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Much research to date has focused on synthesizing new polymers or improving existing
polymers, in order to overcome the limits of tleeeentional organic thifilm transistor
(OTFT): (1) A rather low channel carrier mobility (< 20 éwi's? typically) requires a
power supply voltage well above 2 V for a reasonabléoffrcurrent ratio (> 19); (2)

The formation of a relatively poajualty interface between the polymeric channel and
gate insulator induces large ffate leakage current well above'3@; (3) Asymmetric

pairs ofn- and p-type OTFTs result in noncomplementary switching. All these would
affect the overall power consumptiat the transistorcircuit, and system leved. This
doctoral dissertation proposes and demonstrates radiifityent, organic
microelectromechanical (MEM) relays, in order to overcome such limits and hence
enable efficient implementation of portabledéor wearable largarea electronics for the

internet of things requiring ultralowower operation, structural flexibility, visual



transparency, and lowostitemperature processing. Firstly, a polyrbased low
thermatbudget surfacenicromachining procss is developed to implement organic relay
prototypes (comprising multiple or single input/output terminals). Fabricated relays
exhibit uniquel-V characteristics including immeasuralbbyv off-state leakage current,
abrupt transitions to the epff-statewith an input voltage swing less than 60 mV for a
decade change in output current, a relatively high on/off current ratio well abtando
complementary switching behavior and can endure a finite number -ofahdtcold
switching cycles. Secondly, tledfects of humidity, temperature, and lesurfaceenergy
contacting electrodematerials on switching characteristics (such as hysteresis voltages
and onstate resistancegre investigated. Thirdly, basic Boolean operations including
AND, OR, and XoRr and bgic functions €.g, carry bit generation for four inputs) are

demonstratedsing a multiinput/~output relay



ACKNOWLEDGEMENT
First, | would like to express my sincere, cordiahd deepest appreciation to my Ph.D.
advisor Prof. Jaeseok Jeon for his hounded enthusiasm, encouragement, patience,
support and guidance in my research towards completing my Ph.D. study at Rutgers.
This is an enjoyableinspiringand unforgettable memoig my life. My specialthanks
go tomy dissertatiorcommittee member&rof. Leonard FeldmarProf. Yicheng Luand
Prof. Zhixiong (James)Guo for their enthusiastic serving on my dissertation committee

and their evaluations and suggestions on my research work.

It is my pleasure to work with selfless and professional peoptkisnproject.| would
like to thankFargzhou YuandSouravSagarfor helping me with design arfdbrication
Their insightful visions and suggestiomsake this project come true. | would like to
thank Zhengyu Yang and Nabeela Khan tfogir assistance isimulation | would also
like to thankWenChiang Hong and Siamak Abasldar their suggestioa in device

testing.

The fabrication experimentaere donein both Microelectronics Research Laboratory
(MERL) of Rutgers University and Center for Functional biaaterials (CFN) of
Brookhaven Nationalaboratory | would like to thank all the staffs and -emrkers in
these two places, specthlanks toDr. Ming Lu, Dr. Aaron Stein, Dr. Chanryyong Nam,
Dr. Fernando Camindr. Pavel Reyedr. Yi Xu, Dr. Luozhou Lj Dr. Spencer étter,
Robert LorberRui Li, Jiabao ZhengGwen Wrightfor their training and valuable advice

on my project.



Last but not least am tremendously grateful tay parents and mwife for their support
and encouragementhere are many diffidt times during the Ph.D. study that make me
start to double my abilities and decisidtowever, their enormous support helps me to

strive for and fight through. | am truly blessed to be accompanied with my families.



Table of Contents

ABSTRACT OF THE DISSERTATION ....iiiiiiiiiiiiiiiiiiiiee st i
ACKNOWLEDGEMENT ..ottt sttt e e smme e e e e e e e e e e e e e s IV
Table Of CONENTS.........cooiiiiiieiie e e e e e e e e e e eeeeanenseeeeeees VI
LIST Of TADIES ... e e e e e e e e e e e e annne e e e e e aaeeaeas Vil
LiSt OF HIUSTFAtIONS ...ttt ieeei bttt e e e e s eee et e e e e e e e e e e e e e e e e e e e s smmmeeeeaesd IX
IO [ 1 (oo [T i o IO PP T USSP 1
1.1. Status Quo: Organic ThirFilm Transistor Technology.............ccccevvvvvvvvvines 4
1.2. New Insight: Organic Microelectromechanical Relay Technology............... 9
1.3. Organization of the DiSSertation..............ooooioiiiiiimren e eeeeeeees 12

2. Organical Relay Design and Simulation..................iiiiiisieceeveiiiiiieee e e 14
2.1. Microelectromechanical Relay Structures and Operation Principle........... 14
2.2. PrototypeOrganiC Relay...........cooouiiiiiiiiiieeee e 21
2.2.1. Electrode ENQINEEIING......ccuviiiiiiiiiiiii e 25
2.2.2. Air Gap ENQINEEIING .....uuuiiiei e eeeeeeee e mmme e eeeeanaees 28
2.2.3. Gate Stack ENQGINEEIING.........oovvuiiiiiiiiie i e ereeiane e 30

2.3. Multiple-Input/ -Output Relays...........cooiiiiiiiiiiiiiieee e 34
2.3.1. SingleGate DualBody Relay............ccovviiiiiiiiiiiiieniiieeeeeeeee 34
2.3.2. DualGate DualBody Relay.............uuuiiiiiiiiieicceeiciiee e eeeveeen 42

3. Organic Relay Fabrication ProCESS..........uuuiiiiiiiiie e eeees s 44
3.1. Sulstrate Preparation..............ccccciiiiiiiimmmniiiiiiiiiieeeeeeeeeeeseesreeeeeeeeeeeeee . 40
3.2. Mask 1: Electrode Definition.............uuuueiiiiiiiii i eeeneen e A7
3.3. Mask 2: Contact OPENING........ccceuuuuiiieeiieiiiie e e ee e et eeeseessmmmrera e eeaeens 51
3.4. Mask 3: Channel FOrmation...........coooiiieiee e 54
3.5. Mask 4 Via FOrMatiON ........ccooviiiiiiiiiiiiiimcme e emerann e e 54
3.6. Mask 5: Movable Structure FOrmation...........ccccceeeeeeeeeeivieeeeieeee e 56

Vi



3.7. ProCess IMPIrOVEIMENTS. .....ccuuuiiiiiiiieiiiseeeee e e et e et e b e eeaa s 61

4. Relay CharaCteriZatiONS. . ... .. cieiiiee e e e eeee e ieeeee e et nmne e e e e e e e e eeeeannennnan 68
4.1. Current-Voltage (-V) CharacteriStiCS.........uuuuuuiiiiiiiie e 68
I I I YT 1 Y= PP 68
4.1.2.1dsVds CUINVES.....couuiiiieiieiie et eee et e e e e e e e e e e e 73
4.1.3. Body Biasing EffeCL.........ccooiiiiiiiiiiiiieeeeeee e 76
4.1.4. Complementary Swiching Behavior..............oooooiiiiiiiimeeneieeee 80
4.1.5. Hysteric Switching BEhavior............ooooiiiiiiiiieeee e 81
AV (od o1 o T D= - | RPN 88
4.3. SWItChING ENUIANCE..........cooiiiiiiiii e e e e 91

4 4. Effects of Temperatureand Humidity on 1-V Characteristics...................... 92
45. Relay for Logic-Gate and Carry-Generate FUNCLIONS...........cccoovviieeeeeeeriennss 97

T O] o 11 5] o] o SO SOPPUPRRT 100
REIEIENCES. ...ceiiieieieee bbb 102

vii



List of Tables

Table 2.1Design parameters andlues of the prototype relay...........cooooeiicciieeee e 32
Table 2.2Design parameters and valugghe singlegate duabody relay..............cccocciiiiiiieeein e, 36

Table 2.3 The overlap area and pargllielte capacitance of the singjate duabody and the prototype

(=1 OO P PP PPPPP PP 40
Table 2.4 Design parameters and values of theghial duabody relay..............cccconiiiiiicennnnn. 43
Table 3.1 Fabrication process of Blbubstrate...........cccoooiiiiiiiiicii e 4B
Table 3.2Young's modulus of common materials used in MEMIE 67, 68, 89, 90]............cccvvvvvvnnnn. 60
Table 3.3RIE O, plasmaetch rates for organic materials used in the MEM relay process...............! 6.1
Table 4.1 Hamaker catants of various materials in vacuum [1000].........cccoeeeeeiiiiiieiiivieeme e, 82

viii


file:///C:/Users/panya/Desktop/phd%20thesis_yanbiao_final.docx%23_Toc479937126
file:///C:/Users/panya/Desktop/phd%20thesis_yanbiao_final.docx%23_Toc479937126
file:///C:/Users/panya/Desktop/phd%20thesis_yanbiao_final.docx%23_Toc479937127
file:///C:/Users/panya/Desktop/phd%20thesis_yanbiao_final.docx%23_Toc479937130

List of Illustration s

Figure 1.1 Adapted from [2]: The worldwide revenues of electronic devices used in different infrastructures
of The Internebf Things (IoT). Smart cities, smart industries, smart vehicles, smart homes, and wearable
systems are the main infrastructures of I0T. The revenue of electronic devices required in these
infrastructures is 3.9 billion in the year of 2014. It is estim&abeiticrease 195 % and reach 11.5 billion in

The YEAI OF 20L8......ce ittt e et e e e ettt e e e e e e e b b et e e e e b e e e e e e ne e nn s 1

Figure 1.2 (a) Adapted from [3]: The growth forecast of connected electronic devices of 10T. The number
of connected electronic devices is 23 billion in the y#a2016, but it is estimated to reach 50 billion by
2020. (b) Adapted from [4]: The standby energy consumption of electronic devices used in different main
IoT applications. It is predicted that the standby power consumption of main 10T electronic deaites

46 TWh in 2025, which equals to the annual electricity usage of Portugal in the year of.2012........ 2

Figure 1.3 Schematic crosection views of (a) Bottom gate bottom contact (BGBC) (b) Bottom gate top
contact (BGTC) (c) Togate bottom contact (TGBC) and (d) Top gate top contact (TGTC) QTET....4

Figure 1.4 The development of the figtfect carrier mobility €) in some commorp- and n-type
semiconductors over the past deCAES [L4]. ..o i ereer e e e e e 5

Figure 1.5The conceptudlsVy characteristic of OTFT device showing the limited performances.....7

Figure 1.6(a) Schenatic illustration of a simplified @erminal (3T) MEM relay. In the offstate {4 < Vu),

Vyu is called the release voltage of the relay. The presence of air gap between source and drain electrodes
prevents current flolss, which results in zero offtae leakage. Actuation gapgo.) is the air gap thickness
between the source and gate. Dimple gap i6 the air gap thickness between source to drain. In the on
state ¥y > Vi), Vpi is called the pulin voltage of the relay. The electrostatic actuatiocdofe) induced

by the gate and source electrodes attracts the source to move downward so that the electrical contact
between the source and drain is made, current fflgig therefore formed, which leads to abruptstate
transition. (b) TheconceptuallgsVy characteristic of MEM relay showing the relay has zerostdfe
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1.l ntroducti on

The key idea of Internet of ThingslqT) is thatelectronic signahcquisition and-
processing system@ncluding sensors, actuators, and computers)use today can be
connected togetheavirelessly toincorporate the physical world into the internet network
for more efficient collection, processing, and distribution wofoimation [1]. New
dimensions will be added to the world of information and communication technglogies
andas a resujtsuchloT-based developments are expected to transform our daily lives

significantly.

The IoT entailsvery broad visionMany smart enviromentsan beinvolved within the
infrastructures ofdT (Figure 1.1), for example wearable systems, smdtildings and

vehicles,more broadlysmart industries and citi¢2]. There are billions of applications

Electronic Device Revenues for Different Infrastructures of loT

Smart

Smart Homes
Vehicles

Wearable
Systems,

Industries

Industries

2014 2018
Source: IC Insights ~ $3.9Billion $11.5Billion

Figure 1.1 Adapted from[2]: The worbdwide revenues of electronic devices used in diffi
infrastructures of The Internet of Thind®T). Smart cities, smart induis, smart vehicles, smart hon
and wearable systems are the mainaistituctures ofoT. The revenuef electronic devicesequired it
these infrastructures is 3.9 billion in the year of 2014s estimatedo increase 1986 and reach 11

billion in the year of 2018.
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Figure 1.2 (a) Adapted from3]: The growth forecast of connected electronic devicd®df The numbe
of connected electronic devices is 23 billion in the year of 2016t suestimated to reach 50 billion
2020. (b) Adapted frorfd]: The sandby energy consumption of electrodievices used in different mi
IoT applications. It is predicted that thersthy power consumption of mainT electronic devices rea

46 TWh in 2025, which equals to the annual electricity usage of Portugal yednef 2012.

that could lead téhesekinds ofloT enviromentsandmany ofthese applicationsequire
one or several semiconductor devices idiolg radio frequency identification tags
(RFID), sensa@ and actuatorsmemory, displaysystemsm etc Massmanufactured
largearea electronicsimplementedon very thinand flexible plastic substratesor
example, care oneof the enabling technologien that any electroncs, in principle,
couldbe attached tthe surface of anghysical platformsAccording to Figire1.1,10T
industry is expected to seevery strong growth in the coming years fré&® lli on in

the year of 2014 to 11.5llon in the year of 2018

As the revenuef electronic devicesequired forloT grows,an increasing number of

electronic devicewill be manufactured and used in our daily lives. As predicted in



Figure 1.2(a), while therareapproximately23 billion 10T electront devices connected
in the year of 2016, this numbisrforecasted tincrease to more than 50 billion by 2020.
Achieving high energefficiency would be of importancehen sucha large number
of devicesareconnected and usddr 10T applications. Tassss the potential impact
of 10T applications on energy consumption worldwide, research dataeostandby
power consumption adelectedoT devicesis indicated in Figre 1.2(b). It isexpected
that the standp energy consumption o$uch IoT electronicswould increase with
annual growth rate of 2% andsurpasst6 TWh in 2025, which equals to the annual
electricity consumption of Portugal in the year of 200&re than50 billion electric

devices will be connected by 202thdtheywould consume$120 billion energy

To integratethat large numberof electronic devicedoT drivesa hugedemand for low
powertcost devices thatcan save manufacturingcoss and reduce global energy
consumption.In this regard varioustechnologieshat can achievéow manufactung
costsandlow power consumption are alreadgtablished oemerging for theealization
loT applicationsOne ofthese promisingtechnologieds the organic thinfilm transistor
(OTFT).OTFT hasbeen extensively researched over the past decadestisraative or
complemento conventional inorganic TFh order to realize applicationgherelarge
area coverage, low temperature processing, low cost, and structural flexavdity
required Recent advances in polymer synthesis and proced&hgtogether with
advancements in polymer microfabrication technology, heseently enabled the

implementation of OTFT in severlT electronics recently including RFID§], organic



light emitting diodes (OLEDs])7], organic nonvolatile mmory[8], radio frequency (RF)

sensoff9], etc

1.1. Status Quo: Organic hin-Film Transistor Technology

In 1986, Tsumuraet al [10] introduced the first OTFT, which used organic
semiconductor material as the active layer fordm@nnel. Since then, the performance of
OTFT hasundergone significant improvemenend OTFT hasiow been considered as
one of the promising semiconductor devices for the realization of lost, dow
temperature, large areand flexble electronic systems used fimT [11-15]. The low
temperature process (typically less than 2@) of organic materials makes OTFT
suitable for implementation on various flexible substrgteg., papers and plassy;

which is otherwise not easy to be realized with conventional inorganic maf&gals.

