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ABSTRACT

The main subject of the current thesis is the development and study of operation of metallic
nanoparticle-based flexible strain sensors. In addition, it is presented how Al;Os (alumina) thin
films were developed by Atomic Layer Deposition (ALD) for sensors protection against humidity.
A study concerning the strain sensor’s characteristics before and after the deposition of alumina
was carried out. Additionally, the already existing theory that describes the behavior of
nanoparticles-based strain sensors was enriched in order to include the sputtering made
nanoparticles. Throughout our study was successfully determined the critical thickness of the
alumina film for the isolation and sufficient protection of nanoparticles from humidity. Apart
from that, a Monte Carlo simulation tool that was written in Matlab, is developed to predict the
sensitivities of various nanoparticle film under strain. This tool is capable of predicting the strain-
sensitivity for different nanoparticle diameters as well as surface coverages, emerging as a
powerful computational tool for design and optimization of nanoparticle based devices, while it
could be extended to other nanocomposite materials used in flexible or stretchable electronic
applications. Moreover, highly sensitive flexible strain sensors formed by a network of metallic
nanoparticles on top of a cracked thin alumina film were fabricated and discussed. Sensors’
sensitivity depends on the nanoparticles’ surface density as well as on the thickness of alumina
thin films. Both can be well controlled via the deposition techniques. A record strain sensitivity
value of 2.6 x 10® was achieved by the sensors at 7.2% strain, while exhibiting high sensitivity in
a large strain range from 0.1% to 7.2%. The demonstration is followed by a discussion
enlightening the physical understanding of sensor operation, which enables the tuning of its
performance according to the above process parameters. Finally, a strain sensor array was
develop on a glove and measured by a custom made circuit. The measurements of the circuit
were compared with measurements from a Keithley 2400 and found to be very precise in the
operational range of the circuit.



NEPIAHWH

H napouoa Sidaktoptkn Slatplpr adopd tn LEAETN CUCTOLXLWY ALOONTHPWY vavoowHatiSlwv
o€ €UKAUMTO UTOOTpWHOTA. Mo CUYKEKPLUEVA, UEAETAONKAV aodntpeg mMapapopdwong
KOATAOKEUAOUEVOL TIAVW OFE €VUKAUMTO uTtdotpwua moAulutdiouv (kapton), oL omolol sixav wg
UAKKO aioBnong petaAAika vavoowpotidla mAativag avapeoca o€ nAekTpodla xpuoou.
Mapakatw Ba yivel pio eKTEVAC TTEPIANTITIKY Ttapouaciaon Tou UALKOU TG €peuvag. MNpog xapv
avadopdg, n opydvwon UALKOU NG Tmapouciaong yivetalr Bdaocel twv KepoAaiwv TG
SL8aKTopLKNG SLatpLPng.

Apxika (Chapter 1: Introduction, pp. 3-16) n HeAETN KAVEL i LOTOPLKN avadpourn otnv
HULKPONAEKTPOVIKN KAl TNV vavotexvoloyia. Xto mapodv kedpdalalo yivetal avadopd ota mpwta
TEXVOAOYLKA ETUTEUYHOTO TNG MLIKPONAEKTPOVIKAG, OMWG TOo MPWTo Tpaviiotop amod ta Bell
Laboratories to 1948, n mpwtn dtatagn n-p-n to 1955, n avamntuén tng omtikng AlBoypadiag to
1957 k.0 Znuooia g LOTOPLKAG AUTAG avadpoUnG Elval OL EMUTTWOELG TNG, KABwC N aApatwdng
QUTI QVATTUEN OTOV TOUEX TNG UIKPONAEKTPOVIKAG 081 yNCE 0TNV HElWON Tou PeyEBouc Kal Tou
BApoug TWV NAEKTPOVIKWV CUCKEUWV KOBLOTWVTAC TEG TAUTOXPOVA KoL armodotikotepes. Ta
TPaV{lOTOP AVTLKATESTNOAV TNG AUXVIEG KEVOU TIOU XPNOLUOTIOLoUaaV OAEC OL CUOKEUEG EWC TOTE
(amo padiodwva péxpl TOAUTTIAOKEG UTTOAOYLOTEG NXOVEC) BEATLWVOVTAC TNV aMOS00T TOUC OF
Katavalwaon oxVog. H texvoAoylkni avamntuén ekppAOTNKE CUVOTTTIKA oo Tov VOO0 Tou Moore
0 omoliog MepLPPAOTIKA avEPepPe OTL 0 aplOUOG TwV Tpaviiotop o pia oAoKANpwUEVN dlatagn
enefepyaot Oa Sduthaoialetal ava Suo xpovia. O vopog tou Moore enmaAnBeUTnKe UE TNV
ouikpuvon Twv Slatdfewv €wg Kal oTtnV TAEN TWV HUEPIKWY VAVOUETPWY, YEVWWWVIAC TLG
TEXVOAOYLKEC ETULOTNUES TNG UKPONAEKTPOVLKAG KaL TNG VAVOTEXVOAOYLAG.

H vavotexvoloyia adopd Siatdlelg twv omoiwv n pia didotaon eivat and 1 €éwg 100
vavouetpa. Eival évag kAddog pe paydaia avamtuén kat ocuvelodopd o€ mapa TOAAG
ETUOTNHOVLIKA TIESIO OTIWCE N ETUOTAMN TWV NULAYWYWVY, N 0PYOVIKN XNHUEL, n poplakn BloAoyia
K.a. Katd tnv petafaocn anod éva LaKpooKOTILKO UALKO 0€ £va vavoUALKO, oL LBLOTNTEC TOU UALKOU
puetafarlovtal. AutéC ol pPeTaPoAéC kabBlotoUv Ta VavoUAKA €€QLPETIKA XPOLUO KO
evlladépovta mpog LeAETN.

Yuveyilovtog oto i6lo kedalalo, eplypAadovTal LEPLKEG ATIO TIC BAOLKEC TEXVLKEG evamoBeong
UALKWV KATIOLEG AT TLG OTOLEG Xpnolpomotonkav Kat yla tnv dnuloupyia twv dtataéewv mou
KOTOLOKEUAOTNKAV VLA TLG AVAYKEC TWV TIELPAUATWY TIOU TTEPLYpAdovTaL oTnV mapoloa SlatpLpn.
Mia amd autég eival n evandbeon atopkwyv otpwoswv (Atomic Layer Deposition). Auti n
TEXVIKN €lval kavy va evamoBEtel MOAU OUOLOYEVH] —OE TAXOG- LOVOOATOULIKA UMEVIA OTO
UTIOOTPWHA OAAA KOl VOl ETLKOAUTITEL TNV TPAXUTNTA TOU UMOOTPWHATOC. To ouotnua
evanobeonc anoteAeital and évav BAAoO Kevou, Omou AapBavouv Xwpo oL avildpaoelg, Kot
doxela pe tiIc mpodpopeg evwoelg ( avidpwvrta), Ta omoia Pplokovral os agpla f vypn
kataotoon. Kata tnv evanobeon o BaAapog Bploketal umo Kevo Kol Sladoxika eloEpyovtal Ta
avtibpwvta pe tnv PBonbela aepiov Alwtou ToAU uPnAnc kaboapotntag. Kabe kUKAOC



evanobeong opiletal wg TNV eloaywyn 6Awv Twv avitdpwviwy. To cUOTNUA XpNOLUOTOoLONKE
ylo TNV MOPOOKEUT AETTWV UPEViwWV o€eldlou Tou adoupviou (i aloupiva). MNa tnv mapackeun
oAoUMivaG Ol TIPOSPOUEG €EVWOELG TIOU  Xpnolwdomownbrnkav nNtav To VeEPO KAl TO
tetpapebulapyilio (TMA) ta omnoia Bpilokovtav o€ vypr Kataotaon. Katd tov mpwto KUKAO €yLve
eloaywyn tou TMA otov BaAapo pe tv BorBela tou alwtou to omnoio SiEpxetal amnod 1o doxeio
Tou TMA Kal OTnV CUVEXELA TO CUUIMOPACEPVEL TIPOC Tov BdAapo. H avtidpaon tou TMA pe ta
udpogUALa Tou Bplokovtal oTNV EMLPAVELA TOU UTIOOTPWHATOG KAl Ba TTPOKAAETEL TEAKA EVWON
HE To untdoTpwpa aneleuBepwvovtag Mebavio. Itnv ouvéxela, o Bahapog kabapiletal anod Ta
eAelBepa pebavia pe tnv cuvexouevn elcaywyn Alwtou. Enetta, otov BAAapo elodyetal vepo,
HE Tov (610 TpOmo Onwc Kat pe to TMA, To onolo avtdpadel pe ta pebuAta tou TMA €xovtag wg
amotéAeopa dnuloupyio adoupivag oto umdotpwua Kal eAeuBépwv MebBaviwv ta omola
amoBaAlovtatl amnod tov 6dAapo péow Kaboaplopou tou pe Alwto. To amoTEAECUA QUTAG TNG
Sladkaoiag eivat Eva LOVATOWLKO UUEVIO OAOUHIVOG TTAVW OTO UTIOOTPpWHA. EmavaAappavovtag
NV nponyoupevn dtadikacia eivatl Suvatn n evandbeon maxVTEPWV OTPWUATWV.

Mua @AAN eUpEwC SLadeSopEVN OLKOYEVELA TEXVIKWV £val n puOLKr evanobeon atpuwyv Kota
NV omnoia dnutoupyolvTal aTUOL Ao TO UALKO TtpoG evamnobeon pe Kamolov GpuoLko TpOTo. ItV
OUYKEKPLUEVA SLaTpLBr xpnoluomolBnke n ovtoBoAn, n onola pnopei va evanobéoel petala
KOl KEPOLKAL UALKAL KaBwG Kal n Bepuikr €dxvwaon mou Katd KUPLo AOyo evarmoBEtel HETOAAQL.
ZTnv LovtoPoAr] To mpog evanoBeon UALKO (0ToX0oG) BplokeTal og oteped popdr Kat Tomobeteital
pHéoa o€ €vav Balapo kevol. Katd tnv evanobeon elodyetal evtog Tou BaAdpou agplo (Apyo
OTNV CUYKEKPLUEVN TIEPIMTWON) KoL EPAPUOTETAL TIAVW OTOV OTOXO MLa TAOoN £(TE OCUVEXNG Elte
evalaooopevn. H diadopd Suvapikol mou edapudletal ovilel To Apyod SnNULOUPYWVTOC
MAAoUA Tou agpiou akplBwg mavw amnod Tov oToxo.

