengths were used for seed layer metal
deposition. Tie nickel plating bath was made using a MacDermid nickel plating bath, at a
plating temperature of 88 and magnetic stirring at 66 rpm, the outdeposition rate is

270nm/min.
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5.2.1No-Reservoir MicreHeaters

This type of micreheater design is planand suitable for integrain with other
devices. Fig5.6 showsthe process steps of the device fabrication. An Oxford Plasma Lab
plasma enhanced chemical vapor deposition (PECVD) system was used to deposit 1
silicon nitride or 200hm of amorphous silicon on top of 0-03L7mm or 0.190.25mm
micro-coverglass wafers as a MH supporting film (Fsg6a). 10nm of Cr and 20nm of Ni
were depas by E-Beam evaporation usingleam evaporatgDentoninfinity 22) with a
stainless steel shadow mask to form the seed layer, Cr being used as an adhesion layer to

avoid later thick Ni deposition peeff issues.

The shadow masks were made by laser cutting and havemi(@idth wires in
meander and doublpiral shapegFig. 5.6b). AZ4620 was spuwith 1.5k rpm to yield
thickness of 15mn, followed by hard bake to protect heater patterns and the supporting
film (Fig. 5.6¢c). The wafer was then flipped and spun with AZ4620 resist, followed by
softbake. The photolithogréyy was accomplished using an exposure dose of 365nm UV
for 90 s and development in AZ400K/DIW (1:3 volume ratio) for 90 s, follolsebard
bake (Fig.5.6d). Wet etch in the HF/HCI (10:1 volume ratio) bath for 5 min (bige).
Photoresist was strippedhiheated Remover PG 1165 and followed by a standard

acetonemethanolisopropanciD| watersequence rinse, then drying by nitrogen gas blow

(Fig. 5.60).

99



(a) Si3N4 or A-Si
Glass

Cr / Ni
Si3N4 or A-Si

(b)

Glass

AZ4620

(C) Si3N4 or A-Si
Glass
AZ4620

(d) Glass
Si3N4 or A-Si
AZ4620

AZ4620

Glass

(e)
Si3N4 or A-Si
AZ4620

(f) Cr / Ni
Si3N4 or A-Si
Glass

Fig. 5.6 Fabricationsteps of the noeservoirmicro-heater with the abilityo integrateother £nsor

devices. a) Micraeoverglass withMH supporting film layerb) Adhesion Cr layerral seed layer
of Ni deposed and theihick Ni plated. ¢) Heater pattern covered and protected by pésist
AZ4620 layer. d) Flip the sample over and spin phretist layer followed by photdithography
to define the wet etch area. €) HF/HCI wet etch the glass. f) Removerpbisioand flip over the
sample.
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5.2.2 SideTrench Reservoir MicreHeater

This type of micreheater design is similar to the one descrilleal/a, but the main
goal here is aerosol generation rather than CMQ@BVEMScompatibility. Inhaled drugs,
initially in the liquid state, can be stored in the reservoir, and then transferred to the micro
hot-plate via a wicking fiber cloth (e.g., a filtpaper) to evaporate, and generataeiosol.
Fig. 5.7 shows the process stepsed. In order to form a trench, only a silicon nitride
supporting film can be utilized, as it has a small etch rate in HF/HCI %Hg). Steps
similar to those encounteredtime nereservoir design flow werused for step (b) to (f).
Instead of hard baked AZ4620 to protect the metal, the side reservoir was defined by
photolithography (Fig5.7c). At the end, the aerosol generator fluid was introduced in the
top reservoir, andonnected to the reservoir and mitreat with a fiber cloth tissue (Fig

5.79).

5.2.3Bottom-Seakd Reservoir MicreHeater

This type of design aims to optimize medical drug aerosol generation. As compared
to side reservoir micrheatersthis design has larger volume sealed reservoir storage
space underneath the midneater. When the heater generates heat the liquid in the
reservoir vaporizes and the higher pressure will pumpnore fluids been driven and
transferredhrough the fiber tissue to the MHRig. 5.8 presents th@rocess steps of the
device fabrication. In order to reduce the number of fabrication steps, only amorphous
silicon membrane is used, which has a high chemical resistivity to HF/HCI acid etch.
Otherwise, an extra photesist layeshould be spun onto the surface, to protect the silicon

nitride from being etched. The top part of the MH is made via the same process as the no
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reservoir MH component (Fi.8a - Fig. 5.8). The bottom part of the MH is formed by
taking wafers from stefa) and flipping them over, spinning AZ4620, followed by soft
bake, photolithography exposing with a dose of 365nm UV for 90 s, and development in
AZ400K/DIW (1:3 volume ratio) for 90 s. This defines the bottom reservoir §8g).