Depending on theequence in which different layers are deposited, there are mainly four

different OTFT architectures as shown in Figure TI8 OTFT can beimplemented on

Bottom Contact Top Contact
2 Source \ / Drain
S Channel —
V] Channel Source\ / Drain
g Gate dielectric Gate dielectric
£ [ Gate electrode \ / Gate electrode \
@ () Substrate (b) Substrate
° / Gate electrode \ / Gate electrode \
8 ‘ Gate dielectric - CERGIE EETE
= Source / Drain S ‘
S Channel Source \ / Drain
(c) Substrate (d) Substrate

Figure 1.3 Schematic crossection views of (a) Bottom gate bottom contact (BGBC) (b) Bottom ¢

top contact (BGTC) (c) Top gate bottom contact (TGBC) and (d) Top gateontact (TGTCDTFT.
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Figure 1.4 The developmentof the fieldeffect carrier mobility §) in some commorp- and n-type

semiconductors over the past decqddes.

an insulating substrat@.g, glassor plastic substratg while an organic semiconductor
materialis used as a channel layer (which is also called the active layer), and inorganic
and/or organic conducting materials are used for the gate and source/drain electrodes.
Different OTFT structures as shown in Figure 1.3 have pros and [ddhsThe majority

of OTFTsfollows the bottom gate structur@igures 1.3(a) andbj) for the following
reasons (1) The deposition of organic semiconductor laydter the gatedielectric
provides a wider process window for the growthtbg high quality dielectric layer(that
requires high temperature deposition or thermal treathemithout degrading the
sensitive active laydil4]; (2) Thedepositionand patteming of the metal gatdthat could

involve high temperatureatments and require orgamsialvens) mightcontaminate the

organicactivelayer underneattvhen thegateelectrodes formed in the last stgfi2].

Figure 1.4 demonstratethe increase ifield-effect carrier mobility €) of both p- andn-
type semiconductors over the past decalhefact, nuchresearcthas been performed in

order to improvesuch arelatively low mobility (< 20 cm?V-s? typically) of organic



semiconductors and thus to improve the performance of QIELY]. This is because
the drain currentgate voltage (4-Vy) characteristicsand intrinsicdelay §) of OTFT

depend on the of the semiconductor layer:

W 3 V. § :
I, :Tcdeps%yg -V, - 3‘341 (WhenVg OVyi Vi) (1)
or lyoa = %Cdep o~ Vi )2 (WhenVy > Vg1 Vi) (1-2)
. W
f, In(vg -V,) (1-3)

whereCqyepis the capacitance of the depletion layérjs the applied drain voltag¥y is
the applied gate voltag¥; is thethreshold voltageandW andL are channel length and
width, respectivelyHigh € is strongly desirable inrder to manufacture OTFT withigh

on-state currenky sat[5, 18] andlow signal propagation deld$2, 14, 19].

Another challenge that hinders the wide adoption of OTFT technologgfaiedto the
gae dielectric layef20]. Gatedielectric layer is of importarce because (1) The gate
dielectricprevents the leakage current betwédwngate and semiconducttayers [21]; (2)
The gate dielectricerves as passivation layerwhich canprotectthe semiconductor
layer in the case dhetop gate structure,e. TGBC and TGTC OTFTs shown irfrigure
1.3 [22]; (3) The charge carrier accumulation at the interface of semiconductor
layer/dielectric is significantly affected by the properties of gate dielectrc,

morphology, surface conditiothe constantand the thicknesof the dielectric lay€gi23].
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Figure 1.5 The conceptualysVy characteristic of OTFT device showing the limited performances.

Generallyspeaking,large gate oxide capacitand€ox) is desirable to achieve a steep

subthreshold swin{SS [24-26]:

o C ~
SS=In10° el g4 “eend (1-4)

a¢ Cu=

oX

whereks is the bolzman constank,is the temperature is theelementarycharge Caepis
the capacitance of the depletion lgysnd Cox is the capacitance dlielectric layer.SSis
fundamentally limited to be In10 ksT/g = 60 mV/dec at room temperature aisd

typically greater 100nV/decfor stateof-the-art OTFTY 27, 28].

To acheve a flexible OTFT, a suitable conducting polymer should be used as the
electrode layer. So far, Poly(3,4ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PS$% [29] and PANI polyaniline blendp [30] are the most widely used
conducting polymers for the formation of electrodes in O3 FHowever,the relatively

low conductivity (4 -gm), air instability,and processing complexityakethe use of

conducting polymertor the realization of fully rollable OTFTs challenging.



There are several critical challenges for the application of OTFTs in organic electronics
asshown inthe typi@al l4sVg curve of OTFT in Figure 1.5: (1) Organic semiconductors
have a relatively low fielgffect carrier mobilitye (well below D cn?V-is?t) [12-15].
Therebre, OTFTs tend to exhibit rather limited performareg,. Vaa well above 2 V
(typically much above 10 V) is required to achieve reasonable on/off current ratie) (> 10
[5, 18] and switching frequency (> 1 MHZ£)2, 14, 19]. The largeVuq can lead to large
amounts of dynamic power consumption; (2) Due to poor semiconductor/dielectric
interface qualityf24-28, 31], OTFTs show relatively large eftate leakage currertf is
typically well above 13%), which would be exacerbated for small device dimensions in
more intensive integtad circuits, particularly if a thin gate insulaisrused to achieve a
steepSS which is well above 100 mV/dg@7, 28]. The largeloss can lead to large
amounts of static power dissipation; (3) The large power consumption issue becomes
aggravated at the circuit level pgype OTFTs usually far outperformtype OTFTs due

to the fact that the of mostp-type organic semiconductor is better than that ohthge
organic semiconductor and the air stability of me$ype OTFTs remain unsolved, all
these factors makes it difficult to achieve complementary operafiohs20]. While

much work has been done to provide improved or new polymers and polymeric
composites for active layers or galielectriclayer or electrode layer in order to improve
the performance of OTFT[®, 18, 32-3€], little work has yet been done (particularly at
the transistor level) to reduce the overall power consumption in order to realize low

power consumption dbT electronics.



1.2.New Insight: Organic MicroelectromechanicalRelay Technology
Mechanicalrelays for computingwas conceptualized by George Stibitz1830[37].
With the advanceof moden planar processing technology and mietectremechanical
systans (MEMS)technologyover the past decades,hias becomgossible to fabricate
miniaturized relays and integrate them on a g chip. The first micro-electro
mechanical(MEM) relay that turs on/off abruptly by making or breaking physical
contact of two electrodes waemonstratedy Petersen in 197p88]. Such an abrupt
switchingbehaviorleads to highon/lof ratio for a small given gateoltage swingand the
existence of the air gap between contacting electrodes atlenosos. Recently,various
MEM relay desiga (such as lateraHy39-44] or vertically-driven relay structurep45,
46]) for logic applicationhas beerproposed to overcome the energy crisis of CMOS

technology

Figure 1.6 shows the structure of a simplifiegiterminal (3-T) MEM relay and the
corresponding conceptudédsVy characteristic The movable sourcef the MEM relay
stands on theubstrate and forms a parallel plate capacitor withfixed gateelectrode
underneath{Figure 1.6a)). WhenVy < Vy, the relay is irthe off-state, wherghere isan
air gap between the source and drain electrgaegentingthe current flowlgs As a
result the MEM relay has zerbys as shown in Figure 1.6(byYWhenVy > V,, the Fe
betweenhe source and gate electroddsactsthe movablesourceelectodetowards the
fixed gate electrodeThe sourcethen meets with thedrain underneathabruptly.
Therefore the electrical contact is madad lgs flows. The SSof the relay can beery

close to zerpwhich enablsthe possibility of small applied voltageisng.



10

Off-state (V, < V) A
Source
goy Air gap 9
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Figure 1.6 (a) Schematic illusration of a simplified3-terminal (3T) MEM relay. In the offstate ¥y <

Vi), Vi is called the release voltage of the relay. The presence of air gap between source ai
electrodes prevents current flow, which results in zero offtate leakageéActuation gapgo) is the air
gap thickness between the source and gate. Dimplegggis the air gap thickness between source
drain. In the orstate ¥y > Vi), Vji is called the pulin voltage of the relay. The electrostatic actuati
force {¢) induced by the gate and source electrodes attracts the source to move downward so
electrical contact between the source and drain is made, currentgfletherefore formed, whick
leads to abrupt estate transition. (b) Theonceptual4sVy characteristic oMEM relay showing the
relay has zero offtate leakage, it can turn on and off abruptly by a smalhgstage swing witr5S&

0. The hysteretic switching behavidv,{ Vi) is due to pulin mode operation and surface adhesi

force (Fa) [39].

MEM relaycould be considered as a promising switching device diwe@provide zero
static power consumption, potenlyalultralow dynamic powerconsumption, and
complementary switching operatior&pecifically a relay showsabrupt on/off trasition
behavior.i.e. whenVg 2 V,; is applied the movablestructurewil | be abruptly actuated to
bring the sourceontact with drain electroddue to theinducedelectrostaticactuation

force andcurrent can flow therebyandwhenVy ¢ V4, the springrestoring force(Fsy)
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will bring the source out of contact withe drain electrode abrupthAs a resultrelay

can be made to operate with very Id than OTFT in principle since tH&Sof relay is

less than 0.1 mV/dejet7], while that of OTFT is typicallyvell abovel00 mV/dec[27,

28]. Relay has immeasurable lowx and high on/off current ratibecausehe actuation

air gapseparateshe source andirain when the device is in e$tate,butthe OTFT ha
relatively largdeakage currerdue topoor semiconductor/dielectric interface quakityd

it consume large static poweconsequentl\{31]. Due tothe ambipolarnature of the
electrostaticactuation force, it is always an attractive force between the movable
electrodeand fixedelectroderegardless of the polarity of the applied voltageerefore,

the advantage ogklectrostatic actuation switching behaviors of relay enables the
symmetric pairs of n- and p-type relays for complementary operation. But
complementary switching is still difficult to be realized by OTFTs simply due to the
outperformance op-type OTFTs tan-type OTFTs and the air instability afostn-type

OTFTs[14, 20].

On top of the abovitrinsic benefits of the MEM relay,reorganicMEM relay could be
compelling forthe implementation obrganicelectronics withlow power consumption
and low manufacturingcosts. Relayis operaté by the electrostatic actuation o&
movable electrode structure rather than by modulating the condyctitia fixed
semiconducting channel. Therefotlee performanceof organicMEM relays will not be
restricted by the limit otherelativelylow € of organic semiconductartt is desirable to
create relay with loveffective spring constartkes) to lower theswitchingenergy needed

to turn on the devicg39]. The ket Of the structural bearns proportional toYo u n g 6 s
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modulus E) of materials and the threshold voltage (and hence operating voltage) of
relays are proportional t&°°. Note thatthe E valuesof most organic materialsare
approximately two ordersf magnitudelower thanthoseof inorganic material§48].
Along with zero leakage current, potentially very low operation voltage of organic MEM
relays could make them appealing for ultraloywewer applicatioa In addition various
polymers and/olight sensitive photoresists asemmonly used iMEMS for mechanical
structures/support or sacrificial layde8]. They can be deposited via simple loast/
temperature ®thods (e.g., spin coating)nlike inorganic materials requiring relatively

complicated film depositioror etchingstepg49].

Organic MEM relay that could incorporate the advantages ohamécal relay structusg
the salient properties of organic materials, and the {@mperaturecost material
processig, would be a promising candidate as the building blfmckultralow power

flexible, transparent, and large area electronics uskallin

1.3. Organization of the Dissertation
This Ph.D. dissertation aims to address challenges for achieujagic MEM relay
technology that could be gromising alternative to OTFT farltralow-power, flexble,

transparent and laregrea electronics

Chapte 2 begins withthe working principle of MEM relay. fienthe prototype organic
relay design ispresentedLastly, versatilemultiple-input/-output relays includingingle-

gate duabody relay and duajate duabody relay are introduced.
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Chapter3 discusss the fabrication process and materials to realizerthiementatiorof
organic MEM relag. The requirement, selection, and evaluatiotheimaterias used for

this workas well agabrication challengesncountere@nd solution are presented.