Avaloya tou £(6oug tng TAong mou £xeL epapUoOoTEL 0TOV 0TOXO UnmopoUpEe va Slakpivoupue
SUO TEPUTTWOELG. ZTNV TMPWTN Mepimtwon, £dapuoleTol CUVEXAG APVNTLKA TAON WOTE va
gTITaYUVOOUV Ta LOVTA TOU agPiloU TTAVW OTOV OTOXO KOL VO CUYKPOUOTOUV padll Tou. Katd tnv
ouykpouaon dnuloupyouvTal aTUol armd Tov 0TOXO OL OToioL OTNV CUVEXELA evamoTiBevtal oto
UTTOOTPW TIOU €XEL EloaxBel evtog Tou BaAdpou. Auth n TEXVLKA UMopEl va ebapOOTEL LOVO
o€ PETAAAQ KaBwg -oe avtiBetn mepimtwon- n €AEN Twv LOVTWV TIPOG TOV OTOXO CUCCWPEUVEL
doptio mavw Ttou, Snuoupywvtag €va avtibeto medio mou Ba eumodicel ta WOvVIA va
npookpoUoouv Tdvw toul. T TNV evamodBeon pn HETAAMKWY OTOXWV XPNOLUOMOLELTAL N
epapuoyr) evoANaooOUEVOU TIESIOU OTOV OTOXO WOTE HETA TNV £AEn Twv LOVTIWV Tou
SnUoupyouVTaL OO TOUG ATHOUG KOL 0T CUVEXELDL CUCGOWPEVOVTAL TTAVW OTOV 0TOX0, EAKOvTal
Kol Ta eAeUB€pa nAekTpoOvIa Ta omola emavacuvdEéovtal Pe Ta LOvVTa Tou apyol kot Ba ta
oubeteponoljoouv. Mwa edappoyni TnG LOVIOBOAAG LE ouvexn Ttaon €ival n dnuoupyla
HETAAALKWVY vavoowpatidiwy. H Stadikacoia eival n ida, amAwg n Snuoupyia Twv atpwy yivetat
EVTOC €VOC UIKPOU BaAALOU O OTIOLOG ETUKOLVWVEL PE TOV KUPLO BAAAO KEVOU UECW ULAG ULKPNG
omnnG. Kabwe n sloaywyn tou Apyol Kal n Snuoupyia MAAOUOTOC YIVETAL EVTOG TOU ULKPOU

YEvag HeTaAALKOC 0TOXOC elval Hovipo YELwUEVOC Kal Sev amoBnkelel popTia.
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BaAdpou, n mieon Tou o OXEON HE TNV TILECN TIOU UTIAPXEL OTOV KUpilwg BAaAapo kevol eivat
auénuévn. To anotéAeopa ival oL atpol va EAKovtal pog Tnv o, Aoyw Badbuidag otnv mieon,
Kall va avaykaovtal va dnuloupyolv cucowpotwuata (vavoowpatidia). Metd tnv £€£0606 toug
oo TNV OTtH T vavoowpatidla evamotiBevtal 0To UMOCTPWHA TTOU UTIAPXEL oToV BAaAapo. Me
OUTAV TNV TEXVLKA UTTOPOUUE va EAEYEOUUE TO HEYEDBOC TWV vavoowpaTS lwv petafallovrag tnv
QmOoTACN TOU 0TOXOU armo TNV omr) aAAd Kal Tnv emidpavelakn KAALPN TwvV VavVoowHATISlwV pe
TOV XpOvo. Me TNV mopamavw TeEXVLKA dnpoupyndnkav ta vavoowpatidia mAativag mou eivatl
TO KUPLO UALKO UE TO omoio Snuioupynbnkav oL alobntrnpeg pag.

Mua aAAn katnyopia evanoBeong LeTAAAwWV eival n Beppikni €AXVWON KL CUYKEKPLUEVA N
e€axvwon e SEopn NAeKTpoviwy. € AUTAV TNV TEXVLKA TO MPOG £€AXVWOnN UALKO TomoBeteital
EVTOG €VOC HeTaAAKOU Soxeilou péoa os €vav Balapo kevou. NMoAU kovtd oto Soxelo umapxel
€va viua BoAdpapiov to omoio eival nAekTpkd avefdptnto w¢ amo to doxeio. Ito Soxeio
epapudletal taon 2000 V Kal OTO VAHA HLO UIKPH LOXUG £€TOL WOTE Vol OpXLOEL va EKTTEUTIEL
Bepuiovika nAektpovia. Ta nAekTpovia EAkovtal amnod tnv oAl uPnAn taon tou Soxelou €xovtag
W¢ amoTéAeopa TNV B€ppavaor) Tou Kal TV eEAXvVwaon Tou LETAANOU OTO ECWTEPLKO TOoU. AUTA N
TEXVIKN EVATIOBETEL HETAAAA TTIOAU KAANG TTOLOTNTAC KAl XPNOLUOTOoLROnKe yla tTnv dnuoupyla
TwV NAektpodiwv Xpuoou otouc alobnTAPEG Lag.

Juvexilovtag (Chapter 2: Nanoparticle based strain sensors and nanoparticles’ layer
conductivity, pp. 17-35) yivetal pla ektevin¢ avadopd otoug alodntipeg, Toug StadopeTikolg
TUTIOUC TWV aLoONTPWV Kal Ta XOPAKTNPLOTIKA TouG. Népav autwy, TepLypAadeTAL N NAEKTPLKN
OYWYLHOTNTA TWV METOAAKWY VAVOOWMOTOIWY Kal n edappoyrn TOouG O alodONTApEg
napapopdwons. Avadoplkd Pe To TPwTo BEua, KAMola amd Ta KUpLA XOPAKTNPLOTIKA TwV
awodnTApwyv eival n akpifela, n evatodnoia, n emavaAnPnuotnTa, To €UPOC, N YPAUUKOTNTA
K.a. H BEATiotn Aewtoupylo €vog aloBntripa EMITUYXAVETAL OTAV TO XOPAKTNPELOTIKA TOU
AapBavouv W8avIKEG TIUEG, OTIWG ALECN OTOKPLON, ATIELPO EUPOG K.ATL. ITNV TIPALnN, wotooo, dev
UTOPEL VA KATAOKEVAOTEL £vag LOaVIKOG aoBnTtrpag, Kabwg UTIAPXOUV TIOPAUETPOL - OTIWG TA
eAaTTWHATA KATOOKEUNAG, TO TtePLBAAAOV Asttoupyiag, Ta dtddopa HEPN TOU KUKAWMATOC K.ATT. -
Tou KaBLoTtoUVv Tov «ldavikd alobntripa» outormiko. EMopévwe, auto mou emSLWKETAL Elval N
KaAUtepn Oduvat mpooeyylwon HEow TNG PeAtiwong oplopévwY  XAPOKTNPLOTIKWY TIOU
ennpealouv to onua e€66ou. Meplkd amod autd eival n EAAeldn yPAUULKOTNTAC, TO HULKPO EVPOG
AelTtoupylog (EMoOUEVWG KOl TIEPLOPLOPEVO EUPOG LETPNONG Kal XapnAn evatobnoia) o B6pufog
(o omolog petadépel AavBaouéveg mAnpodopieg kat meplappavetal oto onua €€660u) Kot
TIOAAG AAAQL.

OL awoBntipeg epmintouv oe SU0 eupeieg Katnyopieg: mMABNTIKOUC Kol €VEPYNTLKOUG.
MNaBntikol yapaktnpilovtal ol atcOntripeg mou dev xpelalovrtal mPOoHBeTN mnyn Loxvog yla va
Aewtoupynoouv, kKaBwg £€xouv tn SuvVOTOTNTA VA UETATPEYPOUV TNV EVEPYELD €L0OS0OU TOU
TpokaAeital amd éva efwteplkd epeéBlopa oe éva onua €€6dou. Tumika mnapadsiypata
nadntikwy aodBnTApwyv eivat ta Bepuolevyn, ol dwrtodiodol kal ot tielonAekTpikol aloOntrpec.
e avtiBeon pe toug MaBNTIKOUG aloOntrpeg, oL evepynTikol alobntipeg amaltouv mapoxn



peLUATOC yla TN AswTtoupyia Toug, H amaltoupevn autny mopoxr €VvéEPyelag ovopdletal onua
OlEyepong Kol METATPEMETAL QMO Tov awoBntipa oe onua €£6dou. Tumikoe TapAdelypa
EVEPYNTIKOL aoBntrpa eivat éva Bepuiotop, To omoilo amoteAel pla evaioBntn otn BepudtnTa
avtiotoon, mou anod povn tng dev mapdyel onpa e€060u, aAAQd, av éva NAEKTPLKO pelpa SLEABEL
oo AUTO, N TN TNE avtiotaong YIveTal LETPAOLUN KaBloTtwvTtag £ToL TNV aAAayr) oTo pel A Kal
™V taon umoAoyiowun. Ot awoBntipeg taflvopolvial mepaltépw, ouvnBéotepa BAoel NG
HopdNG evépyelag Tou UeTASISeTAL Mo TO OAPA TOUG WG: pNXavikoi, Bepuikol, payvntikol,
alobntpeg HETpnong aktwvoPoAiag, omtikol, xnuwol kat Broloykoil. H mapouca Siatplpn
adopd unxavikoug alobntripeg mapapdpdwonc.