The components are tetched in HF/HCI (10:1 volume ratio) for 5 min (Feg8h). After

the photoresistgot removedn Remover PG with a gentle-tip swabwafers were cleaned

by a standard acetomaeethanolisopropanol sequence rinse, and then drying by nitrogen
gas blow (Fg. 5.8i). Finally the top and bottom partwere combined witkealing glue
(epoxy) or wafer bonding waxise fiber tissue to coaat the reservoir, and cover the metal

patternof MH (Fig. 5.8)).

Cr / Ni

Si3Ng Si3N4

Glass Glass

AZ4620 AZ4620

Si3N4 fakass

Si3N4
Glass

AZ4620

(d)

Cr/ Ni

Si3N4

Glass

Drug

Kimwipe

@)

Si3N4

Glass
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Fig. 5.7 Fabricationsteps ofthe side reservoimicro-heaer with the abilityto store liquid state
drugs a) Micro-coverglass withsilicon nitride supporting film layetb) Adhesion Cr layerral
seed layer of Ni deposited and thiick platedwith Ni. ¢) Spin photoresist layer followed by
photolithography talefine the storage reservairea. d) Flip the sample over and spin phregist
layer followed by photdithography to define the wet etch area. €) HF/HCl @teh both sided)
Remove photaesist and flip over the samplg). Fill drug into the resenq stick awicking fiber
cloth on top, and connect to the reservoir

__— AZ4620

l"i

——— Glass

(9)

=
-y _— AZ4620

—— Glass

A-Si

Fig. 5.8Fabricationsteps for the bottom reservanicro-heater with the abilityo store liquid state

drugs in a sealed chamba} Micro-coverglass withamorphous silicon layeb) Adhesion Cr layer

and seed layer of Ni deposed with thick Ni plated. ¢) Heater pattern covered and protected-by photo
resist AZ4620 layer. d) Flip the sample over and spin pheist layer followed by photo
lithography to define the wet etch area. e) HEV wet etch the glass. f) Remove photsist and

flip over the samplethis becomes the top part of the mitreater g) Take samples from step a)

and flip over spin photeresist layerfollowed by photdithography to define the wet etch area for

resevoir. h) HF/HCI wet etch the glass and form the bottom reservoir. i) Remove-@sidy this
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becomes the bottom part of the mitreater. j) Seal the top and bottom part with seal glue, and use

fiber cloth to connect reservoir, and then cover over tagsh@attern.
5.24 Top Reservoir Micreheater

This type of design is aimed at the medical drug aerosol generation process.
Compared to the bottom reservoir MH, this design has larger volume for liquid storage,
involves fewer fabrication steps, and evewdo manufacturing cost owing to the mold
made top part. Multiple MH units in parallel are used to vaporize a larger amount of liquid

(or different liquids simultaneously), akown inFig. 5.9.

1.25mm

Fig.5.9Design of the top reservaimicro-heater a) nereservoir micreheater with 3 doublspiral
design in parallel. b) PVC mold made top reservoir with wick and solvent inside.
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5.2.5Fabrication Results

The Fig. 5.10 displaysthe fabricated devices: both silicon nitride and amorphous silicon
supporting fims are used. Four different length of meander shaper pattern (16mm, 18mm,

20mm, and 22mm, respectively) are processed to ascertain the best heating configuration.

()

Fig. 5.10 Photographs of fabricated micheaters: a) noeservoir MH with gicon nitride
supporting film. b) Side reservoir MH with silicon nitride supporting film. c)}rdservoir MH

with amorphous silicon supporting film (can be used as either top part of bottom reservoir MH or
bottom part of top reservoir MH). Different lehgt of metal pattern have been examined for

optimization.