Chapter 4 presents thecharacterizatiom of fabricated organic MEM relays. Static
switching characteristicgicluding lasVgb, ldsVas, body biasing effect, complementary
switching, andhysteretic switching behavipand dynamic performance including turn

on and urn-off switching delays are completely investigatetdurancetestingresults

show that organic MEM relays can endure a finite number of drat coldswitching
cycles. The effects of temperature and humidity on switching characteristics (dugh as
Vgb, hysteresis voltages and -etate resistance) are studied. A dgale duabody
organic MEM relay that can perform basic logic functions and can generate a carry for

four input bits isalsois demonstrated

Chapters summarizethekey results and canbutions of this dissertation
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2.0rganlReclaady dDmedi inmul ati on

MEM relaycan be used to implemelotv-powerorganicelectronicdor 10T applicatiors
due toits unique behaviorsuch asabrupton/off switching behaviothat allowsVqq to be
close to OV for low dynamic power consumpticand zero ofistate leakge currentor
zero static power consumptioBection 2.Jbegins witha descrption ofthe structureand
operation principle ot typical 4Terminal (4T) relay; this designhas been provetb
save as a basic building block for various digital logic circuits includogjc gates
clocking, memory circuits, addeand multipliers[43, 47, 50-54]. Based on this, the
development of therganic MEM relayis discussed in Section 2.2, followed by the

improvemeng made to the prototyda Section 2.3).

2.1. Microelectromechanical Relay Structures and Operation Principle

The design oélectromechanicaklaysis based on the mechanical motion of the movable
structurethat makes or breals the physical contact between two electrodes in order to
turn on or off{37, 55]. Two types of movable structures typically usediBM relays are
based oncantilever[56, 57] or clampedclamped beanstructures[44, 58, 59]. The
cantilever beamhas a fixed basec(a | lamchlo) Bn either sidg and the buckled
clampedclamped structure has fix basemdhors) atboth sides These two types of
movable structwes have advantagend disadvantage£antilever beamis relatively
easierto fabricatethan clampedlamped beam$&ut might not havesufficient spring
restoring forcgFsp) that ensurs the reliable turningpff of the relay Clampedclamped

beamcould bemore complicated to manufacture, but progideorereliable Fspto turn
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Figure 2.1 (a) Topview, (b) Isometrieview, and (c) Circuit symbol of a-Zerminal (3T) relay. The 3T
relay comprises three terminals: a movable source, a, @aid a drain.The source electr@dhasone
protruding region, referred to as dimple. The dimple restricts the motion of the movable source
contacts the draind) Topview, (e) Isometrieview, and (f) Circuit symbobf a 4Terminal (4T) relay.
The 4T relaycomprisedour terminds: a movableyate abody, a source, and drain. The channel benee
the gate insulator hawso protruding regios, referred to as dimpse The dimples restrict the motion of tt

movablegate when thegontact thecorresponding source addain

off the relay Depending on the number of terminals of a MEM relay, relay can be
definedas 3-terminal (3T) or 4-terminal (4T) as summarized in Figure 2.Mote that
MEM relays mimic the field-effect ransistos (FETs) in that they also have the gate,
body, and source/drain electrodéEhe conductive contact dimple defines physical

contacing regiors. The anchorthat stands orthe substrateis the fixed base of the



16

cantilever beam.

The 3-T relay comprises three terminals: a movable source, g gatea drairn(Figures
2.1(a), (b) and (c)) The dimple restricts the motion of the movable source when it
contacts the fixed drain underneafime electrostatic actuatidorce (Fe¢) that tuns on or
off the relgy is controlled by the voltage differenbetweergate and sourcé/¢s), and the
onstate currentlg,) thatequals tolgs is determined byhe voltage betweesource and
drain (Vas). Neverthelessthe main disadvantage ofT3relay acurs whenseveral 3T
relays are used in a series circuit,which the sourceof the first relayis connected to
GND, and the drain goes to the source of the second. riglathis case, only the first
relay can be operatettliably once certai gate volage is appliedto it since the
electrostatic actuation is induced Mys andthe source voltagéVs) of the first relay
equals 0 VHowever,the source of theecond relay is connectéal the drain of the first
relay. As a result,the Vgs of the second raly is not a stablenput which lead to

unreliablecircuit operation.

An additionalterminal pody electrodecan beaddedto the4-T relay(Figures 2.1(d), (e)
and (f) to address thaforementionedssues of the 3-T relay. The 4T relay comprises
four terminals: a movable gate, a gate, a squaod a drain. Thehannel andhe gate
insulator are attachednderthe gate electrodegnd they move togethevith the gate
electrode duringelectrostatic actuatiormhe dimples restrict the motion of the moleab
gate when they contact the corresponding source and éhais.now induced bythe

voltage applied betweagateand body(Vg) instead olVgs Once the relay is actuated, the
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movable gate structure will bring the two dimplegh channel and gate ingibr into
contact with thecorrespondingsource and drain electrodes underneath. The channel
behaves like a bridge connecting the source and drain when the relay tfdisples
meet the corresponding source and drain electrodiasfunction of thegatk insulator is

to block the conductivechannelfrom the gate electrode. Therefojrrent only flows
within the channelbetween source to drain electrodest to the gate electrode once the
relay is inthe on-state.In a word, \ertically, the turron vdtage isreliably controlled by

Vgb independently regardless of the applied sooradrainvoltage horizontally, thelgsis
determined byus Apart from that, the 4 relay allowsoperation withreducedgate
voltage swingby applying a body bialb3], which will be discusseth-depthin Chapter

4 of the relg characterizations.

Figure 2.2 shows the spring model of a 4-T MEM relay to illustrate the operation
principle As for the 4-T MEM relay design a movablegateelectrodeforms a parallel
plate capacitor witla fixed gate electrode underneat'hentherelay is inthe off-state,
there isan air gap between thdimples and sourcdvain electrodesinderneathyhich
preventsthe current flowlss Once a voltage is applied the capacitor,i.e. Vg > Vpi
(pull-in voltage of the MEM relay), thé. introduced beveen the gate an8iody
electrodes moves the suspendeavablegatestackdownward.The movable gate brings
the channel into contact with the source and drain to conduct cufeeistgiven asa

function of the displacement)(of the movablestructure60]:
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—_ Q)Wa LaV ’
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e

(2-1)
where & is the permittivity of free spacey is theactuation gap, anwa andLa are the
width and the length of the actuation anespectively

The spring restoring forcéFsp) beginsto increaseonce the movablgateis actuated
downward Fspis the balancingforce ofFe andit is proportional toc of the movable beam

[60]:
Fop(X) = kg X (2-2)
wherekers is the effective spring constant.

At equilibrium stateFe is equal td~sp[60]:

Q)WaLaVZ —_
m = ker X (2-3)

Note thatFe increasegparabolicallywith x while Fsp increases linearly witl. The fact
that Fe is bigger thanFs, kees moving the suspendedeam downward. As the beam
continues to travel, there exist a critical point beyond whighis always greater thaf,

andthe beam is snapped down abhypThis phenomenon is referréd as te fipull-ino

effect[39, 60]. By analyzingEquation(2-3), one can solvéhatx = -"Q is the critical

point wherethe movable beam has travelled ¥ 8The voltage at this critical point,
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Fsp G
E Gate Insulator
e
Channel
% Dimples

Figure 2.2 Spring model of the electrostatically actuateel 4MEM relay. The air gap thicknes
between gate and bodly calledthe actuation gapdy). The air gap thickness betwetire dimples and
corresponding aace and draifs referrecto asthe dimple gap thicknesgy§). The width and length of
the body electrode and and L, respectively. WheWy, is applied the electrostatic actuation forct
(Fe) induced by the body and gate electrodesves the suspendeayhte electrode together with th
channel and gate insulator downwaliithe balancingforce is the spring restoring forc&f) of the

movable gate. IFe > Fsp, the movable gate brings the channel into contact with the source and dr
conduct currentwhich leads to abrupt estate transitionThe channel beneath the gate insulator |
two protruding regios, referred to as dimpde The dimple restrict the motion of the movabtgte

when theycontact thecorresponding source addain

which triggers then-state of the relay, is referred to\as[39, 60]:

(2-4)

As shownin Figure 2.2, the relayemploysdimples to makephysical contact with the

source and draialectrodesAs discussedbove, théipull-ino effect exists wher = -"Q.

If ga2 -"Q, the rday operats in pull-in mode If ga < -"Q, the relayoperatesn non
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pull-in mode[39, 60]. One canchoosehe operationrmode ofthe MEM relay by adjusting

the ratio ofgo andgq, respectively

TheV,i of a relayoperatingn pull-in mode can bexpresse@s[39, 60]:

8k, g,
Vpi = | o= - i
p 27e. A wheregg? -"Q (2-5)

wherekest is the effective spring constant of the movadikeicture Ao is the overlap area
between the movable structure and the fixed electrode, vidittte effective actuation
area Note that the effective actuation areguals to the size of body electrod&. ¢ L)

as shown in Figure 2.2

For a relayoperatingin non-pull-in mode the onstate occurs whexi= gq, andthe non

pull-in voltage(Vnpi) can be given b§39, 60]:

2k (9, - 9y)°
Vnpi:\/ ot (9~ 9o) wheega< -"Q, (2-6)

Whenthe contact is madejé¢ force balancegeation is given by39, 60]:
Fe+ Fa=Fsp (2-7)
whereFais thesurface adhesion force whemo contact surfaces megé&o, 61].

Substituting Euations (21) and (22) into (27), the force balancequation becomefs39,

60]:
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—QA)VZ +Fa=k X

2(90 - X)2 =9

To turn off the relayFsp needs to be large enough to overcdmand surface adhesion
force Fa. A smaller voltage thaN)i (or Vnpi) Nneeds to be applied. By replacixig gq into

Equations (), the release voltag¥/() is solved a$39, 60]:

Vi _\/Z(kerr Q- Fa)(go B gd)2
"= (2-9)

&R

NotethatVy sets the lower limit for the relasupply voltagescaling[39].

2.2. Prototype Organic Relay

Figure 2.3 presents an isometric schematibe circuit symbol,crosssection view,
scanning electron miographs $EM), and the design parameters and valoéghe
prototype fully-polymeric MEM relay. This MEM relay comprigs six terminals: a
movablegatestack abody, and two pairs of source/drabm both side The operation o
the organic MEMrelay is dmilar to that of 4-T relay as introduceth Section 2.1jn
which thecurrent flow between the source and dr@ig) on either sides controlled by
Vgb. The relay comprises a fully polymbased movable structure suspended by
serpentine springabove sarce, drain, andoody electrodes.Along with vias, the
conductive polymer, Poly(3,4Ethylenedioxythiophene):Polystyreisailfonate
(PEDOT:PSS)attached above an insulating polymer that serves agattealielectric)

connects thgateelectrodeso the movale structureNote that the etch holes (4 Anare
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Figure 2.3 (a) Schematic view of the prototype organic MEM relay. The movable stack comprises ¢
dielectric (SU8 and OSCoR) and conductive (PEDOT:PSS) polymer materials, the stack is ele
connected to # gate electrode through the via) Circuit symbol of the relay.cf A-A 6 csedi®
view of the relay. Offstate: an air gap prevents current to flow between the source and drain on eit
Onsstate: electrostatic actuation force between tlie gad body brings both channels into contact wit
pairs of source and draifd) SEM of the relay. (e) Design parameters. Note that 4 ¢ich holes al
patterned ontdhe gate stack in order to ensure release of the relay by vapor HF and to resitlica

stress of the gatgtack [&)].
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patterned on the gate stack in order to ensure relefaisbe relay by vapephase
hydrogen fluoride (HFand toreduce residual stress of the gate sf@&3. In order to
providesufficientcharge forthe actuation of the structurdyy, is appliedto induceFe on

the movable structure and actuatesdhee stacldownwardtoward the body (shown in
Figure2.3). As Vgb across the actuation gag) increaseske between the gate and body
increases parabolically, while the spring restoring fofieg) of the foldedflexures
increases linearly. Whethe magnitudeof Fe exceedshat ofFsp, the movable gate snaps
down abruptly, and the conductive polymer channel (underneath a polymer gate
dielectric) is brought into contact with the pair of source and drain on either side to
conduct currentBecause the prototype relesydesignedo operatan pull-in mode,V,; at
which the movabletack pullscan beexpressed as Equation%2 WhenVg, is lowered
below Vi (Equation (29)), Fsp becomedarge enough to overconte andFa. Thus the
contacts of the dimples to source and drain electrodes on both sides are énokba,

relay turns off. Note that the fringing capacitance, actuation area reduction due to the

release holes and the bending of the actuation platessuenad to be negligible.

Based onthe design & shown inFigure 2.3 several key design parameters are
summarized as followf1) Therelayis designed to work in pulh mode withgo = 1 um,

gd = 500 nm, and gd/go = 0.5 becauseull-in operation is found to be preferred for
optimal energy efficiencibs9]. V,i of the relay ighereforedeterminedy go according to
Equation(2-5); (2) The relayhasa clampedclamped structurvith four bases (anchors)
on both side of the movable beaAs mentioned in section 2.1, unlike the cantilever

desgn that suffers from insufficient spring restoring force, the buckled clarolaeded
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bean should produce reliable restoring force to turn off the relay once thiosiadtic
actuation is revoked3) There ardour symmetric foldedlexures as serpentinesprings

to suspend the movabbeamwhile there are only two strain springs to suspend the beam
in the conventional clampedlamped structurelhe main benefit of adding extra springs
to theoverhangingream isfor minimizing thepossibilityof rotating he beam torsionally
during electrostatic actuatip(¥) ket of therelay depends on treesignparameters of the
foldedflexures attached to thenovable beanj59]; (5) The A, betweenthe suspended
gate electrode antthe fixedbody electrodas defined by thesize ofgateelectrode By
changing the dimensiond the gate electrodethe A, can be changedvhich in turn
affectsFe; (6) Gate leakage current to the body could happéme bottom of the gate
stack is not protected by gate dielectriaic® high gate voltage is applietthe relay is
catastrophically pudid in (i.e., the whole gatestackcollapse onto the substraleAs a
result,huge current could flow from the gate to bodsich lead to device failurd39,

60]. To address this issue, the entire bottom of the gat& efathe protatype organic
MEM relay is covered witlthick (~200 nm)organic gate dielectric to prevent any possible
short circuif (7) The gate dielectricanbe patterned together with tiadole gate stack aritl

is a selfaligned procesg8) Two dimples along with @hannelunderneattboth side of

the suspended plate hawe main functionsFirstly, one pair of dimples arttie channel
provide the electrical path onckmples meet with the source and dralectrodeson

both sides. Secondly, the dimples reduce thesgibility o f icat as-dnstmsp hi c o

Af oot & espexiallyommmon arlaywithout dimple[39, 60].
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2.2.1. Electrode Engineering

Overall, theorganic relaystructureconsists othree partsbottom electrodesa movable

gate stackand an air gap between thettom electrodes and the stadkigure 2.4(a)

shows the layout of the prototype organic MEM reiayasone gate, one body, and two

pair of source and draielectrodesThe total footpr nt i s 4 Af@ thd protoy®@ & m
relay. Conservatively large electrode padsrea of 100x 10 0 2sama large minimal
spaceo f 3 detweenadjacentpadsare used in the layoutTheseareasconsume
relatively large footprint but provide enough spadcelocate probe tips during device
characterizationdn fact, thelarge pad (100 x1 0 0 2 emch) make ug0 % of the total

device area in the prototype relay design.