H mopapopdwon Kol KAt CUVETELA N aAAayr] OTLG SLAOTACELS EVOG OVTLKELUEVOU UETPLETAL
anod alodnTAPEG avVTLoTaoNG, oL omoiol KATaokeuAlovTal TAVW O UTIOOTPWMOTA TUPLTIOU 1 O€
TIOAUMEPN EVUKAUTITA UTIOOTPpWHATA. To Tupitio mpotdbnke amd mMoAU vwpiG wg UALKO otnv
€UPUTEPN OLKOYEVELD UNXAVIKWVY aoOntrpwv yla t pétpnon Stadopwyv MoooTNTwY, ONMwE N
Ttiieon, n SUvaun Kat N eMITAXUVon, AOYyw TwV KAAWV LNXOVIKWV IOLOTATWYV Tou. Mia Ko apxn
AELToupyloG OAWV TWV PNXOVIKWV aoBnTipwv elvatl n alAayr tng NAEKTPLKAG avTioToong Tou
UALKOU KaTA TNV €hoppoyrn  HNXOVIKNG Tapapopdwont. Itoug ocuppatikol¢ altobntrpeg
napapopdwong , oL onoiol amoteAouvtol and €va OUVEXEG METAAAKO UMPEVIO, N CUVOALKNA
avtiotaon Tou UMeviou e€ival avaAoyn TOU MAKOUG TOU. JUVEMWG Otav edappoletal
napapopdwaon To PnRKog aufAveTal Kot N avtiotaon tou auvfavetal wg emakoAouBbo. Amo tnv
HETABOAN TNnNg avtiotaong UmopoUE va oplooupe TNV evalcBnoia tou atebntnipa, n omoia
opiletal wg o AOYOC TNG OXETIKAG UETOPOANG TNG avIiotaong wg mpocg tnv edpappolopevn
napapopodwaon.

OL awoBntrpeg mou £xouv oav euaiocOnto UAIKO €val UHEVIO UETOAALKWY VOVOOWHOTISlwY
€Xouv WwC apxn Aswtoupyiag Toug TO KPAVIIKO doawvopevo onpayyag. Ta HETAAAKA
VavoowpaTidLa eivat evamoteBelpéva, avapeoa oe Suo NAeKTPOSLA, WOTE va Pnv dnuloupyouv
€vav ouvexn dpopo, amo to €va NAEKTPOSL0 0TO AAAO KAl TAUTOXPOVA VO LNV OTEXOUV UETAED
TOUG anodotacn PeYaAuTtepn Twv Alywv vavopétpwy. Otav auTéG oL CUVONKEG LKOVOTIOLOUVTAL,
epapuodlovrag pla NAEKTPLKN TAON ota NAEKTPOSLA Ta NAeKTPOVLIA TagldelouV TIPOG TNV BETIKNA
TAON HEOW TwV vavoowpatidiwy kat kabwg dev umapyel cuvexng dpopog petaBaivouv amnod to
€va vavoowpatiblo oto dAAo péow Tou dalvopévou onpayyas. Katd to ¢awvouevo onpayyag
UTTAPXEL HLOL U UNSevIkn TiBavotnTa yla éva NAeKTpOVLo va Slelodloel Eva ppaypa SuvapLkou
HUEYAAUTEPO a0 TNV €VEPYELa Tou. YmoAoyilovtag TNV TMUKVOTNTA PEUMUATOC TOU GOLVOUEVOU
kaBiotatal urmoAoyiolun n avtiotacn tou upeviou. H avtiotaon s€aptdatol ekOeTIKA amo tnv
HEON OMOOTACN TWV VOVOOWHATISlwY, YEYOVOG TTIOU UTIOSNAWVEL TNV AUENUEVN OMOKPLON TOUG
O€ OX€0On HE TOUG CcUMPATIKOUG aoBNnTApPeg mapapdpdwons. H evalobnoila €xel ekBeTIKN
e€dptnon mpog tnv mopapopdwon. MNa UKPEC OPWE TIUES TTAPAOPDWONG KAl OVATTTUCOOVTAS
katd Taylor n e€dptnon autn yivetal ypappLKn.

Ztnv ouvéxela (Chapter 3: Platinum nanoparticles based strain sensors, pp. 36-65) eotialouvpe
Ot BOTNTEC avixveuong Twv owodBntipwv vavoowpatdiwv TmAATivag oL  Omoieg
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KATAOKEUALOVTOL O€ EUKOUMTA UMOOTPWHOTA TTOAUTULSiou. Apxikd, Slepeuvatal n aAmoKpLon
oTnV mapapopdwaon Tou alenThpa yla TLUEG mapapdpdwons €wg kat 1,2 % . Mo Tov okomod
QUTOV, Ttapouctdletal eva Guolkd HOVIEAD wote va e§nynBel n mapatnpolupevn avénon g
gvalobnolag pe tnv avéavouevn napapopdwon. To poviédo cuykpivetal pe ta dedopéva tng
€pEUVAC PG, KaBwg Katl pe BiBAloypadikd amotedéopata. Ewg onUepA, N MAELOVOTNTA TWV
npoonaBelwv povteAomoinong Tn¢ cUUMePLdopAs Twv alocdntripwv mapapopdwong -ite anod
YUHVA €ite amo KOAAOELST) vavoowpatidla- Baci{ovtal 0To HOVIEAO TTOU TPOTABNKE o Toug
Herrmann et al’>. Qotdoo, auth n mpoogyylon 8sv AapPdvel umoPn PBAOLKEG TITUXEG TNC
napapopdwonG EUKAUMTWY CUCKEUWV TIOU XPNOLUOTOOUV YUUVA VOVOOWHOTISW Xwplg
SloAUtec. Xe avtiBeon pe TNV opolopopdn EMUAKUVON TwV OSlakEVWV HETAED TwV
VavoowpaTSiwy, Ta omola unrpxav mpwv anod omnotadnnote noapapdépdwon (otnv nepintwon
Twv Slaouvdedbepévwy vavoowpatidiwv), n mapapopdwon Swatdfswv mou Baocilovral oe
VAVOOWHATIOI Xwpig SLaAUTEC £XEL WG ATIOTEAECHO TOV OXNUATIOUO Kal TNV avénon moAAwv
VEWV SlaKkevwv mou cupBairlouv otnv auvénon tng avtiotaong tng dtataéng. To LOVIEAO TOU
TIPOTELVETAL OE QUTNV TN UEAETN €lval og BEan va e€nynoel mepapatikeg dtadopeg, avadoplka
HE TNV gvalobnoia mou Slabétouv ol alobNTpeC VavVOoWHOTOIWY Xwplg SLaAUTEG Kol ol
aloOntnpeg pe Slaouvdedepéva vavoowpatidla. TNV cUVEXELD, AKOAOUBEL LEAETN ATIOKPLONG
Tou alobntipa os meplBAaiAov pe vypaoia. H uypacia ival £évag yvwoTtog mapayovTag EMPPONG
NG LAKPOTPOBEoUN cUUMEPLPOPAG TwV alobntripwy mou Baocilovtal oe vavoowpatidia. Etal,
KplBnke okomun n dtepevivnon TN oxéong Kat tng aAAnAenidpaong petafl Twv dU0, HE AMWTEPO
OKOTIO VO TIELPAUOTIOTOUHUE TIAVW OTOV OTTOTEAECUATIKO TPOTIO TMPOOTACLNG TWV EUKAUTTWY
alobntnpwv mapapopdwong amd TtV uypooia, KoOLOTWVTAG £TOL TOUG QLOONTAPEC MOG
QTTOTEAECUATIKOTEPOUG WG TIPOG TOUG EEWTEPIKOUG TTOPAYOVTEG.

OAa Ta melpdpata Kotaokeung Ole€nxbnoav oe Bepuokpaocia Swpatiou. Ta xnULKA
avtidpaotApla mou xpnolgomolntnkav otnv mapovca WEAETN ayopdotnkav oo tn Sigma
Aldrich. Q¢ unootpwpata evanobeong xpnoomnow)dnkav ¢UANa moAviuldiov pe HECO TAXOG
120 um kat Tpaxvtnta emdavelag 0,7 - 0,8 nm, . Mpwv and onolwadnmote enefepyacia, ta
uTooTpWHATA MOAVIHLSoU KaBaploTNKOV XPNOLULOTIOLWVTOG ATILOVIOUEVO VEPO KOL UTLEPNXOUC.
O OXNUOTIONOGC TWV XPUOWV OAANAOSLAMAEKOUEVWY NAEKTPOSIWY TAVW OTA UTIOCTPWHATA
TIOAUTLOLOU €YLVE LIE TNV TEXVLKNA TNG OTTTLKAC AlBoypadiag Kal TNG TEXVIKNC OepuLkAG e€AXVWONG
6€oung nAektpoviwv: apxlka, €va AEMTO oTpwHO TItaviou (mepimou 4 nm) evamnotiBetol pe
puBNO amoBeong 0,2 A/s. To oTpwpa TLITaviou §pa WS CTPWHA TIPOSPUONE LETALY TOU XPUGOU
KOlL TOU UTIOOTpWHATOC TtoAvipLdiou. Q¢ deltepo Bripa evamnotiBetal otpwua xpuoou 30 nm e
puBuO evamdBeong 0,5 A/s. Q¢ TeAko BrApa, xpnotpomoliBnke n texvikh avopwong (lift-off) yia
™V noapaywyn tng teAkNg Soung Twv aAAnAodlamAekopeuwy nAekTpodiwv. To cUVOALKO UYog
TwV NAekTpodiwv elval kplolpo otnv mapaywyn Twv aodntipwv, dedopévou OTL elval LKavo va
«OKLAOE» TO UTOOTpWHA TIOAUipSiou katd tn Oldpkela tou otadiou evamobeonc Twv
vavoowpatdiwy, epmodilovtag £€ToL TNV KoAr emadr) HeETall vavoowpatdiwy Kal NAEKTPoSiwv.