Thick plated metal patterns arsed tcachievethelow resistance and fast response
of the MHs The metal thickness and plating time are linearly proporticaad the
resistance is inversely progional to the plate thickness. Tablel5shows wth the Ni
plating time and pattern thickness doubled, resistances decrease by factor of 2. By adjusting
plating times, we were able to achieve the targeted9%, 10q, and 11 resistances

required for thel6, 18, 20, and 22mm length patterns, respectively.
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ProceSS!ReSiStance ““

1onm Cr + 20nm Ni 5~6 kQ) 6~7 kQ
Ni Plating 4 min (1 um) 75.3Q 100.4 Q
Ni Plating 8 min (2 um) 37.8Q 50.3Q
Ni Plating 16 min (4 um) 16.1Q 2310
10.9 Q

Ni Plating 32 min (8 um) 810

Table 52 Pattern resistance with respect to different Ni plating times and thicknesses

In several casesthe total resistance would suddenly drop to @~2This

phenomenon is a consequence of thglhliing not only grows nickel on top of the wires,
but also on the sidewalls. When this happens, the wires start merging with each other. This

can be avoid by tight bonding the shadow mask and wafer, when depositing seed layers, or

using photolitiography ad lift-off process wherdefining the seed layer.
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5.2.6 Heating Performance

MHs temperature profile images were taken with an infrared camera (Optotherm
Il nfrasight MI320). The results are shown 1in
in Fig. 511 are not directly obtained from the IR imager. But rather, the blocks are used to
signify regions of different emissivities. One set of blocks (the upper set in Fig. 5.11) was
set to account for the emissivity of the amorphous silicon film. The lowek®Mwere set
to account for the nickel emissivity. In this way, quantitatively accurate temperature
profiling of the MH surface was possible in light of emissivity differences. The inset in the
upper left of the Fig. 5.hbutensskivitycsrredtianat fir awo
room temperature. The default emissivity for entire imaging area is 0.34. Nickel and
amorphous silicon thermal emissivity were set to 0.13 and 0.75 correspondingly. These

values were acquired through emissivity calibratiob0ftC, 150€C, and 200C.

Fig. 5.11 shows the temperature distribution under 1.7V bias. The Ni pattern can
reach temperatures as high as 150€. The silicon film is heated by the metal pattern and
tends to be about 20€ cooler than the metal itself. Défgrvoltage bias levels, steady
state temperatures and input powers are listed in Table 6.2. Operating temperatures of 150,

200, 250, and 350€C are shown.
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Fig. 5.11IR image of 2 identical MHs in parallel for both@\ and Ni areas temperature
measuremes with emissivity correction (Ni emissivity set to 0.13 an&ifemissivity set to
0.75). Inset figure at upper left is room temperature IR image without emissivity correction before

heat measurement, the default emissivity for entire imaging area is 0.34

Input Voltage (V) Power (W) Temperature Stabilized Time (s)
(°C)
1.7 0.846 150 Less than 1
2 1.016 200 Less than 1
2.5 1.600 250 Less than 1
3 2.394 350 Less than 2

Table 5.3Thermal measurement with respect to different input voltage bias
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5.2.7Aerosol Generation

Aerosol generation measurements were run with the setup as shown in Fig. 5.12.

Fig. 5.12 Probe station setup for electrical and aerosol generation measurement.

In Fig.513, we demonstrate the correlation between the aerosol voluamgitips
versus the specific power needed by the MH to generate the respective density of aerosol.
Given that in several tests we used MHs connected in parallel, the power usage had to be
normalized; this is why the units are W per MH. As shown in thehgragingle MH can
generate abundant amounts of aerosol at low powerl1(0.8V) with 1.7V voltage bias.
For multiple MHs in parallel, the power requirement increased by ca. 50%. However, there

was a gain in the kinetics of aerosol generation, as thech@ras generated faster.

109



&

L,

(O]

e

=

(@]

> ] )

S 20 - ¢ Multiple Heaters

2 ]

o ]

2 10 - B Single Heater
0-lllllllllllllllllllllllllllllllllll
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

Power [W/Microheater]

Fig. 513 Aerosol volume quantity relative to specific power required for its aerosol generation

70 -

B a1 [e2]
o o o
11 | I I I '}

Aerosol Volume [cm?3]
N w
o o

¢ Dual Heater
10 = Triple Heater
0 ] T T T T T T T T T T T T T T T T T 1
15 2.5 3.5 4.5 55

Power Supplied to the Entire Device [W]

Fig. 5.14 Aerosol volume quantity relative to the total power needed by a device consisting of 2

MHs (blue data points) and\8Hs (red data points), respectively.
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In a series of tests, we have generated aerosol by means of the parallel designed
dual and triple MHs. Results summarized in the graph displayed in Fig. 5.14 reveal a total
power need of 2.05 £0.15 W for the dual Midad of 2.35 +0.15 W for the triple MH

systems, respectively.