Figure2.4(b) shows the zoorin view of the channel and dimple region. The width of the
wire routingis decreasedrom 6 um to 5 um. The minimal distanceof 2 um between
source and drain electrodisssetin order topreventundesirablesurface leakagevhich
is conservativdarger than the minimum feature size (1 um) of the photolithogragpiiy

(Karl Suss MA6 Mask Aligner and Karl Suss MJB3 Mask Alignesgd for this work

The relay is anchoretb the electrode layer by fouras and two of thevias form
electrical connectiofrom the @te electrode to the conducti?dEDOT:PSSayer in he
gate staclas siown inFigure2.4(c). The size of anchor is 4040¢ rA The size of ia is
38 x 38 2gBecause the conductive organic material PEDOT:P@S a finite

conductivity,relatively largeareavias areusedto lower theresistancef eachvia.
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Figure 2.4 (a) Layout ofthe prototype relayThe minimum size of electrode pad is 20000 pnf, that i

(©)

conservativdarge to place probe tip for relay electricdiaracterizations. fie minimum space betwe
electrode pads is 38 um, that is set in order to conservatively place separate probe tips on tw
electrode pads. The relay is anchored by four anchors on PEDOT:PSS sufist@teias enabl
connection fom the conductive layer (PEDOT:PSS) in the gate stack to the gate eledijodeomedin
view showing channel and dimple region, the spacing between the source and drain electrodes
pum to prevent surface leakage. (c) Zoormediew showing redy is anchored on PEDOT:PS&bstrate
The size of the arhor is 0 x 40 unft, that is conservative large to provide enough reliabilitye size ¢
via is 38 x3 8 2gThe gate electrode is connected to the conductive layer in the gate stack thrc

vias.

Note thatVpi canbe reduced effectively by adjusting the body brasrder to allow for
operation witha lowergatevoltage swing53, 63]. Ideally, a change in th¥, results in
commensurate change to the gate switching voltdesnd V. i.e, a 1V voltage
change invp shouldresultin a 1V change inVyi. To validate thgrototypeorganic relay
desgn, Finite-ElementAnalysis (FEA) was performed usingsimulation software

(CoventorWarg Figure2.5(a) shows the simulated,; of the organic relayhatoperates
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Figure 2.5 The relay used in the FEA simulation W&¥s=3em,L=7em,Wa=La=57em,go =1 pm, gy
= 500 nmandtm = 2.27¢ mVy andVs were set to 0 V in the simulation. (a) When= 0 V, the relay i
actuated downward by ~350 nid 1/3go) atVg & 21.06 V =V, then it turns orbruptly. (b) When boc
biasVp = -5 V, the relay turns on at; & 16.21V = V,i. (c) The relay turnson at,b a2 2 .=/x3and¥

= 0 V. The number of volume elementesh created of the simulation waS162 and displaceme

tolerance was set to be 0.00th.

in pull-in mode(go = 1 pm,ga = 500 nm andgd/go = 0.5)without body biasWhenVy =
21.06V is applied,Fe brings the movable beam downwardieimaximum displacement

of the suspension beamacles350 nm(a 1/3go) before the relayurns on abruptly. This
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resultconfirms that once thmovable beanpasses the critical poing43), the movable
beamsuddenly snaps dowandrelay turns on.Figure2.4(b)preserd that thesimulated
Vpi is 16.61Vwith Vi, = -5 V. Compared with thé/,; without bodybias inFigure2.4(a),
this resultverifies the effective adjustment &, for the relay with bodybias,i.e. a

commensurate changeVg with a change in bodyias.

Due to the nature of thelectrostaticactuationforce it is alwaysan attractive force
between the movable gate electrode and fixed body electrode regardless of the polarity of
the appliedvgh. As demonstratech Figure2.3(c), the simulatelly value of therelay that
is actuatedy the bodyto-gatevoltage is22.03V, whichis consistent with th&; of the

relay thatis actuatedy the gatdo-body voltage

2.2.2.Air Gap Engineering

The air gap of the relay is important because:Tti¢ air gapphysically separates the
movable gate from the underniediody electrode and the channel from the underlying
source and drain electrodes in the-sitite; (2) The strength of tleduced electrostatic
forcebetween the gate and body electrodes is affected by the thickness of the iag& gap,

Fe' 1/0:%[39]; (3) The ratio ofy, andgq defines theoperation mode of the relay.

Figure 2.6 shows the changeFafandFsp during themechanical motion of the movable
gate and the crossectionview of the prototype relato illustrate the transition frorthe
off-state tathe on-state. The vertical dimems of the prototype relay is designedgas
1 um, g¢ = 500 nm and gd/go = 0.5> 1/3. From the prospect aiost energiefficient

operationthe dimple gap should be chalf of the actuation gaf89]. Fspis providel by
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Figure 2.6 (a) Change ofFe, Fspvs.gap distancef the prototype relay(b) The crossection view of th

prototype relay. Me ratio ofgs andgo is 0.5, that is greater than 1/3hélrday operatesn pull-in mode
The movable gate snaps down abruptly aftéravelsto x = go/3, Fe is always greater thafs, after the

movable gate moves beyoge3.

the foldedflexures of the relaywhich behavelike a serpentine spring-e is induced by

Vgo. Initially, x = O, neitherFsp nor Fe exists. OnceVgs, is applied to the relayre is
induced. According to Equation-@®, Fe increasegarabolicallywith x asindicated by

the dasHine in Figure 2.6a). Because the movable stack moves downwggstarts to

exist and it increases linearly witraccording to Equation {2). Fspis shown as theolid

line in Figure 2.6a). As long asV,i is applied that enableSe > Fs,, the gate stack
continues to move downward till the critical poi# go/3, whee Fe = Fsp. Becauseyq >

0o/3, the dimples do not contact the source and drain electrodes underneath at this
moment, relay keeps moving downward. However, once the relaggthas<ritical point

(90/3), Fe >> Fsp, the movable stack suddenly snaps dowa, dimples meet with the

source and drain electrodes underneatld, therefor¢he relay turns on.
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2.2.3. Gate Stack Engineering

Thedetailsof thegate structure desigareshown inFigure2.7. One of the advantagef
the4-T relay design ishat the flexure structures and the actuation area are decoued,
the kerr is only determined by the folddtexures dimensions (the movable beam is
consideedas arigid plate)andthe actuation area is defined by #rea of the suspended

gate stackAs indicated inEquation(2-5) and (29), both Vi andVy are proportional to

B et is determined by thdimensions of théolded-flexures the intuitive expression

of keff is given by{39, 60]:

1

& Gt 8
eq
—@z%, —

] (2-10)

-I-O: OOZ

k

eff

wheretn is the thickness of the movable gate stablgndL are thewidth andlength of

the foldedflexure springs, respectivelyr and o are the flexural inertia and torsional

inertia, respectivelyx anda wereextracted to b&.36 and 1.5910'° by using nonlinear

fitting method to fitthe FEA simulated result\ total of 36 simulatedV,; values for

relays with variousV andL (as shown in Table 2)vere used in the nonlinear fitting

Esus andGsus (Table 2.1)aretheYou n g 6 s and sheat modulust SU-8. Note

that the gate stack compris@9®0 nm gate insulator (OSCoRY0 nm gate conductor
(PEDOT:PSS) an@ pm (SU-8) as shown in Figure 2.3(c)hé&thickness ofSU-8 layer
dominateghat of the gate stack. To simplify the calculation, @ ungdés modul us
shear modulus of S8 polymer are referre as the equivalent values hereby, tBaf=

x Et) /ti& EsusandGeq= @it) /ti& sGs[60].
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Figure 2.7 (a) Topdown view of the prototype relay layout. Note that release etles lom gate stack ¢
not shown. ie minimum feature size of the photolithography tools (Karl Suss MA6 Mask Aligne
Karl Suss MJB3 Maskligner) used for this works 1 um and the maximum photolithographic alignn
tolerance is conservatively set to 1 um. The spacing between the aodrdeain electrodes is set to 2 |
the spacing between body and either drain or source is set to 2 um to prevent surface leakage
stack to body cubut is set to 1 um to allow for sufficient photolithographic alignment toleranc
overlap atuation area is determined by the gate stack akka (L). The channel is enclosed by the |
stack by 1 um. The channel to drain/source overlap is minimized to prevent unvededtostati
actuation forcebetween the channel and drain/source. (b)disions of the foldeflexures that support
the gate stack. The effective spring constant of the flelmaaens can be estimated from Equatiori @2
(c) Dimensions of the channel. Each contact is enclosed by the channel with boundary of 1

contactdimple dimensions are limited to 2 x 2 fito prevent the irused stiction anéa, [39].

VariousW, L and gate actuatioarea \Wa x La) values(Table 2.1)are designed in the

layout toinvestigate thie impact onthe prototype MEM Relay.

Firstly, gate actuation ared\k x Lo) is fixed to investigatethe effects of W andL of the
foldedflexures. Figure 2.8(a) shows theFEA simulatedV, values of the prototype
organic MEM relay with various W and L values using simulation software

(CoventorWark Gate actuation arewvere restricted asWa = La = 57 um. For the
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Table 2.1 Design parameters andlues of the prototype relay.

Parameter Value
Young's Modulus (Esu-g) 2 GPa [64]
Shear Modulus (Gsu-g) 1.2 GPa [65]
Actuation Plate Width and Length (Wa = La) (37,57, 77,97) um
Folded-Flexure Length (L) (5,7, 10, 12, 15, 17, 20, 25, 30) um
Folded-Flexure Width (W) (3,5,7,9) um
Movable Gate Stack Thickness (tm) 2.27 um
Designed Actuation Gap Thickness (go) 1pm
Designed Dimple Gap Thickness (gd = 0.5go) 500 nm
Dimple Area (Ad) 2x2 pm?2 each
Channel Area (Ac) 4x10 um2 each

prototype design, th&argetV,i value isbelow 30 V. Therefoe, from the FEA simulated
Vpi, we can expect theequiredW andL of the foldedflexures To ensure that the relay

can be turned off,e. Vi > 0V, Fsp must be sufficient tovercomera:

Fsp(x) = keffx > Fa (2'11)

Fais mainly causedby van der Waals interactions between two contacting surf@8es
61]. The 4-T relay with tungsterfW) contacting electrodeis reported to have the, ~
0.45eN with the dimple area of 21 0 2438) 66]. While there is no reporte, value

of PEDOT:PS&ontacting electrodesve conservativeljassumehearbitraryFato be ~ 1
eN for our organic relay wh 4 x 4 € REDOT:PSS contact electrodes. In order to
estimatea properkes for therelayto turn off, Fa = 1 eN was assumedk = gg = 500 nm
andFa = 1¢N weresubstitutedn Equation 2-11). ket > 10 N/mwasthereforeestimated

From thesimulatedkes plottedin Fig 28(b), one can estimate the necesséafand L
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Figure 2.8 (a) FEAsimulated and theoretical calculateg vs.L of the prototype relaysThe analytice

model is wvithin 90% of FEA simulationT he relays haveariousW andL values witht, = 2.27um, go =

1um, ga =500 nmW,=La=57um. Vp, Vg, andVs were set to 0 V in the simulatiofb) Simulatedkes

of the prototype relay withariousW andL valuesWhenW s fixed, ket decreasewith the increasingy.
WhenL is fixed, ket increasesvith the increasinyVv.

combinationsof the foldedflexuresto producea ket greater than 10 N/mNote that

amongall the designedV and L valuesas shown in Table 2,lonly a fewW and L

combinationgW, L) includng (3 pm, 25 um), (3 um, 30um), (5 um, 30um), and (7um,
30 um) are outliers.

When designing thaV and L of the foldedflexures, there are several conservative

designs with wideW and shortelL to assure a sufficierkert of the movable structure.

Note that theseconservative designs unnecessal@gd to largeVpi value of the relay

because the area of the actuation platealso be increased to redige

The atuation areako) is another importarfactor inthe gate stak design sincéhe Ao

affeds the magnitude o¥,i according to Equation {3). As indicated inFigure 2.7(a),
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Figure 2.9 FEA simulatedV,; vs.W; of the prototype relayshe relays have, = 2.27um, go = 1 um, gu
=500 nmW=5pm,andL O 1 5 Vp,Q/mandVs were set to 0 V in the simulatioAs W, increase

(Wa = L), the actuation ared\i x L) increases, therefoid, decreases according to Equatiorb{2

the A, of the prototype organic MEM relagqualsthe area of thg@ate staclarea(Wa x
La). Figure2.9 shows theFEA simulatedV,i values of the prototype organic MEM rgla
with differentWa. As (Wa x La) increases wittWa (Wa = La), the simulated/,i decreases.
Note thatthe simulations were basemh prototyperelays with parameteM/ = 5 um and
L O 1 (Table 2.1)as the restrictedfactorsto ensure relatively largks. These
conservativefolded-flexure parametercould leadto ket > 15 N/mas shown inFigure
2.8(b). As a resultthese conservative f@dflexure parametershouldassuresufficient

stiffnessfor the relag to turnoft.