2Herrmann J, Miller KH, Reda T, Baxter GR, Raguse BD, De Groot GJ, Chai R, Roberts M, Wieczorek L,
Nanopatrticle films as sensitive strain gauges, Applied Physics Letters, 2007 Oct 29;91(18):183105.
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H andotaon petafl Twv SaktuAwv Twv NAekTpodiwv (f To Sldkevo Twv NAeKTpodiwv) Tav —otnv
nepintwon pag- 10 um. Ta vavoowuatidla, pe péon SLAUETPO 4 nm KoL TUTIKA artdkAlon 1,5 nm,
evamnotédnkav mavw and OAn tnv dldtan XpnOLLOTIOLWVTAC £va TPOTIOTMOLNUEVO CUOTNUA
LovtoBoAng ouvexolg taong. Ou evamobéoelg Twv nAeKTpodiwv Kol TWV VAVOoWUATLOIWV
r\ativag npaypatonotidnkav os icon 10 mbar.

MNna tn Slepelivnon tn¢ mpootaciag Twv aodnTApwv amd v vypacia, evamotédnke éva
TIPOOTATEUTIKO ETOTPpWHA aAoupivag mavw amo Tig SLataelg xpnoLonolwvtag E€va cUoTnua
evanobeong atoukng otpwong (Picosun ALD R-200). Q¢ mpoSpopeg EVWOELS TNG aAOUUivag
xpnowuorowBnkav  TMA kot amioviopévo vepo. Katd tn Sudpkela tng evamdbeong, o
avtdpaoctipag ALD ntav umo mieon 10 mbar kot umrpxe otabepn pon alwtou, KabBapotntag
99,999%, 300 sccm. O xpovog €kBeong tou vepolu kat tou TMA Atav 0,1 s, evw 0 XpOvog
kaBaplopol ntav 10 s 6oov adopd to TMA kat 15 s to vepod yla kabe kUkAo. H Bepuokpaoia
evanodbeonc Atav otoug 150°C, yia 50 kat 100 KUKAOUC, UE ATIOTEAECHA TO TIAXOG TNG AAOU Hivag
va gival 5,5 nm kat 11 nm avtiotowa. Auth n Beppokpacia evandbeong eival cuppatn He TV
Bepuokpaoia enetepyaciag Tou umootpwpato¢ moAuiptdiou, evw, mapdAAnAa, odnyel oe
XOUNAR ouykévtpwon popiwv OH oto upévio, ta omoia BonBouv otnv amoppodnon Hopiwv
vEPOU amo to meplBaiAov, Mpayuatonolndnkav apkeTEG SOKIUEG KOTIWONG TPV KAl META TNV
evamobeon NG aloupivag Kal HEAETAONKAV OL TIPOOTATEUTIKEG LKAVOTNTEG TNG ETULKAALYING
aAoupivag amo tnv oXeTkn vypacia. OLaleBnTAPEG IMECNC £XOUV XOPAKTNPLOTEL OO NAEKTPLKEG
UETPNOELG, LETPNOELG e HAeKTpOVIKO Mikpookorio AtéAevuong (TEM), kaBwg Kal amo PeETPHOEL
OTTTIKNG KUIKPOOKOTILOG.

H evalobnoia twv aodntpwv npocdloplotnKe amod LETPHOELG AVTIOTACNG XPNOLLOTIOLWVTAG
évav petpnty Keithley 2400 katd tnv edappoyn Twv Bnudtwv mapapuopdwong amo pia
nelpopatikny dataén. H napapopdwon edpapudotnke pe akpifeia 0,007%, XpNOLULOTIOLWVTOG
€Va UKPOUETPLKO €UPOAO TtoU eA€yxeTal amod évav BnUatiko Kivnthpa. O BnUATIKOC KLVNTHPOC
tpododoteital Kal eAéyxetal amod évav pikpoeAeyktr (Arduino Uno), o omolog EMITPENEL TNV
eKTEAEON agLomioTwV Soklpwy mapapopdwaonc. OL atodntripeg koAARBNnKkav o€ pla PCB mAakéta
yla va dtaodaAlotel n opolopopdn mapapopdwon ToU UMOCTPWHOTOCG KOTA TN SLApKELA TNG
epapuoyng napapopdwons. To cvotnua neptPAnOnke oe BdAapo otov omoio Atav duvatog o
€AEyX0C TNG OXETIKAG vypaciag kal tng Bepuokpaciag. H oxetikn vypacia eAéyxetal eite péow
™¢ edappoyns alwtou, kabapotntag 99,999%, €ite HEOW OTUWV QTILOVIOUEVOU VEPOU TIOU
uetadépovral otov BGAapo tou aitobntripa moapapdpdwong, HEow poG Se€apevig Tou
XPNOLLOTOLEL pLa pnXovikn avtAia. Me autrv t diatagn, emtteUxOnNKav TLUEC OXETIKAG LYPOOLAC
HeTaL 10% kat 70%. Tooo n Beppokpacia 660 Kal N CXETKN vypacia mapakoloudnOnkav ano
TOUG QVTIOTOLYOUG EUTOPLKOUC aoBNnTrpeC. Katd tn Sddpkela Twv HETprioswy, n Beppokpacia
Statnpnbnke otabepn otoug 23°C, evw N avtiotaon napakoAouBbndnke epapuoloviag otabepn
taon 1 Volt.

H avtiotaon tou ¢\p twv vavoowpatidiwv mAativag mou oxnuatilovial o€ KevO LE
tovtoPoAn e€aptatal o€ peydlo Babud amno tnv enidavelakny KAALPN Twv vavoowuatdiwv. OL
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Slatagelg pe tnv KaAutepn anodoon ertevxOnkav otav n empavelakn KAAvPn eivat akplpwg
KATw amd to oplo dBnong (ocuokeuég pe kaluyn erdavelag 50%). To UMAPXOV YPOULKO
HOVTENO Teplypadc TnS evatoBnoiag? Sev sivat tkavd va meplypdPeL TV OXETIKA HETABOAA TNG
oavtiotaon¢ Twv vavoowpatdiwv. H oxetiky alayni avtiotaong eudavilel oplopéva eupn
AP HLOPPWOEWV TO OTtOlA. UTTOPOUV va TEPLYPADOUV HE Lo LovadIKh YPAUUKN e€lowon Kat
OpLOMEVO AAAQ T OTTOLO TTAPAUEVOUV YPAUULKA AAAA pe TTOAAQTTAEG KALOELG KO, WG EK TOUTOU,
Sladopetikn evatobnoia. Auto €xel wg eMakoAouBo TNV avaykn MepLlypadng TOUG e ETUTAEOV
YPOUULKEG €€lOWOEL, avaloya He TNV KAlon. To nén umdpxov povtélo mou Baociletal oto
dawopevo onpayyag twv nAektpoviwv HeTall vavoowpatdiwv [mapdypadog 3.4] esival
amoAUTWG EMOPKEG YLA VAL TIEPLYPAEL TNV valoBnaoia Twv SlacuvoeSePEVWY VaVOoWHATLS WY,
oAAG Sev mpoPAEmeL aAlayr TNG TLUAG TNG EvaloBNnoiaG. TNV MEPLMTWOTN HaC, TA VAVOOWHOTIOLa
mAativag dev eivat dtaocuvdedepéva oA evamotiBevtal 0To UTIOCTPWHA UE TUXALO KOTOVOUN,
£XOVTOG WG ATIOTEAECHA VOL UTIAPXOUV TIEPLOXEG OTOU OAa Ta vavoowuatidia va Bpiokovtal og
enadn (dnuloupywvtag €ToL vNOld VOVOOWHATISIWY) Kol AAAEC TIEPLOXEC OTOU UTIAPXEL
anootaon HETAEY VNOLWV-VOVOOWHATIS WY I LEMOVWUEVWY VAVOOWHATSwY. EMopévwg, Katd
v edapuoyrn mapapdpdwong, Ta TMPOUMAPXOVTA KEVA HETAEU TWV VAVOOWUATLSIWV
auvéavovtal, evw ta LeYaAUTEpA vnold vavoowpatidiwv Bpavovtal oe UIKPOTEPEG CUCTASEG
VaVooWHaTSlwv  dnuloupywvtag véa Kevd. AuTO umoypapuilet cadwg TNV  avaykn
enavef£TaonG Tou MPOUMAPXOVIOC HMOVTEAOU Kal tnv dnuioupyio €vog véou, KataAAnAou
HOVTEAOU, OTIWG AVOAUETOL EKTEVWE OTNV tapoloa datpLpn.

Jto mAaiola TNG TELPOUATIKAG Oladikaolog TpayUatonoliOnke TeEXVIK HEAETN TwV
awodnTRpwyv mapapopdwong UeE otdoxo TNV guputepn Olepelvnon NG €MIKAAUPNC TOUG
OKOTIEUOVTOG TEALKA OTNV MPOOTACiA TOUC €VAVTL OTNV OXETIKN uypaoia. Etol, peAeTRONKe n
neptBaAlovTiki oTtaBepdTnTa TWV ALoONTRPWY VavoowHatldiwy He TNV €kBeon Toug o€ avTifoeg
ouVONKEG, KABWGE KL N ATIOTEAECUATIKOTNTO TOU TIPOTELWVOUEVOU LOVTEAOU YLO TIPOCAPOYA TWV
nelpapatikwyv 6edopévwy. To AL adoupivag aflodoynBnke wg POG TIG TIPOOTATEUTIKEG TOU
8LOTNTEG EvavTL TNG EMISPAONG TNG KOTIWONG, UTO TIOLKIAEG OUVONKEG OXETLIKAG LYpACLaG TOCO
yla aotntnpeg xwpic edpappoyn mopapopdwonc 6o Kal yla atodntipeg mou Bpiokovral uno
kKapn. H Stakbpavon tng avtiotaong Twv alctntrpwyv Xwpig aAoupiva oA Kal pe eTiukaAudn
oAoupivag, ouykpiBnke pe tn SlokUpAvVON TNG OVTIOTAONG HETA OO TIEPAUATA KOTIWONG, OF
TIOWKIAEC OUVONKEG OXETIKAG uypaciag. To anmoteAEoUATA CUVOEOUV TO TIAXOC TNG AAOUUIVAC PE
TNV AVToXA TNG CUOKEUNG Lo SLAPOPEG CUYKEVTPWOELS uypaciag Kol TNV oTabepoTNTA TOUG yLa
HEYAAa xpovikd OSlaotiuata. Emiong, amobelkviouv OTL  aAoupiva madayxou¢ 11 nm
KOTOOKEVAOUEVN oToug 150 °C pmopel va MPooTATEVUCEL AMOTEAECHUATIKA TOUG aLloONTAPEG
napapopdwong e Baon ta vavoowpatidia mAativag amod tnv vypaocia, akopn Kol JETA amo

3 Herrmann J, Miller KH, Reda T, Baxter GR, Raguse BD, De Groot GJ, Chai R, Roberts M, Wieczorek L,
Nanopatrticle films as sensitive strain gauges, Applied Physics Letters, 2007 Oct 29;91(18):183105.
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enavolappavopevn kapudn tng Stataéng. Ta cupnepAoUATA TNG EPYOCLag OV MapoucLacOnke
oto ked. 3 SNUOCLEVONKAV OTO EMLOTNUOVLKO TIEPLOSIKO Sensors?.