In a series of 205 aerosol generating experiments, we obtained aerosol volumes in
the range of 48.847.9 cm3A volume of 60 cmis the maximum volume that can be inhaled
by a patient at one brém In several cases we found that the total resistance of the MH
would suddenly drop to 1~2 q and reduce the
a consequence of the-dlating not only growing nickel on top of the pattern, but also on
the sidewdk. When this happens, the pattern wires start merging with each other. This can
be avoided by tightly bonding the shadow mask and wafer when depositing seed layers, or

by using photolithography and liéiff processes for defining the seed layer.

All the single, dual and triple MH systems generated consistently abundant amounts
of dense aerosol. In a few instances, if one of MH of the dual systems burned out, the other
one will continue operating with the remaining one. Similarly, the triple device was abl
to generate vapors with one remaining MH out of the initial three. In each scenario, the
total quantity of aerosol was not affected, which enables the maintenance of smooth
medical drug delivery, which remains constant over time. For our device, Wwe settage
bias to 1.7 V to reach 150 € for drug delivery purposes. Higher voltage bias (up to 3 V)

and higher temperatures (up to 350 €) can be applied for other forms of aerosol.
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5.2.8 Detailed Cost Analysis

To perform a unit item cost analysis we mbseak the process flow into unit
operations. The most significant unit operations for the wheaterprocess are broken
out in the Rble6.3below and unit operation costs are listed.

OPERATION Cost of MH Cost of MH
without Reservoir | with Reservoir
TOPSIDE BARRIER FILM DEPOSITION $200.00 $200.00

(PECVD)
SHADOW MASK PLATING SEED (E - $400.00 $400.00

$50.00 $50.00

TOPSIDE PROTECT (PHOTORESIST $50.00 $50.00
SPIN)

SHADOW MASK DEPOSITION FOR $0.00 $400.00
RESERVOIR

WET-ETCH RESERVOIR $50.00 $50.00
STRIP TOPSIDE PROTECT $50.00 $50.00

ASCRIBE AND DI CEO I N $200.00 $200.00
HEATERS

TOTAL $1000.00 $1400.00
Table 5.4MH Process Cost break down to each significant step

Material costs for the unit operation are includedhmunit operation cost. We can

easily process 10 fAsheetso of materi al

estimated to be $10/0sheeto of starting

Thus the processing/material cost per run wanael&1500.00.

Next, we must assess the number of heaters that can be fabricated. We assume each

heater image (taking Asaw streetdé space

Ten 100cm2 sheets contain 1000cm2, yielding 8333 devices. Thus,rérd cunit cost is

18¢
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It must be emphasized, that these are premium prices, paid to an external service
Avendor. o I n this case, our wvaemthdlity. Unis t he Ur
process costs role in university overheads that will natdered in an iFhouse operation.

A fair fraction of the overhead isin cleeno o m mai nt e phaonucsee.0 upre rfaitn
wi || not requir e t hreom spedficatiogsenecessititiogtesise of L0 0 c |

HEPA filters, laminar air flow and othexpensive measures.

The most expensive operation (and the operation that limits the number of
simultaneously processed substrates) is the shadow mask evaporation process. We will
certainly be able to increase the number of simultaneously processechtegbsiith
specially designed equipment. This alone could increase process throughput by an order of

magnitude. We feel confident thatlouse process costs will be less than 2¢per part.

5.2.9 Section Conclusion

We were able to fabricate different typ#dow cost, fast responding micteaters
for various applications. Nickel plating and wet etching baths were used to reduce costs
and increase the speed of the process. The devices exhibited the desired heating
characteristics. Both double spiral shaped meander shaped heaters were investigated.
While both geometries operated well, no significant differences in heat or aerosol
generation were noted from one midreater design to another. On the basis of our
experimental results, this device showsnpise as an aerosol generator for drug delivery.
Owing to their low cost (<18¢ per part), such midneaters can be used as disposable

aerosol dispensers, although multiple other uses are also enabled.
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5.3 Chapter Conclusion

In this study, methods dntechniques to fabricatembedded MHs antbw-cost
MHs and its applicationsvere explored. Thesubstrate, active element and passivation
layer materials were carefully designé@the heating performance was characterized with
IR camera. The MH for NW sensors cachieve 60 € under 5V bias. And the MH for
aerosol generation cama®ly reach temperature up toB&. Reliably and reproducibly
fabrication oflow-cost MHon solutionprocessefor nickel plating was optimizedn the
basis of our experimental resyltthis low-cost fabrication method shows promise,
potentially enabling mass production diisposable heatinglevices. The process
overcomes the barrier afetal plating thickness limitation generally in chip scale devices.
Theembedded MH design has theahility of integratiorwith CMOS, MEMS and other
novel devices standardized procegsiny sensors (chemical, gas and biology) usimey
MH can be benefit from the lowost, compatibility and robust performanddis study

was published at the journal ifficroelectronic EngineerindL7§.
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Chapter6: Pr ocess IfnoregGaast iSbennsor s