2.3. Multiple -Input/-Output Relays
2.3.1.Single-Gate DualBody Relay
Figure2.10 presents an isometric schematic, cresstional views|ayout and scanning

electron micrographsSEM9 of the singlegate duabody organic MEM relay.The
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design parameters and values are giveifable 2.2. The singlegate duabody relay
comprises a fully polymebased movable structure suspendedsbgpentine springs
abovetwo body electrodeand two pairs of source/drain on both sid&eng with vias,

the conductive polymer (attached above an insgatiolymer that serves as tigate
dielectric) connects thgateelectrode to the movablgate stackNote that in the single
gate duabody relay the fixed body electrode is divided into two bodies with the same

body length (By).

The key improvements ithe singlegate duabodyrelay design over the prototype relay
are summarized as folloWl) The ratio ofgs/go = 1/3.5 < 1/3 is set in order to enable the
singlegate duabody rday operate in nopull-in mode. e turron voltage of the relay
operatesn nonpull-in voltageis referred taasnonpull-in voltage ¥npi); (2) Vertically,

both go and g4 are scaled down in order to redu¥g, of the relay for lowerVyq
application;(3) Horizontally, body is divided intdwo bodyelectrodesn order topreset

the versatilityof the relay; (¥ The overlap area between the conductive polymer in the
movable stucture to the souragvain an both sides of the relays removed (5) The size

of a contact dimpleisreducénll . 5 [ 21. 5 &m

Thesinglegate duabody relay is now desigedto operate in nopull-in mode. h order
to understandhe transition fronthe off-state tothe on-stateof this refined relay,the
change ofFe, Fsp during the mechanical motionand the crossectionview of the
movable structurere shownin Figure2.11. To provide charge for the actuatiof the

structure Vg is appliedto induceFe on the movablg@atestructure and actuates thgate
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Figure 2.10 (a) Isometric schematic and sssectional views of the singlgate duabody relay. (b) Th
layout view of the relay. (c) SEMs of the relay.

Table2.2 Design parameters and valud#she singlegate duabody relay

Parameter Value

W 3,5, 7 €m

L 10, 12, 15, 17 em

Wa = La = 4Lp+3 4 7 , 52, 57 e€m

tm = tsu-s + trEDOT PSS + tCYTOP 2.46 em = 2.3 em + 7
Jo = 3.50d 0.7 &em

Ecvrop = 0.7Esu-s = 0.7EpepoT:pss 1.4 GPa [67, 68]

Channel 10 1 2fack m

Dimple 1.5 1 2kach e&m
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Figure 2.11 (a) Change bF, Fs,vs.gap distancef the singlegate duabodyrelay. (b) The crossecti;m

view of the singlegate duabody relay. Te ratio ofgs andg, is 1/3.5, that is smaller than 1/3h& rday
operatesn nonpull-in mode,in which ggdetermines the maxiumdisplacementhe relay. e relayturns

onwhenthe movable gate travel tdl= gq, Fe becomes equal sy

stack downward toward the body electradEs (represented by dasime in Figure
2.11(a))increasegarabdically with x according to Equation {2) andFsp (represented
by solid line in Figure 2.11(a)hcreass linearly with x according toEquation (22). As
long asthe magnitudef Fe is greater thathat ofFsp, the movable structure continutes
be actuted downwardRecall fromthe pultin modeoperationin the prototype relaythe
movable structure wilpassthe critical point §o/3), then suddenly snaps down. However,
in nonpull-in mode operationgqs defines the maximum displacement of timevable
structure becausthe dimples restrict the motion of timovablegate stackwvhen they
contact thecorrespondingource and draialectrodes. fiis maximum displacement is the
point of intesection of the solid line and dakhe in Figure 2.1(a). Vnpi of the single
gate duabody relayis given by Equation (B) TheVy of thesinglegate duabodyrelay

is expressedby Equation (29).
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Figure2.12(a) shows the analyticalalculatedvnpi andVy of the refined singlgate dual
body relay thatoperats in nonpull-in mode andrigure 2.12(b) shows the analytical
calculatedVpi and Vy of a relaythat operates ipull-in mode. AsL increases, thées
decreaseaccordingto Equation 2-10). As a resultboth Vnpi and Vi of the relag decline
as indicated in Figes 2.12(a) and (b)n Figure2.12(a), one can see that thiference
betweenthe calculatedVnpi and calculatedVy is relatively small On the contrary, the
relay that operates in ptih modeas shown in Figure 2.12(jas large difference
betweerthe calculatedvnpi and calculatedy. ThedifferencebetweenVnpi (or Vpi) andVy

is referredo ashystersisvoltage

There are two main causestlod hysteresivoltage. One reason mn-zerokF, which
depends on various factors such as the timact materials, area and surface properties
[39, 61]. Thesecondcause is theelay operation mode. As indicated Figure?2.6, if the
relay is designed in pulh operation modethe magnitude ofre exceeddhat of Fsp once

the deviceturnson after passing the critical poing«3). Therefore Vg» mustbe lowered
furtherin order toturn off the device @en withou the presenceof Fa. However in the
case that the relay operatesom-pull-in mode agpresentedn Figure2.12, Feis equal to

Fsp at the momenthe deviceturnson. As a resultVg, only needs to be lowered just a
little bit to trigger the relay to m off assuminghe value ofFa is zero Thesinglegate
dualbody relay is designed to operate in nppuall-in mode in order to minimize the

hysteric switching behavior.
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Figure 2.12 (a) The theoretically calculatad, andV, of the refined singlgate duabody relay that
operates in nopull-in mode withg, = 700 nmgq = 200 hmgd/go = 0.29 < 1/3. (b) The theoretically
calculatedvyi andV; of an arbitrary relay that operates in pinllmode withg, = 700 hm,gqg = 500 nm,
04/9o = 0.71 > 1/3. The other pameters of the relays are the salffe=L.=57¢ mW= 3 t.,g=rR.46

emFa= 0.45 &N wad$l. assumed [ 39, 6

Table 23 compars the singlegate duabody relay design with the prototype relay
designin terms of overlap area and capacitance between gate an@btuyhe single
gate duabodyrelay, the movable structure is refermedasgate electrodandthe bodyis
divided into two separateody electrodes that can be biased independenthye that the
strength offe is proportional toA.. Since the fixed body electrode is divided into two
bodies with thesame bodylength @Ly), the overlap area betweegate toeachbody
electrode(A, = Wa x 2Ly) is the sameTherefore body 1 and body 2lectrodeshavethe
equal influence. Table 2.Bsts theoverlap area and paralplate capacitance of the
singlegate duabody and the prototype relayhe singlegate duabody relay now has
smaller gate to body 1 & body &erlap areg3078 um?) comparedwith gate to body
overlap area (324pm?) of the prototypeThat is because the intdigitization of body

electrodes in singtgate duabody relayhasa minimal spaceof 1.5 um between body
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Table 2.3 The overlap area and paralfghte capacitance of the singjate duabody and the prototype

relay.
Single-Gate Dual-Body Relay Prototype Relay
Gate to Gate to Bodyl Gate to Gate to Gate to

Bodyl&2 = GatetoBody2 Sources/Drains Body Sources/Drains

Overlap Area

3078 1539 0 3249 80
(&3n
Off-State
Capacitance 37.72 18.86 0 27.4 0.67
(fF)
On-State
Capacitance 122.49 61.24 0 52.30 1.29

(fF)
Note: The calculations are based on relays with Wa=La= 57 & m.

and body2 electrodesn the layout whichwastes some othe overlap area. In the single
gate duabody design,the overlap area between the gate to source/@tatctrodeson
both sidess removel by adding one mask to pattern the condudéyerin the movable
gate stack. However, there is a small overlap aredetween the gate to source/drain
electrodeson both sides in the prototype relay, which could resulinrall drainbias
effect [69]. Note that the rat®of the onstatecapacitanceo the off-state capacitance
ratio are 3.25 and 1.89 for theirgle-gate duabody relay and the prototype relay,

respectively.

Fig, 213 presents thé&-EA simulationresults ofthe relay with theelay parameters in
Table 2.2 Specifically, this work is based on the relay witi=5 pm,L = 10 pm,Wa =
La=57 pm,Lg= 27 um, go = 700nm, g¢ = 200 nmtm = 2.46 um Both body 1 andbody
2 were applied to actuate the relaythe simulation as shown in kige 2.9(a). Sncethe

relay operates nonpull-in mode, the relay turnsnowvhen the suspension bearavels
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Figure 2.13 The FEA simulation result of the singémtedualbody rehy. The parameters of the relay a

W=5em,L=10em,Wa=La=57em, Ly =13.5¢ mgo =700 nmgq = 200 nm}y = 2.46¢ m(a)The
relay turns on whelNp: =Vi,@ 1 2 . = 0 V., The Yhaximum downward displacement of ~260 nm
occurs at the center of the movable body with the displacement of ~200 nnthedarigannel regions. (b
The relay turns oatVir @ 1 7 Vb= VY5 0V. (c) The relay turns on at,, @ 1 7 VpB= VYs0V.
The number of volume element mesh created of the simulation was 28417 and displacement tolel

set to be 0.00fum.

the dstance equal tgq. The Vi is 12.8 V in this casdrigure2.9(b) showsonly body 1

was applied to actuate the relaith iz = Vg =0 V. As indicated irEquation (26), Vnpi

1 /7,,the gateto body loverlap ara (Ap) is half of the gate to bodieoverlap area
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(Ao). Therefore, lte Vnpi in the casewhen body 1 was applieshould beZ of the Vi

when both body 1 and bo@yare applied to actuate the reldye simulatiorverifiesthat

the Vipi (17.5 V) of the case when body wasapplied is apmximately12 of the Vipi
(12.8V) of the casavhen bodyl andbody?2 wereused.Figure2.9(c) confirmsthat body
1 and body2 has equal influence on the actuation of the ralayeither of these two
bodiescan be applied independently to turn on thayeRAs theVnpi (178 V) of the case
whenbody2 wasapplied is approximately the same asVhg (17.5 V) of the caseavhen

body 1wasapplied

2.3.2. Dual-Gate DualBody Relay

Figure 2.14 shows a thredimensional schematic, cresectionviews and scaning
electron micrographs (SEMs) dtialtgate duabodyorganic MEM relay comprisingvo
gates, two bodies, and two pairs of source/deseotrodesDesign parameters and values
are summarized in Table4. The dualgate duabodyrelayis also designedtoperate in
nonpull-in mode withgo = 600 nm,g¢ = 150nm, andgd/go = 1/4.Briefly, the relay turns

on whenVg, is greater thaiVnpi, and it turns off wheWgyy is lowered belowvy.

The key improvement of the dughte duabody relay can beeenfromthe BB6 ¢cr os s
sectionview of the dualgate duabody relay inFigure2.14b). The gate electrode in the
suspension gate stack is subdivided imto equallysized gate electrodemd the fixed

body electrode is subdivided into tvemuallysized body eldcodes.The overlap area
between gate 1 to body 1 is the same as that between gate 2 to body 2. Meanwhile, there

is zero overlap area between ga@ntibody 2 orbetweengate 2andbody 1.Deperling
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Figure 2.14 (a) Isometric schematic of the digdte duabody orgaic MEM relay. (b) Crossectior
views across AA6 aiBd B n -stath ef the felfy. {&) Plar-view and (e2) crosssectionview

SEMs of the relay.

Table 2.4 Design parameters and valuedghe dualgate duabodyrelay

Parameter Value

W 6, 8, 10 &m

L 10, 13, 16, 19 e&m

Wa = La 64 em

tm = tsu-s + treDOT:PSS + tcYTOP 1.96 em = 1.8 e€m + 7
Jo = 4:Qd 0.6 &m

Channel (Total: 2) 10 1 24ack m

Dimple (Total: 4) 151 1. Beachm

Ecvrop = 0.7-Esu-s = 0.7-Epepor:pss 1.4 GPa [56, 57]

on the input combinationshé A, will be different. BeauseVnpi is proportional tdl /0
(Equation (26)), the Vnpi value of the relay will be differenlepending on the input

combinations.
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3.Organic Relay Fabrication Process

In this chapter, a polymdrased surfacenicromachining process is developéd
implement the relay designdescribed in the previous chapt&olutionprocessable
organic materials, which are beneficial bailding large-areacircuits at relatively low

temperature and low cog22, 70], are employed to builtheorganic relays.

In this chapter, process developmeiffbrts to achievewell-functioning organic MEM
relays for ultralow power flexible transparent laggarea electronics aggesentedAlso,

improvedfabrication flow foradvancearganic MEM relaydesignis discussed.

Figure3.1 shows dive-mask lowthermatbudget process used to fabricate phatotype

organic MEMrelay. Thedetail of each step ardescribed as follows
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Figure 3.1 Low-thermatbb udget (O 150 AC) process fl ow:

(a) Mask 1Formation of tle gate, body, and source/ drain (PEDOT:P&8he crosdinked SU8.

(b) Mask 2 Plasma enhanced chemiealpor deposition (PECVDgnd patterning of theslsacrificial SiQ
(500 nm) to form contact dimples.

(c) Mask 3:PECVD of the 2 sacrificial SiQ (500 nm) andhe formation oPEDOT:PSS channel.

(d) Mask 4:Formation ofgate dielectric (OSCoR 4000 pahgr)andvias.

(e) Mask 5:Spin-coating and patterning of tlgate staclcomprising SU3, PEDOT:PSS, and OSCoR.