Juveyilovtag (Chapter 4: Monte Carlo simulations, pp. 66-86) mapouaotaletal éva epyaleio
npooopoiwong Monte Carlo, mou uAomolBnke oto Matlab, To omoio avantuxdnke e okomo tov
UTtoAoyLopd TG evaloBnaoiag Twv alednTpwy NapapopdwWaong BACIOUEVWY OE VOVOOWHATISLA.
To TAEOVEKTNUA TIOU TAPEXEL N TIPOCOUOLWON €lvol OTL -CUYKPLVOUEVN HE TIELPOUATIKA
6ebopéva- kablotd duvatr tnv ekTEAEOn HEYAAOU apLOUOU IPOCOUOLWOEWY, SivovTag £ToL pULa
Btk avatpododotnon yla oxedlaouo vEwv melpapdtwy. H pébodog Monte Carlo givat pia
arAn, VIETEPULVIOTIKA HEB0SOC, N omola £xel xpnolpomnolnbel yia tnv mpocopoiwaon molkiAwv
dawopévwy Kat €xel uloBetnBel edw yla va mepypadel Tnv tuxaio ¢uon tng Stadikaciog
evanodbeong twv vavoowpatidiwv mAativag.

Ol eloodol NG mpooopoiwong mepAaUBAvouV TNV SLAUETPO TWV VAVOOWUATISIWVY Kal TNV
ermudavelakn kalvyn toug Kabwg Kal TNV TA tTng Tapapdpdwong mou Ba uMOOCTEL TO
UTIOOTPWUA, EVW N €€080G TOU epyaAeiov eMLOTPEPEL TNV TIUN avTioTaong Kol tnv evatcbnaoia
ToU AU, MmopoUpe va avadEPOUE vV GUVTOMLIA OTL n akoAouBoupevn pebodoloyia yia Tnv
ETTEVEN TOU UTTOAOYLOUOU ETUTUYXAVETAL LECW TOU UTIOAOYLOUOU OAWV TWV ayWYLLWV SpOuwv
KOl TNG TLUAG avTioTaong Toug.

H mnpooouoiwon Poaoiletat otov opwopd evog Sodldotatou mivaka (n x n) Tmou
OVTUTPOOWTEVEL TNV TEPLOXN Tpocopoiwong. O mivaka¢ amoteAeital amd n X n KeAW
npooopoiwong, pe KaBe keAl va €xel emudpavela 1 x 1 nm. YmotiBetal 6tL n mepLoXN
mpooopoilwong eival povo éva KAAopa tng euaiodnTng mMeploxng Twv alodnTipwv Kot €10l
OVTUTPOOWTEVEL LOVO EvVal LEPOG TNEG CUVOALKAG avTioTaong, umtoBEtovag OTL Ta vavoowatidla
€xouv evamoteBel tuxaio aAAd opoldpopda. EToL, TPOCOUOLWVETAL €va HUIKPO HEPOG TNG
gevaioBbntng meploxng kat 6xL oAOKANPN N TEEPLOXH TOU aloBNTAPA, LELWVOVTAS TOV ATIALTOU LEVO
XPOVO Mpocopoiwong KabBwg Kat TNV enegepyaotikn oxV. H cuVoALkr avtiotaon tng CUCKEUNG
UTTOPEL OTN OCUVEXELX VO UTIOAOYLOTEL €MEKTE(VOVTAC TNV N X N TEPLOXN TOUu alobntipa, o€
OAOKANPN TNV ETILGAVELA TOU. AUTO £XEL WG ATTOTEAECHA €Vl SIKTUO AVTLOTACEWY CUVOESEUEVWV
TOOO KOTA OElpA 000 Kol MAPAAANAQ, n CUVOAIKN avTioTaon Twv omoiwv pmopel evkoAa va
umoAoyLotel. To mMpwTo Brpa Tng mpooopoiwong ivat n tuxaia tornobétnon vavoowpatidiwy
mAativag pe péon Sldpetpo 4 nm Kol TUTUKN armokAton 0,8 nm, mAvw oTnVv TNV MEPLOXA
npooopoiwong. H tornobétnon twv vavoowpatdiwy enituyxavetal pe tn uéBodo Monte Carlo,
BdaoeL Tng omolag oe kABOe KeAl Mpooopoiwaong umdpyeL pia tpokaboplopévn bavotnta. Av n
mbavotnta eival peyaAutepn ano £vayv tuxaio aplBuod mou dnuioupyeital and Tov Kwdika, TOTE
0UTO TO KeAL Ba elval To KEVTpo evog vavoowpatidiou. To emopevo BrApa eivat va EeKLVOEL pLa
Stadkaoia avalitnong Twv aywylpwy Stadpopwv PETafl TwV AKPpWY TNG MPoKaBopLlopEvng
mieploxng. Ot aywytpeg Sltadpopeg opilovtal eiTe amod oUVEXH LOVOTIATLO VAVOOWHATIOlWY glte
oo SLadPOPEG TIOU ETUTPETIOUV €VA LOVO KEVO KeAL. META TOV UTIOAOYLOUO TWV AyWYLLWV

4 Aslanidis E, Skotadis E, Moutoulas E, Tsoukalas D, Thin Film Protected Flexible Nanoparticle Strain
Sensors: Experiments and Modeling, Sensors, 2020 Jan;20(9):2584.
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Sladpopwyv, o kwdkag umoAoyilel tnv avtiotaon. H Swadpoun petacxnuatiletal os €va
looduvapo KUKAwHa Bewpwvtag OTL TA VAVOoWHATISLL avTLoTooUV O KOPBoUG Kol oL
QMOOCTAOEL METAEU TWV VOVOOWHOTIOIwWY 0€ avtlotdoel;. AkoAouBel o0 UTOAOYLOMOG TNG
avtiotaong oAOKANpouU TOU KUKAWHATOG. AdYyw TNG TMOAUTAOKOTNTOG TWV KUKAWUATWY, N
avtiotaon umoAoyiletal pe tn Xprion tou mivaka Laplace. MNa tov umoAoylopod Tng avtiotaong og
ouvBeTa KUKAwUata, n ouvnBéotepn HEBOSOC €ival va UTTOAOYLOTEL TO PEUHA TIOU PEEL OTO
KOKAWUO pEow Twv eflowoewv Kirchhoff. & autrv tnv nmepintwon npénel va emAuBel évag
HEYAAOG aplOUOC EELOWOEWV KAl £€TOL O UTIOAOYLOTLKOG XPOVOG YiVETaL e€QLPETIKA LEYAAOG. Me
TNV Xpron tou mivaka Laplace, o UMOAOYLOMOG TNG avtioTaong omoLloudnmoTe KUKAWUATOC (660
LKAVOTTIOLELTOL N oUVONKN OTL TO KUKAWMA OTOTEAEITOL HOVO QMO QAVTLOTACELS) Yivetal oAU
arAoc. Apkel va utoAoylotel o Pevdoavtiotpodog katd Moore- Penrose mivakag Laplace kat va
yivel g amAn mpaén avapeoa ota otolxeio Tou. TEAOC, adoU £XeL UTIOAOYLOTEL N OUVOALKN
avtiotaon, edapuoletal mapauopdwon n omoila UETOPAAAEL TIC EKACTOTE TIUEG TwV
OVTIOTAOEWV TOU KUKAWHOTOC KOl WG €K TOUTOU Kal TNV OUVOALKN avtiotaon. Nvwpilovtag Tig
QVTLOTAOELG TOU GAU yLa KABe edapuolopevn mapapopdwon kabiotatal tTeAkd Suvatdg Kot o
UTTOAOYLOUOG TNG evaloBnoiag Tou G,

OL awoBntipeg mou Paocilovtal oe PeTOAAKA vavoowpatidia mapouctdlouv tn PBEATLOTN
anodoon yla £V CUYKEKPLUEVO €UPOC TIHWV EMLPAVELOKNAG KAAUYNG To omolo amoteAel To
napabupo epyaciag . e autd To mapabupo epyaciag ta vavoowuatidia Ba mpémet va eivatl
OPKETA TIUKVA YL va. SNULOUPYRCOUY HLa aywyLpn dtadpoun amo to éva nAekTpoSlo oto Ao,
oAAG TauTOXpova OXL UTEPBOALKA TIUKVA WOTE val SnuoupynBel BpaxUKUKAWUA UETAEL TwV
nAektpodiwv. O umoloylopdg autol Tou TmapaBupou epyociag TpaypaTonmolonke
umoAoyilovtac TNV mBavoTNTa OXNUATIOUOU TNG aywylpung dtadpoung n onoia dgv Snuoupyet
BpaxUKUKAWHA HETAEU TwV NAEKTPOSIWY, HETA amo TNV ektéAeon 100 MPOCOUOLWOEWY yLo
vavoowpatidla pe peyebog 2, 4, 6, 8 kat 10 nm kot pe dtadopetiki emibavelakni kaAuvyn. MNa
ToV aKkpLBn umoAoyLlopo Tou apabupou epyaciag, MPEmMeL va eTAeXBel éva amobdektod MocooTod
aodBNTAPWYV Pe aywylun dtadpoun kal xwpig BpaxukUKAwUA. Z€ AUtV TNV LEAETN, TO TOCOOTO
eTUAEYETAL Va elval Ttavw amo 50 % yla kABe emipavelakr KaAAudn Kot HEyebog vavoowaTdiwy.
2Tn GUVEXELA, UTTOPOULE VO UTIOAOYICOUHE TO MapdBupo tng emidavelakns KAAuPng Tou omoiou
N MPOKUTITOU oA TLN KaTavoung Gauss Ba mpenel va eivat peyaiutepn A ton tou 0,5 (50 %).