This chapter gives the proseitegration details of the nanowinanocluster
(NWNC) gas sensorsThe former chaptertave covered componentiesign, process
optimization and fabricatiorof nanowire, nanoclusters and midreaters. Process
integration of all three microand nanestruduresinto a singleNWNC hybrid sensor
device will be revealeth this chapter. A gas sensamit will be assembled by decorating
the NWsurfacesvith NCs anda MH will be putasideeach NWNC sensor unintegration
considerations includkethe process flows, RTA, multiple passivation layers, NW yield
improvement, active opening windowpassivated control elementshmic contact
improvementand the method® integrate multiple sensors into a single sensor. dlnp
singletype of NWNC gas senss a basic platformrhe whole fabrication process$ the
platformcontains more than 40 plargrocess steps and 6 lithography masksthods to
integrate multiplegas sensors o a single chip were explored acolvered in this chapter
to realizesimultaneouslynultiple gassensing capabilitie§.o approach this goal, NWs are
designed and dry etched into arrays, arethods of depositing different NCs on to each
assigned NW are designedvé&ry new type of sensaddingonto theoriginal wafer needs
the corresponding NCs deposited oamdeachan assi
takesextra10 planesprocessteps and 2 lithography masks. Tkole process inggation
designwas aimingo establish a platform. The platform technology has grdaantage in
productflexibility and has the capabilityf customizeddesign.It enables all kinds of
combinations of gas sensing capabilities and the possibility oiffifl possible reaime

sensing scenarios and conditions.
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6.1 Process Flow Desigand Considerations

6.1.1Integration of GaN NW

The GaN NW needs to exhibihigh carriermobility to maintain a high signal to
noiseratio when sensing at suhicro amprange. The asleposited material by PVD
techniques will end up with huge amount of defalsait significantlydegradehe carrier
mobility andlimit NW sensitivity. Due to the strict requirement bigh quality GaN, a
MOCVD of GaN thinfilm on the wafer is acessaryNW fabrication needs subtractive
processsuch as dry etching @ thinfilm of GaN. This dictates thathe first stepof the
whole processhould beheNW formation.The GaN on sapphire generally ne@tbuffer
layer of AlGaN to minimize cryst defectsAn AlGaN buffer layer with thicknessd® nm
will be sufficient enough to reduce the epitaxy of defects penetrating into the upper layers.
The AlGaN was carbon doped to make the substratecanductive During the AlGaN
deposition, he CVD charber will have a carbon tail in layer profile after turn off the MFC
for carbon precursors. Therefora axtra intrinsic AlGaN @AlGaN) of 400 nm was
depositedbverthe carbon doped AlGaN-&lIGaN). Finally, a layer of high quality GaN
with Si doping (1E1/Emf was grown on top. Si doped GaN is artype semiconductor
material. Due to the resolution of the stepper lithography tool used is 300 nm, the thickness
of the GaN film was designed to 300 nm, so that after the dry etching, the GaN NW has
the cross seion of a square size of 300 nm. The wafer layer profile before dry etching is
shown in Fig. 6.1a. The NW after the dry etching cissstion profile is shown in Fig.
6.1b.The dry etching of NW arrays etched the wafer down-#&@aN layer instead of
stopping at +AlGaN layer. This design is to ensure the substrate of the final device will

have no leakage current. On the other hand, the high aspect ratio of the fabricated NWs
116



will increase the failure rate of contact metallization on the 3D strucagssown in Fig.
6.2 and Fig. 6.3Unless a thick metal contact depositednfd), the high aspect ratio of
NW is hard to form reliable contact. The metal-&iff process can only allow metal
thickness below 280 nm to be processes. It is unreasonable ténimelithography and
metallization with a same mask.SiO2 buffer stedayer of 300 nm is used tvoid thick
metal depositions and this layer will be discussed in detail later innkégration designs

becausét also served athe passivation layer for MKsvhich is more important

n-GaN (300 nm)

i-AlGaN (400 nm)

c-AlGaN (600 nm) c-AlGaN (600 nm)

Sapphire Substrate Sapphire Substrate

(a) (b)