(f) Movable stack released Waporphase hydrogen fluoride (H&} 50 °C.
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3.1. Substrate Preparation

Thefabricationof the MEM relay stagwith the substrate preparation as shown in iE&gu
3.1(a).Table 3.1 summarizes the process recipe of USIg (MicroChem Corp., St8
20R) as thepolymer substratdor the relay SU-8 hasrobust chemicabnd thermal
stability. It cannotbe attacked bymost organic solvents used in fabrication such as
acetone, Isopropyl Alcohol (PA), 1-methyt2-pyrrolidinone (NMP)-based solvents
stripper after proper treatmeri71, 72]. SU-8 has goodresistance toaporphaseHF,
which was used to release the organic MEM relay eventualB}. SU-8 sustais up to
250 °C and adherg well to Si surface All these propertiesnake SU8 a suitable

candidate for therganicsubstratdayer.

SU-8 was spincoatedat 3000 rpmon top of Si waferand then, thestandard St8
process recipe, which includes firake,UV flood exposure, harbdake, developingand

long-time postbake wasusedto fabricated the substrate (Figure 3.1(a))

Note that everthoughthe SUS8 is used as substratgithout any geometripattern it

should be rinsed for longer than suggested developing timség propylene glycol

Table 3.1 Fabrication process of S8 substrate.

Step Procedure Remark
1 Soft-bake SU-8 Baking at 95 °C for 2 minutes
2 UV Exposure Cross-linking SU-8
3 Hard-bake SU-8 Baking 95 °C for 2 minutes
4 Developing Rinsing away uncross-linked SU-8
5 Post-bake Curing SU-8 at 150 °C for 30 minutes
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monomethylether acetate (PGMEA)to get rid of any uncrosdinked SU8 after UV
flood exposure and hatblake Also, SU8 needs to be cured at 190 for 30 minuteso
become fully cros$inked. SU-8 becomes a chemical robust aogtical transparent
permanensubstrateafter these treatment®Otherwise, StB could formbubbles during

thesubsequerfabricationstepsdue to anyuncrosslinked residue.

To promotethe adhesion between the next layer to the hydrophobi8 Suiface, St8
substratewasfirst activated withO. plasma for 20 gcondswith 50 sccm @, 200 mT,
and 50 W, and then an adhesion promoter (Silquest8X) was applied prior to the

electrode forming step.

3.2. Mask 1: Electrode Definition

A conductive polymer, Poly(3;Ethylenedioxythbphene):Polystyren&ulfonate
[PEDOT:PSSClevios PH1000)]wasdeposited and patterned to form fhret electrode
layer as shown in Fige 3.1a). PEDOT:PS®as been eored for use in solar cel[§4]
and thinfilm transistord75] as a candigte to replace indium tinxale (ITO) due tats
opticakttransparency (> 90 % in the visible spectr29]) and relatively high
conductivity (~18 S-cm? [76]); and stretchable electroddg7] and strain gaugel8]
due to its plasticity and piezoresistive behavior. However, because of its hygroscopic
behavior[79], which causes swelling and shrinking of the filmpon absorption of
moisture, and chemical incompatibility with addnsitive photoresists and alkaline
developers and strippers usecconventional photolithography8Q], fabrication of most

PEDOT: PS$hased devices has had to resort to nonconventional lithographic techniques
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Figure 3.2 The EMs of the patterned PEDOT:PSS electrode layesing (a) conventional photores

showing damaged PEDOT:PSS surface @ydluorinated photoresist showing intact PEDOT:PSS sur

such as rofto-roll and inkjetprinting or indirect patt@ing methods such as héiff [81].
Most, if not all, PEDOT:PS®ased devices repted to date are fabricated using a single
mask layer with poor photolithographyesolution, thus limitingtheir potential

applicationg 73, 80, 82].

PEDOT:PSS reacts with aes#nsitive photoresistandconventionaklkaline developers
and strippers. Therefordluorinated photoresis(Orthogonal, Inc., OSCoR 80) and
fluoroetherbased developer and strippethich are benign to PEDOT:PS&re usedto
pattern the PEDOT:PSS electrodes on top of8tuibstrat¢80]. Figure 3.2(a) shows the
SEM of PEDOT:PSS layer patternég conventional photoresisAZ 5214F). OnceAZ
5214E is spin coated on PEDOT:PSS, thghotoactive compoundreacts with
PEDOT:PSS due to thacidity of PEDOT:PSS. fder the development process
usng Tetra Methyl Ammonium Hydroxidd TMAH)-baseddevebper, the surface of
PEDOT:PSS islamaged82]. In order to address this issugganicmaterids compatible

fluorinated photoresist systemsreappliedto develop the PEDOT:PSS electrode layer.
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Figure 3.3 The thickress of spircoated PEDOPRSS layews. spin speed. The black square present
layer thickness of PEDOT:PSS before methanol treatraedt the red dot indicates the layer thickne:

PEDOT:PSS after methanol treatment

As indicated in Figure 3.2(bjhe PEDOT:PSS surface remsintact The conductivity
of this patterned PEDOT:PSS laysrunaffectedby usingfour pointprobeto confirm
The neasured resistivityf the film was ~3 g -cm vs. ~3.2 g -cm beforevs. after the

photdithography

The second challenga forming PEDOT:PSS&electrodeis owing tothe relatively high
( ~ Lcmq29)) resistivity of pristine PEDOT:PS$0ostdeposition treatment on the film
with acidic solutiong76] or organic compounds such methaml [76], Ethylene Glycol,
and Dimethyl Sulfoxidg29 is the typical methodo reduce its resistity. After the
deposition of PEDOT:PSS-igure 3.1(a)), the substrate wadipped irto methanol for a
minute. The meased resistivity of the film was 3 -cip vs.~2:10° ¢-cm beforevs.
after the treatment he thickness of the sptpated PEDOT:PS@-igure 3.3) shows tha

the treatment of methanmduce the thickness of PEDOT:PSS due to tbmovalof the
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Figure 3.4 AFM imagesof (a) freshPEDOT:PSSsurface,(b) PEDOT:PSSurface after staying in wa
for 2 minutes and(c) PEDOT:PSSurface after staying in water for binutes. All the PEDOT:PSS film

were spin coated at 1500 rpm on Sifer and baked at09C for 1 hour

insulator PSS from the fili76]. By spin coating PEDOT:PSS solution1&00 rpm, 70

nm PEDOT:PSS filntan ke formedfor the electrode layer.

The third challengef usingPEDOT:PSS islue toits hygroscopigroperty i.e., it swells

or shrinks when exposed toveater mixture during subsequefabrication steps As
indicated inFigure 3.4, he PEDOT:PSS surfaceetomes rougheand wavier when it
meets with watemoleculesbecausef the volume expansion of the PEDOT:PSS film,
which could lead to cracking or delaminating of the film. Note that the optimizeddaki
condition of the PEDOT:PSS 80 °C for 1 hour Adhesion promoter (Silquest-A87)
was appliedafter spin-coatingand bakingof PEDOT:PSS to ensure thetteradhesion

between PEDOPSS and theext layer

70 nm PEDOT:PS%vasspincoated orthe SU8 aubstrateat 1500 rpmpaked at 8 °C

for 1 hour, andthen patterned into the electrodes fityotdithography and @ plasma
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reactive ion etchingRIE, Trion Phantom Il reactive ion etcheat rate of 35 nnrhinute

with 50 sccm @, 30 mT, and 50 W

3.3.Mask 2: Contact Opening
As shown inFigures 3.1(b) and(c), SiO, was deposited viaPECVD at rate of48
nm/minute with 555 sccm Sil 500 sccm NO, 900 mT 25 W, and 100 °C a:

sacrificial layer.

In order to select the materials for the sacrificial layer, chemaa thermal
compatibility as well asilm quality haveto be considered thoroughifd) The deposition

of the sacrificial layerdoes notthemicallydamage the organic layers (PEDOT:PSS and
SU-8) underneath(2) The sacrificial layer etching process either by wet etching or dry
etching has to bbenign tothe organic layers (PEDOT:PSS and-8Uunderneath; (3
The sacrificial layecanbe selectively etched away eventuallythe relay releasing step;
(4) The deposition of the sacrificial layer has tofpen at low temperaturé O  4CEK O
(5) The depositin of the sacrificial layer requires uniforpitand thickness

controllability.

Organic materials for sacrificial layerare preferred for lowthermatbudget
manufacturingdue to their lowtemperaturedepositionprocess. However, most of the
organics are stéring from the possible dissolution upon confronting organic solvent
[83], which would be inevitably used in the later procédsus they cannot provide
reliable sacrificial layebefore the final releasingep. On the other side, orgarsiach as

CYTOP @Bellex Corp, CTL-809M) has strong chemical resistance to most organic
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solvens, acid and based84], so that it is toadifficult to be etched away completely by
any solvent in the releasing stem kddition, it isrelatively difficult to control the

uniformity and the thickness of the sginated organic sacrificial layer.

Inorganic materialsvould be preferred for sacrificial layeonsidering the factors such as
uniformity andcontrollability of film thickness Metal or metal oxidéayersuch as Al or

Al>0s couldalsobe a candidatdor the sacrificial layebecause their etchadre usually

compatible with organic materidl48]. However, wet chemical ettty process are prone

to stiction due to capillary forcesd the interfacg¢83]. The capillary forces caused by the

liquid etchant will make the released relay stuck down permaniéritig spring resting

force (Fsp) of the movable beam imsufficient[48, 83]. Therefore, sacrificial layer that

can be deposited and selectively dry etch a't a relativel yCO Il ow t ¢

without affectingother layers islesirableto avoid the stiction issue

After shortloop experimerst and considering all requiremanmentioned above, low
temperature PECVD SiOs chosenas a sacrificial layer, which could be selectively
etched by vapor HF. The SiQleposition process does naffect the organic layers
(PEDOT:PSS and SB8) underneath The low-temperaturedeposition( O P& 0

maintains the lovtemperature budget of the whole process flow.

To open the sacrificial layer for thfermation ofcontact dimples, tw@ x 2 pn¥ holes
need to be etchealwayin thefirst sacrificial layer As shown inFigure 3.1(b),the SiO,
layer was patterned by photolithography and removed by a combingavet etching to

define contactingegions.Specifically,400 nm SiQ was etched firstby RIE (50 sccm
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Combined bry—Wet etch was applied: RIE dry etch was applied:
Contacting regions were remained Contacting regions were removed

Figure 3.5 The SEMs of (a) sample that thentacting regionsvere etchedby combined drywet etcling,
showing that the bottoralectrode (PEDOT:PSS) is intact afiy sample that theontacting regionsvere

etchedby only RIE dry etchng, showing the bottom electrode (PEDOT:PSS) is completely removed.

CHRs and 50 sccm Ar aBO mT, and 150 W)at etch rate of 20 nmiinute leaving
approximately 100 nm SiQ in the contadhg regions to protect the underlying
PEDOTPSS from thelry etchingprocessThe remaining-100 nm SiQ wasremoved in
HF/H>O vapor (49 % HF) at 50 °C for 18sndsto expose PEDOT:PSS surfaces. The
applicationof acombined drywet etchings because the etching gases used to etch SiO
also etchthe PEDOTPSS filmvery quicky. If only RIE is appliedto open the contact
dimples one cannot ensure the SiQo be completely etchedithout damagingthe
PEDOT:PSS underneathihis becomegvensevere because ovetching isrequiredto

fully open thecontacing regions

Figure 3.5 shows theSEMs of samples usingombined drywet etching andnly dry
etchingto open the contacting regiardy applyingcombined drywet etching, a redible

contact opening process coulddmhieved without affecting the P T:PSS underneath.
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On the contrary,fionly dry etching wasppliedto open the contaicty regions, bottom

PEDOT:PSS could beompletelyremovedafter the etching process

3.4. Mask 3: Channel Formation
After the £cond 500 nm sacrificial layer wdepo#ted, ~70 nmPEDOT:PSS waspin

coatedat 190 rpmon top of SiQ to form the conductive channel lay&igure 3.1(c))

Because the dimpleegionis relativelylarge (2 x 2 pn¥) and shallow(500 nm) the
PEDOT:PSS solution can easily cover every corngh@bpened contactingegiors to
form a continuous layer. After70 nmPEDOT:PSS layer vgaspircoatedat 1500 rpm
and baked a®0 °C for 1hour, OSCoR 400@&nd fluoroethebased developer, which are
benign to PEDOT:PS#ereused to pattern the PEDOT:PS®enRIE (50 sccm @, 30
mT, and 50 W was used tothe etch thePEDOT:PSS channel layer etch rate of 35
nm/minute Note that20 % Q plasma oveetcling was applied to assure the complete
etch of PEDOT:PSSEventually, fluoroethebased stripper wassed to strip away the

OSCoR 4000 photoresist on top.

3.5. Mask 4: Via Formation

PEDOT:PSS compatible photoresist, the OSCoR 4088 ,used as mask to opervias
(Figure 3.1(d). The via has two functions: Firstly, via forms electrical connection from
the gate electrode underneath to the conductive layer in the gate Sexdndly the
movable beam carme anchoed on the substratdy using thevias. Conventional
photoresist canndie usedin this step because the photoresist needs &pinecoated on

top of the defined channel layer The acidbase eaction betweenthe channel
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Figure 3.6 The thickness of spinoatedOSCoR 400(photoresist/s. spin speed.

PEDOT:PSSnd conventional photoresisandegrade the conductivity of PEDOT:PSS

layeror delamina¢ the PEDOT:PSS layer.

Relatively deep viagl  § arerequired to be ope throughthe SiQ sacrificial layer
andthe gases used to etch Si@lso etch the OSCoR 408@ry quickly Note that the
SiO, dry etching process (58ccm CHE and 50 sccm Ar &80 mT, and 150 W) can etch
SiO; at the rate 0~20 nmminute and OSCoR 4000 at the rate ofL8& nm/minute
Therefore,a sufficienty thick OSCoR 4000Qayer is requiredto transfer patterng-igure
3.6 shows the thickness of the OSCoR 4000 at different spin sppptbximately1100
nm thik of OSCoR 400 wasachievedat 1500 rpn to form the photoresist masér vias

etching

A combined drywet etching was applied to etch v and leave the PEDOT:PSS
underneathintact Specifically, 900 nm Si@wasfirst etched vieRIE (50 sccm CHE and

50 sccm Ar aB0 mT, and 150 W) leaving approximately 100 nm SiQAfter that,the



56

remaining ~100 nm Si©was completelyremoved in HF/HO vapor (49 % HF) at 50 °C
for 15 econds to expose clean PEDOT:PSS surfagesd ~200 nm OSCoR 400@as

remained after the vapenng step.