Mia amo TG KUPLEG XPNOELC ULAC TIPOCOUOIWONG €lval va SLEPEVUVHOEL TOV AVTIKTUTIO €VOG
HEYAAOU aplOUOL TAPAUETPWY TNC AOS00NG TNG CUCKEUNC, pLa Stadlkaoio mou pmopei va ivat
opyn N Kat aduvatn og TEPUMTWON TEPAUATIKI G EKTEAECNC. H Tpooopoiwaon mou mapouctaletal
6w €XeL TNV LKAVOTNTA VO TIPOBAETEL TIC EvaloOnoieg aoBNTAPwWY e BAon T vavoowpatidia
HE TOLKIAO péyeBog kal kaAuPn emidavelag. Metd Tov umoloylopd Tou mapabupou epyaciag
yla Sladopetikd HeyEOn, umoloylotnkav €emiong oL avtiotolxeg evawoBnoieg yla KaBe
alobntipa. OLevalobnoieg kupavOnkav amno 26 €wg 36 yla apapopdwoelg Ewg 0,41%, yeyovog
TIoU UTIOSNAWVEL OTL TETOloU €ldoug aoBNTAPEC €xouv €va GUOLKO AVW OPLO TNC TAENC TwV
HeEPLKWY Sekadwv to omolo dev eival duvato va Eemepaotel. H péylotn ekatootiaio petaBoln
¢ avtiotaong pmopet va emniteuxBel eav tomobetnbel £va pévo vavoowpatidlo petalv dvo
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NAekTpoSiwv He yla pla pikpn amootaon (0,5 nm), wote va yivetal duvato to ¢atvoueva
onpayyag. Ta anoteAéopata MPooouoiwaong cuykpivouv Tnv evalcbnoia tou alobntrpa evog
vavoowpatdiov kol Twv awobntipwv pe PR vovoowpatdiwv yla Tolkilo péyeBog
vavoowpatdiwyv. Katl ot Suo guvaloBnoieg Eekivolv pe PEYANEC TIUEG, AOYyW TOU TIOAU HIKPOU
HEYEDOUC TWV VAVOOWHATLSWY, OL OTOLEC, OTN OUVEXELA, pelwvovtal otadlakd. H evaltobnoia
ToUu alobntripa evog vavoowpatidiov mAnolalel Tnv T Twv 30 evw Twv aodBnTnpwv pe Gn
VOVOOWMOTLS WY TTPWTA UELWVETAL OAV CUVAPTNON TOU PEYEBOUC VAVOOWUATISIWY Kal PETA
avéavetal eAadpws mAnolalovtag tv dla TR ME Tov aodntipa evog vavoowpatdiov. H
apXLKN Lelwaon tTnN¢ evaobnaoiag tou acdntripa GAL vavoowpaTdiwv odelleTal otnv mpocOnkn
apAAANAwV (wg pog T NAEKTPOSLA) AMOOTACEWV UETAEY TWV CWUATLOWYV, OL OTIOLEG HELWVOUV
™V TR HETaBoANG tng OXeTIKAG avtiotaong. Adou to péEyeBog twv vavoowpatdiwy yivel
HEYAAUTEPO Ao 6 nm, n avénon tng evalodnoiag mMAnolaleL Tnv (SLa TN KE Tov aodnThpa VoG
vavoowpatdiov. Kabwe to péyebog twv vavoowuatdiwv auEAVETAL, Ta TEPLOCOTEPA KEVA
HETaEL Twv owpatdiwy e€adavilovral kat ot Vo evaloBnoieg mAnotalouy TNV Sla TLUN.

H mpooopoiwon Monte Carlo pmopel va xpnotwpomnotnBei yia tv npoPAsedn tng BEATIOTNG
empavelakn KaAAuPng, wote va emtuyxavetal n vpnAdtepn svatodnoia otav eival yvwoto to
HEyeB0C TV vavoowpaTdiwy. EKTO¢ autol eivat éva tkavo péco mpoPAsdng tng evaltcdnoioag
Tou awobntpa yia Sadopa peyeOn vavoowpatidiwv, kal kaboplopol NG BEATLOTNG
ermudavelakng kaAudng yla kabéva amd autd. OAa Ta MOpAmAvw €ival XPAOLUO yla TN
BeAtlotomoinon TNG KATAOKEUNG alobntpwv mapapdpdwong, dedopévng tng MOKIALOG Twv
TeEpLOXWV €PapUOYNG Kal TNG OUVEXOUC aufavOopevng OvAyknG £€OLKOVOUNONG EVEPYELOG,
Helwong KOOTOUG Kol auénuUéVwY avoykwv otnv kabnuepwvy {wr. Ta CUUTEPACHATA TNG
gepyaciag mou mapoucldoBnke oto Kedp. 4 SnuoolelONKAV OTO ETLOTNHUOVIKO TEPLOSIKO
Nanotechnology® .

Ev ouvexeia, (Chapter 5: Crack-based strain sensors, pp. 87-109) nepilypddetal n avantuén
€VOG EVKOUMTOU aLoBNTAPA Tapapopdwaong He BAaon tn Xprion Twv vavoowpotidiwyv aAlAd Kal
TWV pWYHWV. MNa enitevén Tou okomou autoL, evamotédnkav Aemtd GpAp adoupivag, Stadopwy
maxwv (HeTal 6 kat 20 nm), o€ €va €VKOUTTO UTIOOTPWUA ToAUipLSiou Kal edapudlovtag
napapopdwaon dnuoupyndnkav oKOTILUA pWYHUES oTNV aAoupiva. Ta vavoowpatidia mAativag
EVATIOTEONKAV OTO MAVW HEPOC TWV OTIAOUEVWY GAW aAoUivag woTe va SpAdcouv we evaiocbnto
/ aywyluo UAWKO. Evamotébnkav SUo Stadopetikd AR vavoowpatidiwv mAativag pe
Sl10pOopETIKEG eMIPaVELOKEC ETUKOAUYPELG: €va apald Kol éva TIUKvO. To apald avtloTolXEl o€
smpavelakn Kaluyn mepimov 49 % mou eival akplpwg KATW oo to O0plo dbnong tou
oUOTNUATOG. To TUKVO avTloTolKel og emidpavelakr) kKaAupn 73 % mou umepPaivel To KatwdAL
61nbnong. H avtiotaon twv apawwv AP vavoowpatidiwv kabopiletal and tnv andéotoon
HETAEL Twv vavoowpatdiwv kal PeTpiBbnke mepimou ota 600 kQ. Metd tnv edappoyn Tng
TAPAPOPdWONG oL PWYHEG apxilouv va SleupUvovTal Kal EMOUEVWE N ATOOTACH UETALY TWV

5 Aslanidis E, Skotadis E, Tsoukalas D, Simulation tool for predicting and optimizing the performance of
nanoparticle based strain sensors, Nanotechnology, 2021 Mar 24.
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VOVOOWMOTLO LWV 0UEAVETAL TIEPALTEPW, EXOVTOC WE ATOTEAECHA TNV AUENON TNG AvVTioTaoNG TOu
alobntpa. Ocov adopd ta mMukva GpUAL vavoowuatidiwy, Ta vavoowpatidia Bpiokovtal oe
TpayUaTkn emadn Kat n evalodnoia toug kabopiletal Kuplwg anmd TO AVOLYUA PWYHWV KOL TNV
napoapopdwaon nmou epapudletal otov aodnTApa. H apxlki Toug aviiotacn nrav nepimouv 20 Q
Kal He TNV epapuoyn mapapdpdwong 7,2 % n TeAKr avtiotacr Toug EPTUOE O TUIEG EWG Kall
700 MQ. Autd £€8woe pia kohoootaio evaloBbnoia T 2,6 x 108, n omnoia ivatl n vpnAdtepn
Tou €xel kataypadel Ewg TNV oTyun tng ocuyypadng. Autr n evalobnoia odpelletal otn UiKpn
QpXLKN avtiotaon Tou alobntrpa Kal 0TO YEYOVOG OTL OL PWYHEG EXOUV SLATOPAELEL T CUVEXELL
TOU P\ TWV VaVOOWHATIS WV, £XOVTOC WC ATOTEAECUA Ula TEPACTIA avinaon tTng aviiotaong
TOou aoBntrpa. ITtnV nMeplmtwon Twv apalwv Gy, n HEylotn evalobnaotia mou enttevyxBel NTav
2795 yia Tt moapapodpdwong 7,2 %, evw TIHEG LeyOAUTEPEC amd 100 emiteUXONKOV YLOL UKPEC
TIHEG Tapapopdwong €wg 0,1 %. Kol ot Suo TEPUTTWOEL, OPALWV KAl TIUKVWV AN
vavoowpatdiwy, n evatobnoia pnopet va eAeyxBel and to maxog tou GA\p TG aAoupivac. Ta
naxutepa AR adoupivag (20 nm) €xouv W AmMOTEAECUA €UPUTEPA QAVOLYHOTO PWYHWY, Ta
ormola aufavouv otadlakd TIC TIMEG QVTLOTAONG TOU aoBNTAPA KAl KATA OCUVETELA TNV
gvalobnoia Tou.