Fig. 6.1 (a)Wafer profile of GaNAIGaN buffer layer®on sapphiresubstraté€b) Wafer profile
after dry etchingf theNW arrays
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Fig. 6.2 SEM image of metal contact failure due to high aspect ratio of NW (a) NW terminal
contact (b) high magnification image of highlighted area
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Fig. 6.3 SEMimage of metal contact failure due to high aspect ratio of NW (a) NW terminal
contact (b) high magnification image of highlighted area
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6.1.2Integration of Metal-Oxide NCs

Metaloxide and metaNCs are themajor sensing functional materials that once
formed should avoidnyfurther exposure to high tempdure moisture photon doseacid
or basic chemicals that could trigger the phase charfigingthe chemical reactive to inert
phasesTherefore, NCs were considertedbe deposited at the end, riglefdre bond pads

metallization and packaging.

TheNCs deposition using sputtering is a planer process that deposit NCs uniformly
over the waferThe active NCs for target gas molecules at the surface of NW are more
favorable. Becausenty the gas moleculesonded with NCs orthe NW surface will
modulate the NW resistivityHowever, the actual amount of NCs on NW is a very small
percentage among all the NCs on wafer. NCs have huge surface to volume ratidl, this
ends ugots oftarget gases bonding onesitthat cannot be sendgdNW. And the massive
amount oftarget gas got adewed on ursensible NCs will hinge theetecion limit to an
even lower concentration. What worse is the large amount of adsorbed gas molecules on
un-favorable bonding sites wiihcrease the recovery time in desorption cycle. The ideal
case is NCs only got deposited on NW surfaderé&fore, the design of SiPassivation
layer is confirmed to be repositioned and patterned a trench open as an active window on
top of each NW beforBCs deposition. In that case, NCs will be deposited onto each NW
inside the window and Sisurface outside the window. The-favorable NCs outside
the window can be removed by Qi@tching process or deposit an extra thin SiO
passivation layer that by all the unfavorable NCs to prevent them from exposure to
environment. For basic platformsingke type of gas sensing device, Si€ching is used

it savesprocess stepsomparing to additional passivation layassshown in Fig6.4. For
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multiple typeof gas sensors integrated togettegtditional passivation layer will hesed.
Fig. 6.4 andFig. 65 showthe difference of subtractive and additive proceéseactive

window openingsThe detail process flow will be revealed in next sections.

c-AlGaN (600 nm) c-AlGaN (600 nm)

Sapphire Substrate Sapphire Substrate

Fig. 6.4 Active window openingrocess for single type gas sensor

c-AlGaN (600 nm) c-AlGaN (600 nm) c-AlGaN (600 nm)

Sapphire Substrate Sapphire Substrate Sapphire Substrate

Fig. 6.5Active window opening process for multiple types of gas sensor on single chip
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6.1.3Integration of MHs

TheMH processs robustand the most flexiblevhich can be fitted into any age
of process, in this case wtill be assigned righafter the NW forms and before NCs
deposited. Considerinfpe heated metal wire can cause chemical sensing and reaation
the surfacea thick passivation layer of SiQvasimplemented to isolate the Wimetals
and the target gasekhe choosing of Si@is due to its extremely low thermal conductivity
as mentioned in Chapter 5. Major heat conduction will go through the substrate instead of
convection losson the surface. Moreovethis SiO2 layer has muiple usages. It is
important for active NW window opening in NC integratgiapas discusses in the former
section More importantly, this passivation layer can improve yield and eliminate final
bonding pad metallization failure due to the fwamformityof metalPVD techniques. The
SiO2 layer with thickness of 300 nm will buffer the large aspect &ian additional step.
Therefore thenetal lineswill go over two steps (300 nm and then 400 nm) instead of a big
step of 700 nm. This is important fortdbff metal process because the-6ff thickness
cannot larger than 400 nm. At least twice metal deposition arofflifill be needed if

there were no Si©passivation layers.
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6.2 Basic Platform: SingleType of Gas SensoiProcess Flow

6.2.1 GaN NV Formation

Db b2 o0& I RR;

Fig. 6.6 Comparison of lifoff (additive)and etchback(subtractiveprocesses of NW formation

in theory and results from AFM imaging

A two inch wafer of GaN and AlGaN buffer layer on sapphire substrate was dry
etched and wet polished tori single NW arrays, the detailed fabrication process is
covered in Chapter 3. Learning the high aspect ratio of the NW will generate contact metal

gaps and nofinear contact as shown in Fig26and Fig. 6.3the NW dry etch stops at the
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AlGaN layer ingsead of etching all the way down to the sapphire substrate. Subtracting
process instead of l#bff process for metal shadow mask was used for the better NW shape
control and yield enhancement. Tbemparisonof lift-off process NW and subtractive
processwasshow in Fig. &. Fig. 6.7 shows the wafeftar all theNW processovered in
Chapter3The GaN etching pattern includes GaN NW, big contact pad of GaN and tapered
buffer bridges. The large area contact pad in planer will improve the contact quodlity a

yield.