3.6. Mask 5: Movable Structure Formation

The remaining ~200 nm OSCoR 4006s used as a gate dielecti&yer (Figure 3.1(d))
to insulate the PEDOT:PSS charswah bothsides tothe conductive layer in thenovable
stack. The prpose of gate diettric layeris to provide good electrical insulation.
Moreover the following criteria must be considered fyate dielectric layer(1) Low

t e mp er d3%008C) deposition to maintain the lethermal budget of the process; (2)
Uniformity and thicknessantrollability; (3) Good chemical resistance to vapor HF; (4)
Optical transparency; (5) Good etching selectivity between gate dielegticand SiQ
sacrificial layer. (6)Low residual thermal stregs enable low vertical strain gradient

within the ga¢ staci{39].

Two candidatesvereselectedas dielectricandidatewia shortloop experimergbecause
they satisfy most of the requirements of the gate dieletteistioned abovelhe SEMs
of the releasedate stack samplegith 10 nmatomic layer deposition (ALD) deposited
Al>0s3 and200 nm spircoated OSCR as gate dielectritayersare shown in Figure 3.
Figure 3.8llustrates two kind out-of-plane deflections of the structure bearttappears
that thereleasedgjate stack wittSU-8 beam (1 mandAl2O3 (10 nm)has a concave
upward shape due to a positiggain gradientDuring the SU-8 layer formation the

sample has to be heated up to°@5in order toconduct photolithographyBecausethe
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Al Oz asjgate dielectric ‘la\ye‘rr;-

OSCoR as gate dielectric layer

Figure 3.7 SEMs ofthe movablegate stack$a) with 10 nmAIl.Os asdielectric underneath  eShit8 anc

(b) with 200 nm O®oR as dielectric underneath eSbi8.

Positive Stress Gradient Negative Stress Gradient
Contact Actuation Contact Contact Actuation Contact
Region | Region 1 Region Region | Region 1 Region

1 1 1 1
Gate I

Gate
1
I 9y : 9o : t P
Source Body Source Source Body Source
(Drain) (Drain) (Drain) (Drain)

@) (b)
Figure 3.8 Simplified crosssection schematics of MEM relays with npero stress gradient. (a) Positiv
stress gradient results ircancave upward beam structure. (b) Negative stress gradient results in a

downward beam structur&he outof-plane deformation results the actgahndgq to be different from tr

asfabricatedg, andgu.

thermal expansion coefficient of S8 (5210° K [85]) is larger than that of ADs
(7.5-10° K1 [86]), Al.Os film is under compressive stress. Due to fusitive stress
gradientcreated withinthese two layersAl>Os tends to expand more than 8UJwhich
resultsin severeconcave downwardhapeafter thesuspended gate staiskreleasedThe

bending up of thbeamleads to vertical deflection imoth g, andgq. The actualgo andgq
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are thereforelarger than the designed valudisis measuredrom SEMs of gate stack
samples with different dimensions (Table 2Hat the deflection rangefrom 300 nm to
1 um. However, thaeleasedjate stack witltSU-8 (1 and @S oR(200 nm)shows
small strain gradienithin the layersandthe gate staclexhibits unneasurd concave
downward shapeThat isbecause most afrganic materialhiave the thermal expansion
coefficiens in the same ordgB7]. It is measured from SEMasf gate stack samples with
different dimensions (Table 2.1) thide deflectios areall within 40 nm.ldeally, zro
straingradient within different layers igate stacks desirableo ensurezeroout-of-plane
deflection of the movable beam, so thidte asfabricatedg, and gq are identical to the
actualgo andgq. The low strain gradient within the gate stack witB@»Ras the gate
dielectric materialis thereforemake it more suitable than AOs; to form the gate

insulator.

OSCoR hagjoodchemical resistance to vapor HF. OSCidR can be easily etched by

O2 plasma, but @plasmawill not etch SiQ sacrificial layer.Therefore, using OSCoR as
gate insulator ensures a good etching selectivity between gate dielapti and Si@
sacrificial layer. hedeposition of OSCoR layer is a low temperature process because the

maximum temperature of applying O 95 °C (baking temperatuje

The disadvantagef usingorganic material as gate insulates that the unifornty and
thickness is not easy to contrmbmpared withusing inorganic materidl88]. Because
inorganic material is commonly deposited B¥yysical \apor Deposition (PVD)or

Chemical Vapor Deposition (CVD)Yhe uniformity and thickness controllabilitgre
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therefore better. According tbe step profilermeasuremest({Dektak stylus profiley, the
spincoated OSCoR gate dielectric layss~13 % ununiformity along the wafer, the

film is thicker at the center of the wafer and thinner at the edge.

On top of the gate dielectric layer,70 nmPEDOT:PSSilm wasspincoatedand baked
at90 °C for 1 houtto form the conductive layer in the gate stathe FEDOT:PSS is the
gate electrode layehat provides electrical pathrbughthe vias (Figure 3.1(e)) to gate

electrode on the first electrode layer.

After the formation of conductive layer in the gate stack, a thick mechanical layer is

required to form thenovable beamA soft actuation structurés desirableto minimize
the switching energy (Es) becauseEs ~ Vaf and Vaa ™~ 1 / Bz 429]. The ke of the
structur al beam i s pr oB)d thdbeammatérialtherefolep un g 6 s

materiak with smallYo un g 6 s anopceierredte manufacture tb relay for low

power application.

TheYourngd s mo \dhludsai Some common inorgan&nd organianaterials used in
micro-electremechanical systemsMEMS) are summarized in Table 23.Since the
Y o u n gnédalus values of oganic materialsare typically smaller than those of
inorganic material$48], organicmaterials are therefore chosen to builso& actuation

beam for low energy application.



Table 3.2 Young's modulus of common materials used in MEMI& 67, 68, 89, 90].
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Material Value (GPa)
Platinum 168
Poly-Si 158
SiGe 140
Gold 79
PS 3
PMMA 2.4
SuU-8
Polyethylene
PEDOT:PSS
CYTOP 14

2.0 um SU-8 (MicroChem Corp., St8 20@®) wasapplied on top of PEDOT:PS& the
thick mechanicalayer (Figure 3.1(e)). SU-8 wasselectedto form the actuation plate
because: (1) S8 is one of thecommon thickpolymess used in oganic MEMS devices
[90]; (2) SU-8 hasgoodchemical resistance to organic soh&maicid and vapor HF; (3)
SU-8 can be spircoated on top of acid PEDOT:PSS surface without degradg@in
(4) SU-8 is a negative photoresisthe geometric shape of the actuation beand the
etch holeg2 3 2 um?) of the beantan be patteedby UV exposuravithout metal mask

[73, 90].

After the SU8 waspatterred, the residuat-70 nmPEDOT:PSS and200 nmOSCoR in

the gate staclvere etched by @plasma RIE %0 sccm @, 30 mT, and 100 W. Because
the @ plasma etcas SU-8, PEDOT:PSSand OSCoR 400Ghe etchrate of each layer
needs to be carefully considerecheTetch rate for differentorganic materials under

different conditios aresummarized inTable 33. According to this table37 seconds
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Table 3.3 RIE O, plasmaetch rates for organic materials used in the MEM relay process

Etch Rate (nm/minute) pressure T Oz
Power Flow
CYTOP PEDOT:PSS AZ5214 SU-8 OSCoR4000  (mT) W) (sccm)

48 14 11 21 60 30 30 50
60 35 14 43.2 96 30 50 50
274 161 62 102 216 30 80 50
630 267 161 159 588 30 100 50
1014 363 241 168 912 30 150 50
504 240 132 120 468 15 100 50
612 276 173 196 534 30 100 50
817.2 367 232 212 786 50 100 50

wererequired to completely etch/O nm PEDOT:PSS ane200 nm OSCoR. A a result,
~100 nm SU8 was etched 20 % Q plasma RIE oveetchng was conducted to fully

pattern the movable gate stg&kgure 3.1(e))

Lastly, all the fabricated relaysere releged inHF/H->O vapor (49 ¥HF) at 50 °Cfor 18

minutes(Figure 3.1(f)).

3.7. Process Improvements

Improvements to the process are required due to the several limitationspirotibtype
organic MEM relay. Because of the limited conductivity dORDT:PSS,inorganic
materials areused for contacing electrodes to reduce then-state resistance. New
organic materials and fabrication steps are also employed to realize thinner gate dielectric
layer formation and more reliable fabrication. The improvednsask process is
illustrated in Figure 3.9. The key improvements are destrdse below: (1) In the

electrode definition step (Figure 3.9(aPEDOT:PSS wapre-mixed with 5% ethylene
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PEDOT:PSS or ITO or Au S—E—— —
Source Drain Body
2 & mSU-8 2
a) Mask 1

1st Sacrificial SiO, PEDOT:PSS

(b) Mask 2
2nd Sacrificial SiO, (9) Mask 5

SU-8

(c) R ——
Channel (PEDOT:PSS, ITO) U U
DEETEeTEs ,-‘) == [ e
H SiO,
= — = (h) Mask 6
(d) Mask 3
Al Hardmask CYTOP

s T T ]
_ g

(e) Mask 4 0]

Figure 3.9 Refined Low-t e mp er at ur e -nfagk fatrigabion Ar@cess flow.v e

(a) Mask 1:Formation of the gate, body, asdurce/drain usinEDOT:PSSITO or Au.

(b) Mask 2:PECVD and patterning of thé'acrificial SiQ to formcontact dimples.

(c) PECVD of the 2 sacrificial SiQ.

(d) Mask 3 Formation of channel using PEDOT:PSS or ITO.

(e) Mask 4:Spincoating CYTOP as gate dielectric and deposits Al on top of CYTOP to treat the su
CYTOP and form hardmask.

(f) CYTOP becomes hydrophilic and ready for PEDPSS coating in next step after stripping Al.

(g) Mask 5:Formationof PEDOT:PSS gate layer.

(h) Mask 6: Spincoating and patterning of the structural-8Uthen etcing PEDOT:PSS and CYTOP
form thegatestack.

(i) Movable stack released in vapor HF8t°C



63

glycol (EG) to lower its resistivit}92]. Inorganic material$TO andgold (Au) wee used

due to the low resistivity and good chemical resistance to vapor Hé&.nfeasured

resisivity of deposited ITO and Auere2-10*q L cm amfdLdml10reg2Pect i ve
In the channel formatio step (Figure 3.9(d)), IT@mM wasused in order tweduce the

on-state resistancg3) CYTOP was used to replace the OSCoR 4000 to achieve thinner

gate insulator layer (Figure 3.9(el#) A newmask wasadded in the fabrication process

as shown in Fige 3.9(g)to remove the overlap area between the conductive polymer
PEDOT:PSS in the movable structure to the underneath source aneldiindeson

bothsides of the relay

As shown in Figure 3.9(a), PEDOT:PS$0 (comprising90 % In.Oz and 10 %SnQ)

and Auwere used as the electrode material for the fudlyd partiallypolymeric relays,
respectively All these three materials have go@sistance to HF vapaelease etching
As transparent conductive materials, PEDOT:PSS and ITO also have goodl opti
transparency (> 85 94®3] and ~ 90 9%494], respectively) and relatively low resistivity

( ~ 1:cm@93] and ~1¢ g -cm[94], respectively).

For fully-polymeric relay, pgor to deposition, PEDOT:PS®as mixed with 5% EG to
lower its resistivity[92] and filtered onceéhrougha nylonmembrane syringe filter (that
has a por e doiremeve larfe agglohesatdd) nMeasured resistivity of 70
nm PEDOT:PSSwas 3 -@n vs. 5-10% g-.cm beforevs. after mixing with EG.

Fluorinated photoresist (Orthogonal, Inc., OSCoR 4001) and fluoreletised developer
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[Jsus ITO
[] Omnicoat (stripping layer) M si

I T O
e —

Stepl Step 2 Step 3

Figure 3.10 The fabrication steps of forming ITO electrod&ep 1: Patterning of St8 on top o
Omnicoat stripping layer (~5 nmgtep 2:Etching Omnicoat and ITO layers. Step 3: Stripping the8

layer by removing the Omnicoat with NM#aised solvent

and stripper[80] were used to pattern PEDOT:PSS (Figai@5(a) and (d)) and the

sacrificial layer in Figure 3(b) where PEDOT:PSS surfaces wexposed.

For partiallypolymeric relay, either ITO or Au vgaused as the electrode laydiO was
depositedszia DC magnetron sputterinigr the electrode layan Figures 3.9a) and (gl A
deposition rate 06.8 nm/minutewas achieved with 85 sccm Ar,8mT, and 150 W. The
ITO layerwas patternednto thegate, sourcedrain, and bog (Figure 3.9(a)and channel
(Figure 3.9(d)) with photolithography andnductively coupled plasma reactive ion
etching(ICP-RIE). The ITO etching recipeas: 90 sccm HBr, 10 sccm €120 sccm Ar,

30 mT, 800 W ICP power, and 100 W RIE powand te etch ratevas ~21 nnvhinute

The photolihography and etahg of ITO arenot straightforwardecausaormal positive
photoresist cannot stand the higbwerplasmused in the ICHRIE etching. Fowever, if
robust negative photoresist such as&Id usedijt becomedifficult to beremovael after
UV exposure High temperature ©ash or longtime wet photoresist stripping is not

practical sincet would damage th8U-8 substrate. Therefore]i&t -off processnvolving
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SU-8 as photoresist and Omnicd®6] as stripping layer was applied (Figure 3.10.
Specifically,on top of sputtering deposited ITO surfaces, ~5 nm Omnicoat stripping layer
was spinrcoated at 2000 rpm and baked at 2&0for 2 minutes. SkB was then spin
coated and patterned via UV exposure to fdnm électrode mask. Short Plasma RIE
(50 sccm @, 30 mT, and 50 Wivas applied first to etch Omnicoat layer at etch rate of
~40 nm/minute, then IGRIE (90 sccm HBr, 10 sccm €120 sccm Ar, 30 mTg800 W

ICP power, and 100 W RIE poweras conducted toteh ITO layer at etch rate 621
nm/minute After the ITO layer was defined, S8 mask was removed easily with
Omnicoat iNNMP-based solvent strippe&vith ultrasonicagitationfor 2 minutes, leaving
the clean ITO surface and intact 8substrateOmnicod is a good stripping layer as it
does not affect the UV exposure of 8BUand it can be etched ino@lasma. Most

importantly, it can be easily removed using NMP based solvent stripper.