OMoL oL aleBNnTAPEG KATAOKEUAOTNKAV TAVW OF EUKOAUTITA UTMOOTpWHOTA ToAvipdiou,
naxoug 125 pum. Aemta ¢ adoupivag pe Stadopetika maxn (6 nm, 10 nm kot 20 nm),
EVATOTEONKAV XpNOoLUomoLwvTag To cuotnua ALD RS-200 tng Picosun. Katda tn StdpKela tng
evanobeong, o avtidpaotrpag ALD Atav unod nieon 10 mbar kat und otabepr) por) 300 sccm
alwtou kaBapotntag 99,999 %. Kabe kUkAo¢ eixe xpovo £kBeong 0,1 deutepoAenta (TG00 yLa To
TMA 600 Kal yLo TO QTILOVIOUEVO VEPOD), EVW 0 XpOvog kaBaplopou ntav 10 s yia TMA kat 15 s
yla TO amloviopévo vepo. H Bepuokpaaia evanoBeonc ntav 80°C, yia 60, 100 kat 200 KUKAOUG.
O aplBuog twv KUKAWV KaBwe kal n Bepuokpacia, kKabBoOpLoav TO GUVOALKO TAXOG TOU
evarnotiféuevou GY, He anotéAeopa maxn Twv 6 nm, 10 nm kat 20 nm ywa 60, 100 kat 200
KUKAOUC avtiotolya. Xtnv oUVEXela, vavoowpatibia mAativag pe péon OSlapetpo 4 nm
evamnotédnkav mavw amnod ta GA\R tng aAoupivag. Aéka alobnTRPEG KATAOKEUAGTNKAV yla KABE
maxo¢ aloupivag kat kaBe emidpavelakn KAAUPN Twv vavoowpatldiwyv mAativag. Q¢ emdpevo
BrApa, SUo xpuod NAEKTPOSLA EVOTTOTEDNKAV OTO TTAVW UEPOG TOU PIAU TWV VOVOOWHATISlwY,
XpPNOolpomolwvTag Tov e€axvwt 6€oung nAektpoviwv Kot pa paoka okioong. Mpwv amd tnv
evamnobeon To Xpuoou, 4 nm TITAVIOU EVATIOTEBNKAV W OTPWHA TTPOCKOAANGNG. Ta nAektpodia
elyav maxog 40 nm, mAdto¢ 4 mm Kkat Sldkevo PeTAfU nAektpodiwv 150 um. Mpwv anod
OTIOLASATIOTE TELPAMATA QViXVeELONG Tapapopdwaong, ol alodntipeg unofAnGnkav oe 200
KUKAOUG katarmoévnong (ylo TeEG mopapopdwong petalu 0 kot 10 %) mpokeleévou va
SnuoupynBouv pwyuég oto G aloupivag. Otav oL pwyHEG TEAIKA OXNUOTIOTAKAY, N OPXLKN
avtiotaon auvéndnke ehadpws adol akopn Kot yla pNSevik mopapopdwon oL pwYHES
napopévouv edadpwc avolxtes. Na mapatnpnBel Ot katd TNV TPpWIn £dapuoyn NG
mapapopdwaong oL pwypeg dev oxnuatilovrol 6to cUVOAO Tou GPAU TNG aAoupivac. AUTO pmopet
va YIVEL aVTIANTTTO amod tnv auvéavopevn evaltobnaoia Tou alodnTripa KAatd ToUg TPWTOUC KUKAOUG
katanovnong. Otav n evawoBnoia, n onola oe autrv tnv Mepintwon eival mepinou otoug 200
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KUKAOUG KATOTIOVNONG EWG 7,2 %, OTAUATHOEL VA QUEAVETAL OL PWYHEG EXOUV OXNUATLOTEL O OAO
To GU\U TNG aAoupivag Kot oL aoBnTrpeg elval ETOLOL yLa LETPNON. EKTOC amo Toug mapamavw
aLoBNTAPEC, KATAOKELAOTNKAV £TtioNg Selypata avadopads - Xwpis oTpwua aloupivag yla tTnv
OUYKPLON TOUG HE TOUCG aloBntripeg pe ¢ aloupivag. H svawoBnoia twv aodntipwv
urmoAoylotnke TmopakoAovBwvtag TNV aviiotaorn Toug Uumo  edappoyn  oTASLAKAG
napoapopdwong. H avtiotaon twv cuokeuwv LETPNONnKe pe éva moAvpuetpo Keithley 2400, uno
otaBepn tdon 1 Volt.

KaBe xopaktnplotiko ypadnua atcbntripwv mou Baociletal oe pwyUEC XwplleTtal og TPELS
TLEPLOXEC. KABe meploxn avrtiotolxel oe Stapopetikn evatodnoia aodBnTApa. ITnV nepimtwaon Tou
alobntnpa avadopdg, oL Suo petpnBeioeg evalobnoieg amodidovtal ota VEa KeEVA HETAED TWV
ocwpatdiwv mou €xouv SnuioupynBel Adyw NG mapapopdwong. OL TPELG TMEPLOXEG TIOU
TIAPATNPOUVTAL OTOUG QLoONTIPEC TIOU £XOUV PWYMEC ELvVaL ATIOTEAECUA TOU OXNUATIOMOU TWV
pwypwv. OL pwyuég dev oxnuatilouv euBeia ypoapun aAld €xouv pia Tpaxltnta. Qotoco, oL
PWYUEG oxnuatilovtal mapAdAAnAa petafl TOUG Kal KABesta TPOC TNV edopUolOUEVN
napapopdwaon. Otav Sev edpapuoletal mapapdpdpwon, UTIAPXEL €vog MEYLOTOC aplOpog
oywylpwyv Swadpouwv. Kabwe n moapapdpdpwon edapuoletoal otadiakad, apyilouv va
eudavilovral pwypEG 0to GAU TNG AAOUUIVAG, UE ATIOTEAECUA TOV TEPUATIONO OPLOPEVWV OO
TO aywylha povomatia. Eg '6cov To avolypa tng pwypng eival pikpotepo amod to UYPog tng
TPaxUTNTAC TNG PWYUNG, EVOC TETEPACUEVOC aPLOUOC aywyLluwy Stadpopwv Ba mapapeivel
evepyoc. Q¢ ek toUTOU N avtiotaon -apa kat n gvawodnoio- Ba eival apketd auvgnuévn.
Onoladnmnote mepaltépw epappoyn mapapopdwons Ba €xel w¢ AMOTEAECUO TN SLOKOTH TNG
TAELOVOTNTOG TWV aYWYLHWV Sladpopwy, KabBwg MAEOV TO Avolypa TNG PWYHUAS va Yivel
HEYAAUTEPO ATIO TNV TPOXUTNTAC TNC. QOTOCO, OPLOUEVES QYWYLUEG SLadpoég Ba mapapeivouy,
HEOW TOUu PalvopEvou onpayyag UE anotéAeopa tTnv paydaia avénon TG avtiotaong Kal tng
evalobnolag. H mapamdvw Sladikacia meplypddel TG TPEL TTAPATNPOUUEVEG TIEPLOXESG OTNV
gvalobnola Twv atedntripwv.

H ouvoAw amoédoon twv awobntipwv HE TUKVA vovoowuatidla yla HLKPEG TLUEG
TAPAPOPpdWONG Elval KATWTEPN ATO EKEIVN TWV APALWY VOVOoWHATLSlwV. AuTO odelleTal o0TOUG
S10bOpPETIKOUG UNXAVIOHOUG aywyLLOTnTag yla KaBe mukvotnta. MNa apald vavoowpatidia, n
oywyLloTnTA SLEMETAL OO ToV aplBud Twv aywylpwv dtadpopwv kKabwg kat amnod 1o palvouevo
onpayyog HeTall twv cwpatidiwy. Etol eival moAU gualoBntol akOun Kol OTLG MLKPOTEPEC
TAPAHOPPWOELC. ITNV MEPIMTWON TMUKVWV VAVOOWHATISiwv dgv umtdpyxel Gpatvopevo onpayyag
Kall elval SLaBE€oLpog Evag e€QLPETLIKA LEYAANOG APLOUOG «CUVEXWVY AYWYLHWV SLadpopwy yLo Thv
petadopd NAekTpLlkoU PopTiou. I AUTHV TNV MEPIMTWON UTIAPXEL TIEPLOPLOUEVN EVALOONOia yLa
HLKPEC TLUEG Ttapapopdwong. O poAog Tou SLoppayEVIOC OTPWHATOC TNG AAOUMLvaG Elval va
TieEPLOPLoEL ToV aplBud Twv aywylhwy Stadpopwy. To a0 TOU OTPWUATOC Elval KABOPLOTLKAG
onuaociag adou ennpedlel To avolypa TG pwWyHUAG. Ta Aemtd pA\p adoupivag dtabgtouv oAU
HLKPA QVOLYHOTO PWYHWYV YL ULKPEG TIUEG Tapapopdwonc. Autd adrvel tTnv avtiotaon eite
EVTEAWG QVETINPENOTN £iTe pe MOAU pikpr aAAayn. Ta maxutepa GUAU €Xouv PeyAaAa avolyparta
PWYLWV, AKOUN KAl YLo TIOAU ULKPEG TIHEC TTAPOUOPPWONG EMOUEVWC auaveTal n evatodnoia
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Twv aoOnTRpwv. MNa Tpég mapapdpdwong dvw tou 0,6 %, 6Aa Ta maxn ahoupivag paivetal va
ennpealouv TNV amodoon twv awodntipwy, deixvovrag avénuévn evalobnoia, meplopilovrag
oV aplBpd Twv aywylpwy dtadpopwv. MNa peyaluTtepeg TIUEG tapapopdwong (1,12 % < € <7,2
%) oL aloBntApeg epudaviouv efalpetikd VPNAEG evaloBnoieg. TUyKeEKPLUEVA aLOONTAPEG LE
S\ adoupivag rtaxoug 20 nm €xouv svatoBnoieg GF 7998 yia napapopdwoel €wg 4,17 % kal
Hia kohoootaia evatodnoia 2,6 x 102 yia apapopPwosls £we 7,2 %.