Fig. 6.7Gas sensor process diagram after GaN NW formation
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6.2.2 MH Implementation

After NW formation A MH was patterned aside the NW by photolithografBysé
Microtec MA6 Front and Back Contact Aligner) and metal deposition of Ti/Ni (10/n
210 nm). The detail fabrication process was covered in Chapter 5. The distance between
NW and MH is 20rrm. The MH and NW are shown in Fig. 6.8. The dimension of MH
keeps the same with NW (10, 50, 100 and a2@10). An extra MH in the center of the €li
nat associate to any NW is designed and patterned as well. This MH can ke hsad
up the whole sensor @ior functioning as a thermal couple for future temperature

monitoring purpose.

Fig. 6.8Gas sensor process diagram a@aN NW and Ti/Ni MH assabled in parallel

125



6.2.3 Ohmic Contact Formation

MAG Front and Back Contact AligneB(ss Microteris used for ohmic contact
patterning. Fabrication details were mentioned in Chapter 3. Aaper stack of
photoresists (MicroChem LOR3A and Microposit $3Bwere used to support a 1dtf
process for the ohmic contact metal. After UV exposure with 90 mJ/cm3lose energy, post
bake and develop in Mioposit MIF319 for 60 seconds, reactia@n eching (RIE, Unaxis
790) was used for a descum process wittc@@sflow rate of oxygen for 30 seconds to
clean up the remainingnthoroughlydeveloped resist residue. Fig. 6.9 shows the gas
sensor after a Ti/Al/Ti/Au metal stack was deposited in the Denton Infinity-B@ai

Evaporator for ohmic contact.

Fig. 6.9Gas sensor process diagram after ohmic contact metallization
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6.2.4 Active Window Patterning on Passivation Layer

After the ohmic contact metallization process, a passivation layer of 300 rem SiO
was deposited uniformly on the wafer by plasma enhanhkedical vapor deposition
(PECVD, Plasm&herm Versaline). PECVD is a common technique used in insulating
and passivation purpose quality layers for s5il8iC2, amorphous and polycrystalline
silicon. PECVD is relatively cold process with normal depositengerature of 8@ to
300€ and uses energetic electrons from the plasma to dissociate the precursor gases. In
my process an even lower temperature ofé8@ used to deliver a fast deposition rate of
2nm/s and high quality of the film. Later processpswill employ 80Z to avoid high
temperature induced process variation and phase changing of NCs. Normally the leakage
current in PECVD oxides is higher than other high temperature CVD processes. So the
PECVD formed thidfilms cannot be used as a fumctal oxide such as MOSFET gate
oxide. However, this is not an issue in my design as the layer is merely a passivation for
protection of the MH surface from environment. The layer of2Sudl eventually be
removed or covered with other oxide films. In wptimization, 300 nm PECVD SiNx is
good enough to have a good coverage of MH. The thickness of PECVD deposited oxide
film was double proofed by Nanospec ReflectomeManpometricy and ellipsometry

studies. Fig. 6.10 shows the wafer covered by $#3siation layer.
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Fig. 6.10 Gas sensor process diagram after deposition of passivation layez of SiO

Fig. 6.11 Gas sensor process diagram after active NW open window patterning

Fig. 6.11 show the process diagram of gas sensor opened a window on top of NW
and etched the S®MAG6 Front and Back Contact AligneB(ss Microtekis used for NW
open window patterning. Lithography and photoresist coating methods are the same with
former mentioned MH and ohmic contact patterning. Aaler stack of photoresists
(MicroChem LOR3A and Microposit S1813) were used, due to the adhesion issue of S1813

with SiOz, either LOR3A or HMDS can be used for adhesion layer. The spin coating recipe
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for LOR3A and HMDS is the same. After UV exposure with 90 mJ/cm#lose energy, post
bake and develop in Mioposit MIF319 for 60 seconds, reactie@n eching (RIE, Unaxis

790) was used for a descum process with 30sccm flow rate of oxygen for 30 seconds to
clean up the remainingn-thoroughlydeveloped resist residue. Dry etching with $hene