Cr/Au wasdepositedvia electronbeam (EBeam)evaporation to form #nelectrode layer
on top of the SkB substrat€Figure 3.9(a)) Conventional liftoff process using positive

photoresisAZ 5214Ewas appliedfor the formation of the Au electrodes.

CYTORP is used for the gate dielectric in the improved process due talseasons: (1)
The thickness of CYTOP can be controllegkilythan OSCoRoolymer by diluting the
CYTOP solution with fluorinatedsolvents [97]; (2) CYTOP is compatiblewith
PEDOT:PSS film; (3)CYTOP has good insulating property and low pinhalefect
density[84]; (4) CYTOP has god resistance to HF vapor release etctand optical

transparency (> 9%) [84, 9§].
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The processnivolving via formation as shown in Figw8.9 (e) and (f) isipdateddue to
the replacement of the gate dielectric material. CY™M&R diluted with a fluorinated
solvent (Bellex Corp., GBOLV 180) in the ratiof 1:3, and the diluted CYTORas
spincoatal at 2000 rpmand cured at 95 °C for 3@inutesto form a 90 nmthick body
dielectric layer. This wafollowed by electrofbeam evaporation, patterning, and etching
of 40 nm Al. Using the Al layer as a hardmask, CYTWd etched in @plasma attch
rateof ~60 nmminutewith 50 sccm @ 30 mT, and 50 W (Table 3.3gandthe sacrificial
layer wa etchedby combined drywet etchingas in Figure 3.9(b) ande)). The substrat
was immersed in a phosphotcidbased etchant (Transene Inc., Al etchant TypetA) a
30 °C for 2minutesto strip the Al hardmask angroducevia holes (Figure 3.9(f)).It
shauld be noted that the Al layer wamployedhot only for serving as a hardmask, but
also for modifying thesurface property of CYTOP. Due to interactions at th€XIFOP
interface (between Al atoms and the carbonyl functional groups of CYTtoéend
groups of CYTOPare orientedoward the interfacg¢97], and the surface of CYTOP
becomes hydrophilic. This wettabilitg critical to ensureadhesion of the subsequent

PEDOT:PSS layer to CYTOP.

Afterward, /0 nm PEDOT:PSS wsadeposited by spiooatingat 1500rpm and baking
at 90 °C for 1 hour(Figure 3.99)). This PEDOT:PSS layer, whiclwas positioned
between CYTOP and the following structural -8Joverlays the vidoles to provide

electrical connection between the movable structuregatelelectroe (Figure 3.9(h)).
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Prior to the deposition of SB (that serves as the structural material and as a hardmask
for the following PEDOT:PSS and CYTOP eitul), the substratevas immersed in 1

mol. % NaCl for 60 econds which wa an important step that enssimproper patterning

of SU-8 later. The surface treatment promotas @xchange between monovalent cations
Na+ and mobile countaons of the anionic sulfonate functional groups of PSS and hence
prevents the adepositedSU-8 from being cros$inked (evenbefore exposure to UV
light) by the underlying (acidic) PEDOT:P981]. Af t er t he tr ed&dt ment,
(MicroChem Corp., St8 20() was spircoated at 3000 rpm, pteked at 95 °C for 2
minutes crosslinked by UV light for 2 conds postexposure baked at 95 °C for 25
secondsanddeveloped in PGMEA for 13@sonds Using SU8 as a masiREDOT:PSS

and CYTOP were completely removedFigure 3.9(h)) by RIEat etch rate of 35
nm/minutewith 50 sccm @ 30 mT, and D0 W (Unaxis 770 Etcher).HE thicknessof

SU-8 was reduced to 2.3 um after the plasma ieighLastly, all the fabricated relays

were released irHF/H20O vapor (49 % HFat 50 °Cfor 18 minutes(Figure 3.9(i)).
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4. Rel @Glyar acteri zations

Organic MEM relaywould bea promising candidate as alternative complemento
OTFT for ultralow-power electronicsdue to its ideal characteristics of zero-site
leakage and abrumwitching property In this chaptey static switching characteristics
such aslas-Vgp, lasVas, body biaseffect, and complementary switchingand dynamic
switchingcharacteristicencluding turron and turroff switching delays argvestigated
Switchingenduranceand theinfluences of temperature and humiditgn currentvoltage
characteistics arealsoinvestigatedUsing a single relay that incorporates multiple input

and output electrodegariousbasiclogic and carrygenerate functions ateemonstrated.

4.1 Current-Voltage (-V) Characteristics

4.1.1.14sVgp Curves

Figure 4.1 showmeasuredqsVg» characteristics of the fabricatedototyperelay(go = 1

€ mgq = 500 nn). The measurement was conducted usegiconductor device analyzer
(Agilent B1500A).Relay switching characteristicgero offstateleakage current due to
an air gap between the channel and source/drain on either side (on the dkderhich

is the noise level of the semiconductor parameter analyzer used for)eshingpt on/off
switching behavior (4 mV/dec), and relatively higbn/off current ratio lgr/loff) of ~10°
were observed. The measunedll-in voltage Vpi) value ¥/, = 24.2V atVg=0 V) is
larger than the theoretical valué,(= 22.0V at Vb, = 0 V) obtained from Equation {2)

due to a small negative strain gradient within glage stack, which makes the actugl

approximately 100 nm larger than thefabricatedyo o f 1 &m. Il ncreasi

ng
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Figure 4.1 Measured s Vg, characteristics of the prototype relay for various body bias25 °C in air ¢

1 atm Immeasurablow off-stake leakage current and abrupt switching behavior were obs

Dimensions of the relayactuation gap thicknegs = 1 um, dimple gap thicknesgs = 500 nm folded

flexurewidth W =5 ¢ mfoldedflexure kengthL = 1 O, actuation plate width and length, = L = 57

e m, and movabl e tg=at2e 2s7t ascnk. t hi ckness

10°F 10° ITO Contact
R s e 5 p |
107 k| 10°
2f{10™ v// f/ S
10 10—14
10%F 104 105 106
! PEDOT:PSS Contact
z 10° |10
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Figure 4.2 Measured 4sVy, curves ofthe fully- and partiallypolymeric singlegate duabody relaysat
25 °C in air at 1 atmMaximumVg = 1.05Vypi = Vae. Body 1 andBody 2 were tied together to form a b
terminal. Dimensions of the relayg, = 700nm, gs =200 nm W=7 L&m,1 5 We=rha= 57

andtn= 2. 46 & m.
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voltage V4 = 1.3V,i) decreases the estate resistancd¢n): 57.7Gq ,50.4Gq , aomd

Gq fWaoaf-6V, 0V, and 6 V, respectively. These are larger than those expected for
hardont act mat er i migsenN998 beealse of Hefinife canductivity of
Poly(3,4Ethylenedioxythiophene):Polystyrefsailfonae (PEDOT:PS$(~1¢ S-cmit for

the film treated with methanol). The conductivity of PEDOT:PSS can be further
increased by mixing it with highlgonducive metallic particles such asapheng 100
and/or treating it with formic acid§6]. The drain electrode was biased at a value 30 %
larger thanV,; for each body bias to achieve a stable contact after the relay is-pulled
las Still increases folgy values above/p because the number of asperities in contact
increases with increasingate overdrive\(gi Vpi). Hysteresis behavioMgii Vi > 0 V) is
caused by nouzero surface adhesion for@es) in the contact regions and pufi mode
operation, which can be remedied by using proper sudaagng material§101] and

operating the relay in nepull-in mode withgas/go < 1/3[59].

The MeasuredlqsVg characteristics of the fulyand partiallypolymeric singlegate
duatbody relays(go = 700 nm,gq = 200 nm)are shown in Figure 2. Fully polymeric
relay has EDOT:PSS as contact and partiafiglymeric relay hasdium tin oxide(ITO)
as the contacin the offstate, both relays exhibit a nesro leakage currems of ~10
fA due to the air gap of (eabricated) thicknesgs (200 nm) between the channel and
pair of source/drain on either side. The relays turn on abruptigrgpull-in voltage Vnpi)
when the voltage between the gate and bdgy (s increased from 0 V tsupply voltage
(Vag), which isset at 1.09np. MeasuredVppi values (10.6 V and 11 Vare slightly

different from each other due to proc@sguced variations; they are smaller thanVhe
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ITO-ITO contacts

ITO-Au contacts

Vg1 g2 (V)
Figure 4.3 Measured ¢s-Vg, curvesof the partially-polymericdualgate duabodyrelay one with ITC
source and drainS{D) and the other with Au S/® for different body biases at 2% in air at 1 atn
Body 1 and Body 2 were tied together and biased to 0 V (black ink abov&)V (gray) for each rela
Gate 1 andsate 2 were also tied togeth&faximum Vg1 = Vg = 1.1:Vipi = Vag, Vs = 0 V, andVy = Vya.
Dimensions of the relaygp = 600nm, gg =150 nm W= 6 Le&m,1 6 We=h,= 6 4, andtm=

1.96e m

value (11.5 V) obtained frominite-ElementAnalysis (FEA) since a slight positive strain

gradient within the movable structure (SUIPEDOT:PSS/CYTOPakes the actual,

~30 nm narrower than the -&bricatedg, (700 nm). The partialjpolymeric relay,

which employs ITO as the contact material, shows a largstaia currentorno f 5. 3 € A
at Vqq (or equivalently, lower osstate resistandg&hno f 2. 1  Mq )lollaratiboth i gher
10°, compared with the fulbpolymeric relay onf 0.6 NA,Ronf 2 . 3 Gdoylor B N d

10°). lon OF the partiallypolymeric relay remains relativelyonstant forVgn O Vi, i.€.,

stable ohmic contacts are formed between the ITO channel and source/drain. Conversely,

lon Of the fully-polymeric relay increases gradually f&gp O Vapi. The observed

discrepancies ithe on-state characteristics resulbin the differences in electrical and
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mechanical properties of PEDOT:PSS and ITO. Firstly, measured resistivity of-the as
deposited ITO layer (2:10qbcm) is an order of magnitude
deposited PEDOT:PSS layer (53 L. ¢ m) . ha\hsistiviey oftITO remains rather
unaffected by changes in humidity, the resistivity of PEDOT:PSS increases steadily over
time by about 40 % when the relay is left under ambient relative humidity (60 % RH)
[97]. This increase in resistivity is because PEDOT:PSS tends to absorb moisture from
ambient air until it reaches an equilibriunoisture contenf29], as expected for typical
polymers. Secondly, elastic modulls) @nd hardness of PEDOT:PSS (2 GPa and 150
MPa, respectiely [68, 102)) are approximately two orders of magnitude smaller than
those of ITO (190 GPa and 16 GPa, extely [103 104]). Because PEDOT:PSS is
relatively soft (easily deformable anmballeable) the number of efdically- and/or
plasticallydeformed asperities and hence total contact area between the PEDOT:PSS
surfaces increases ¥, O Vipi, i.€., an increasing number of current paths is formed at
the interface as the compressive load between the channel ame/dmin increases,

thus causing a largés, at Vgo = Vad than atVipi.

Figure 4.3 shows measurelds-Vg curves for two typesluatgate duabodyrelays(go =

700 nm,gd = 200 nmd one with ITO S/D and the other witgold (Au) S/D with
different body bases. Both relays show edffate leakage current below 100 fA, abrupt
switching behavior, anthy/loi above 10. Vi is reduced commensurately from 5.81 V to
1.95 V for the relay with ITO S/D and from 5.43 V to 1.56 V for the relay with Au S/D
when the bdy bias Vo) is adjusted te4 V. The Ron is measured to be smaller for the

relaywith AuS/D€ 0. 9 MY) than that fe5.6hEMYyebayaw
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the O0contactd resistance at the RretO®rf ace
M Y3 which is dominant over the resistances associated with the channel and S/D
themselvesRene 0 . 2k Rqeabn0dd 16 estimated to be smaller than that between
ITOand ITOR.e 6 MRhe O. 2 kRuwed.nd kY). Each of the
hysteresis vitage,i.e., each requires an input voltage swing to be at least 480 mV or 310

mV, respectively, to switch on/off, due to adhesive forces between the (dis)similar

surfaces.

4.1.2.1ds-Vds Curves

Figure4.4 shows neasuredqgsVds characteristics of the pratype relay(go = 1 um, gd =

500 nm) A diode behavior is observed due to a potential energy barrier to electron flow
(0 g =~0.8 eV) between the PEDOT:PS& € ~5.3 eV[105) and theungsten probe tip

(m = ~4.5 eV) used for testingqs increases (oRon decreases) with larger gate
overdrives Ygi Vpi) for a givenVgs because the contact force between the channel and
source/drain contacting surfaces increases and thus the number of contacting asperities

the surfaces increases.

Measuredlgs-Vas characteristics of theinglegate duabody relays (go = 700 nm,gq =
200 nm)are shown inFigure 4.5. The partiallypolymeric relay (with ITO contacts)
shows a linear (Ohmic) behavior as expected, while thg-jalymeric relay shows a
diodelike behavior at low/gs due to the potential energy barrier to electron flow €
0.8 eV) between PEDOT:PS8H= 5.3 eV[105) and the tingsten probe tipi(w = 4.5

eV) used fortesting. For a giveNgs, ldsincreases (ORon decreases) with increasing gate
























































































