RIE or BOE wet etcimg is the last step t@move the Si®@in the window. For RIE dry
etching, 10 min is sufficient enough to remove 300 nne3t0r BOE (1:6) wet etchings,
ideally 90 sec of BOE etch can remove 300 nm2Sidbwever, wet etching isand to

control and the HF have a higher chance cracking the photoresist when etch for a longer

time. HF vaper etching is more controllable and repeatable comparing to BOE solution.
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6.2.5 NCs Deposition and RTA

Metal oxide NCs were deposited by RF magmetsputtering (Denton Vacuum
Discovery 550) as shown in Fig. 6.12. Metaide NCs phases were controlled by many
parameters like substrate temperatures, chamber pressure, rf power and g&wr/O
rate. The detail metal oxide NCs deposition methodsracigesfor metal NCs as well

were revealed in Chapter 4.

Fig. 6.12 Gas sensor process diagram after NCs sputter deposition

Fig. 6.13 Gas sensor process diagram after RTA
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Rapid Thermal Annealing (RTA) is employed figiH, ohmic contact and NCs.
High peaformance ohmic contact is essential to operation of sensor devices. Besides
forming ohmic contacts, the RTA will help bonding of the metatle sputtered on the
surface of the GaN. It algmssivateshe surface states composed of dangling bonds. In
RTA, the wafer is placed inside a thin quartz chamber with halogen lamps surrounding it.
The temperature rise is fast (as high a€2per seconds). The rapid rise of temperature
generates stress in the nanowire device leading to a structural breakdoversbands.
The wafer ambient is 6000 sccm of ulfrare Ar. The RTA is performed at 7@0 for 30
seconds. The temperature ramp rate is set ta&Z1@®r minute. Slow rise rate is set to
make sure the GaN, metal stack and mexade NCs are given enoughrie to reach
equilibrium while keeping a low stress level. This RTA process generates a well
functioning, low resistance ohmic contact and recrystallizes the -oxatid NCs.Both
ohmic contact and NCs are supposed to anneal only once. That is why ther&iBA
process right after ohmic contact metallization. Twice annealing will largely affect the
contact performance. The ohmic contact annealimder the Si@ passivation layer can
protect contact alloy from any contaminations from annealing chamberN&w
Moreover, the annealing process wilHg i mprove

6.13 shows the diagram of process after annealing, four metalsdorms contacalloy.

Some of the NWNC sensor needs both mexadle and metal NCs, likei®2-Pt.
The metal NCs is not necessary to be annealed. For the sensors need extra sputter

deposition of metal NCs, the process of sputtering is assigned right after the RTA.
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6.2.6 Passivation Etching and V&Formation

The NCs sputter disposition is &per process that uniformly coating the whole
wafer surface with NCs, both on top of the NW and on passivationsbi@ace. The NCs
on passivation layer is dfiavorable because they will absorb target gases as well in real
sensing. The existence of -tevorable NCs will affect the detect concentration and
recovery time. An extra layer of photoresist was sjmated and lithography patterned that
protect the NW, MH and contact areas are developed. All the other unprotected areas will
be etched later in tH&iO2 etching processhe unfavorable NCs will be removed together
with etched Si@. To maintain lowcost and minimized the number of process steyes
deviceterminalcontact vias were patterned at the same time and a trench will be etched in
that areain the SiQ etching process as welkig. 6.14 shows the photoresist after
development and the pattern for vias and protection for MH, NW and contactMPAgas.
Front and Back Contact AligneSgss Microter was used for lithography patterning.
Lithograply and photoresist coating methods are the same with former mentioned MH,
ohmic contact and active window patterning. Adyier stack of photoresists (MicroChem
LOR3A and Microposit S1813) were used, due to the adhesion issue of S1813 wjth SiO
either LORBA or HMDS can be used for adhesion layer. The spin coating recipe for
LOR3A and HMDS is the same. After UV exposure with 90 mJ/cm&ose energy; post
bake and develop in Mioposit MIF319 for 60 seconds, reactien &ching (RIE, Unaxis
790) was used faa descum process with 30sccm flow rate of oxygen for 30 seconds to

clean up the remaining developed resist residue.

SiO2 Dry etching with the same Rléhamberor BOE wet etching is the last step

to remove the Si®in vias The detail process recipes weegealed in section 6.2.4 when
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discussing the active window etchirfgg. 6.15 show the press diagram of gas sensor

openedvias on top of contacts and etched theSiO

Fig. 6.14 Sensor process diagram after photolithography patterning

Fig. 6.15 Sermr process diagram after Si@tching and vias formation
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