JUUTIEPAOUATIKA, OL aloBNnTApeG He BAON TNG pPWYHEC KoL T vavoowatidla mAativag €xouv
Seitel uPnAéc evalobnoieg yia napapopdwoelg os evpog anod 0,1 % €wg 7,2 %. To mAxog Tou
UL TNG aAOUUIVaG ETUTPETEL TNV pUBOULON TNG LEYLOTNG EVALOONGCLOG YLO ULOL GUYKEKPLUEVN TLUN
napapopdwaong Kot dnuoupyel e€ALPETIKA evaAloBNTOUG ALOONTAPEG YLA TLUEG TTAPAMOPDWONG
avw tou 4,17 %. Ta apatd dp vavoowpatidiwv deixvouv unAég eualobnoleg yLa UKPEG TLLEG
napapopdwong, evw Ta MUKVA G vavoowpatidiwv kataypddouv pia ealpeTikd unAn
gvaloOnola ylo peyaleg TIHEG mapapopdpwonc. Auti n eueliia avoiyel To Spopo os €va eupul
daopa edpoppoywv TOU ekteivovtal amd avaduopeva véa medla OMWG N KATOOKEUN
NAgKTpovikoU O€puatog (e-skin) kat Blolatplkwv edapuoywyv o o Mapadoolakd, OmMwe n
Souikn mapakoAouBbnon TNG vyslag Kot oL aoBNnTAPEC Mieonc. Ta CUUMEPACHATA TNG EPYACLag
TIoU TEPLYPAPOnKe oTo KED. 5 SnUocLEUONKAV OTO EMLOTNHOVLKO TtEPLOSIKO Nanoscale®.

Ot aloBntrpeg mou avamtuxdnkav Kot PEAETABNKOV KATA TNV €peuva Xpnolgonolionkav
TIELPOLATIKA Yyl TN Snuoupyia plag oswpdg atocdntipwyv mapapopdwong (Chapter 6: Strain
sensor array on flexible substrates, pp. 111-125). Ot aloOnNTPEG KATAOKEUACTNKAV TAVW OF
€UKAUTTO UTtdoTpwia kapton kot TomoBetBnkav o€ éva AQCTLXEVLO YAVTL AKPLBWE MAVW OTLG
pHeTaKapropaAayylkeéG apBpwoelg Tou  XepoUu OL  METPACEL Twv  alobntipwv
TIPAYUATOTIOLNONKOV XPNOLUOTIOLWVTAG €V NAEKTPOVIKO KUKAWHO OXESLOOUEVO yla TNV
ToutOXpovn METPNON Hag cuotolyiag atobntipwv kabwg kat plag povadag Keithley 2400.
Xpnotuornotioape SUo TUTIOUG aLeONTNpwWV MAPAPOPPWONE YLOL AUTEC TIC LETPNOELG. O MPWTOG
Atav awodntnpeg pe Baon ta vavoowpatidia mAativag pe kaAuvyn emdpavelag 49% mou
evanotédnkav ameuBelag oto UMOoTPpWHA XWPLG TN Xpron aAoupivag. Autol ol aleBntnpeg
€xouv TN svawoBnoiag mepimou 67. O SeUTEPOC TPOTOG NTAV ALCONTAPEC LE POYLOUEVN
aAoupiva maxoug 20 nm. H kaAun emipaveiog twv vavoowpatidiwy ntav 79%, e amoTeAEoU
TV oAU uPnAn evaoBnoia tng Tad&ng Tou 8000 yLa TLUEG MapapopdWoewWV amo 1,2% wg 4,2%.
OMAot ot aoBNnTPeC KOANRBONKOV 0€ £€va AQOTLXEVLO YAVTL KAl To NAEKTPOSLA TOUG oUVEEDNKAV UE
£Va oyWYLUO VAL XPNOLLOTIOLWVTAC OyWYLUN KOAAQL. 2T CUVEXELQ, TO AYWYLLO VAL oUVOEDNKE
HE EUMOPLKA KaAwdLa Tou evwonkayv pe tn povada Hétpnong.

To KUKAWWO €lval pLa Tpomonoinon evog KUKAWHOTOC TTou ixe ap)Lka oxedlaotel oto EKEDE
Anpokpttoc. Eylvav TPOmOoToLoeLg Kol ETUAEXTNKOV €EQPTILOTO KOl TEAEOTIKOL EVIOXUTEG £TOL
WOTE TO OUOTN MO VA avTaTokpiveTal BEATIOTA. TO MAEOVEKTN A TOU KUKAWUATOG KAl 0 AOyOC TTou
ETUKPATNOE EVavTL AAWV eTIAOYWV, €lval OTL TAPAYEL WG £€060 PLa TETPAYWVLKA Kupatopopdn,

5 Aslanidis E, Skotadis E, Tsoukalas D, Resistive crack-based nanoparticle strain sensors with extreme
sensitivity and adjustable gauge factor, made on flexible substrates, Nanoscale, 2021;13(5):3263-74.
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HE pLa epiodo avaioyn g avtiotaong Twv awodntipwv. EmAéyoviag cwaotd tnv Tpododooia
TOU KUKAWHOATOG, Snuiloupyeital TeAKA pla oepd Pndlokwyv maApwv mou tpododotolvral
anevuBeiog oto Yndlakod kukAwpa (Arduino Mega), xwplg Tn Xprion LETATPOTG OO OVAAOYLKO
onua oe PnoLako.

Mo TN A€LToupyla TOU CUCTAMATOG O TEAEOTIKOG evioxutng T1 kaBopilel To 6pLo cUYKPLONG
Bdaoel -tou omnoiou Ba mpaypatomnolnBei n €£060¢ Tou teAeoTtikoU evioxuth T4 (oelp£g Pndlakou
TAAROU HeTaty O kat 5 V). O TteAeoTIKOC evioxutnG T2 puBuilel katdAAnAa To MAATOG TOU
TETPAYywWVIKOU TaApol mou tpododotel tov aitobntripa. TEAOG, 0 TEAEOTIKOG evioxutng T3
TIAPAYEL EVOV TPLYWVLKO TIOAUO O OTOLOC GUYKPLVETAL UE TNV TACN KATWOALOU TIPOKELEVOU VA
napaxBel o MaApnog e€660u kat kabBopilel - avaloya He TNV A0y MOONTIKWY OTOLELWY - TNV
neplodo kupatopopdng e€ddou. MNa va petpnBel tnv meplodo TNG OELPAC TWV TAAUWY, APKEL va
Bpebel to Sldotnua petafy Suo Betikwv akpwv. Otav GTAcEL 0 TMPWTOG BETIKOG TMAAUOG,
EVEPYOTIOLELTAL £VAC ATIO TOUC LETPNTEC TOU LUKPOEAEYKTH, N TN TOU OTOLOU aUEAVETAL PE HLa
ouxvotnta mou kabopiletal amo epdc. H tiun mou emhéxBnke sival 16 Mhz, n omola eival n
péylotn duvatn ouxvotnta. MoALg ¢ptdoel o SeUTeEPOC BOTIKOG MOAUOC, OTOUOTA O HETPNTAC. Eav
N T TOU LETPNTH KL N TIEPLOSOC aUENONG TOU ElvalL yVWOTEC, UTTOPEL VOL UTIOAOYLOTEL TO XPOVLKO
SLaoTnUa Ao Tov MPWTo £wG Tov SeUTEPO TAAUO. Ma TV opBr LETPNON TNG TLUAE TOU PETPNTH
TPEMEL va. AdBoupe umoyn tnv umepxeillon mou umopetl va cupPet kata tn Swadikacia. O
HETPNTAG €lval 16 bit mou onpalvel otL petpaet and 0 €éwg 216 - 1. KaBe dpopad mou cupPaivel
unepxeillon kaAeital pla poutiva mou odnyet otnv avénon evog aAou PeTpNTH Tou datnpetl
TOV apLOUO TwV UTEPXEIACEWV.

Baokr anaitnon Tou cuCTANATOC €lvatl N LKAVOTNTA PETPNONG TIOAAQTTAWY QVTLOTACEWYV ATO
i pAtpa awobntipwv. Ma Adyoug amAOTNTOG KOTA TNV OVATTUEN TOU GCUOTAUATOG,
epapudotnke €vag nivakag 1 x 8. XpnowponowOnkav SUo MoAUTAEKTEG 8 o€ 1 pe tn duvatotnta
apdidpoung porng pevpatoc. Kabs avtiotacn / aodntipag tng UATPOC CUVEEDNKE HE TIG
€10660u¢ Twv SUo moAumAektwy. Ot £€060L TWV TTOAUTIAEKTWVY OUVEEBNKAV UE TO KUKAWUA OTN
B€on tng avtiotaong tou atcOntrpa. O HKkpoeTeEEPYAOTAG EAEYXEL TOUG TTIOAUTIAEKTEG ETOL WOTE
N emBuunth avtiotaon va eTiAEyeTal KABe popd KoL T UTTOAOUTA VA ATTOLLOVWVOVTOL.

Ol YETPAOELC TIpaypaTomo)Bnkav evw to yavtl ixe dopebel. OL aloBnTApeg avidpovoav
otav uTtdpxel kivnon oto avtiotowyo ddaktulo. MNa mapdadelypa, n kivnon tou Seiktn mpokaAel
oTov avtiotolyo alodntipa va avidpdost kal va auvéfoeL tnv avtiotaon Tou. Me tov idLo tpomo,
otav onolodnmote dAaxTuAo Kiveital, ol aloOntripeg avixvelouv TNV Kivnon kot avéavouv tnv
avtiotaor toug. OL LeTpRoelg £€yvay Kot pe to Keithley 2400 yia cUykplon Twv SU0 CUCTNUATWV.
Ta amoteAéopata deiyvouv 0tL 0 B0puBoc eivat e€alpeTika xapunAoc oto Keithley og oUykplon pe
To 81KO pag ovotnua. QoTO00, OL TIUEG VLA TIG AVTLOTAOELS KOOWG Kal Ol TIMEC Lo TN OXETIKN
oAAayr otnv avtiotaon napapévouy ot iSLleg Kal yla to SUo cuotipata. AuTo amodelkvUEL OTL -
oTo TapdBupo OmMou TO cUOTNUA €XEL PUBULOTEL yla va HETPO CWOTA- TO KAVEL OE TOAU
LkavormoLlnTiko Babuo.
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TéNog (Chapter 7: Conclusions and Perspectives, pp. 126-128), 8a akoAouBroel pia cuvoALKn
Bewpnon Twv 6eSoUévwV MOV TAPOUCLACTNKAV OTA Tiponyoupeva Kedahala, otnv omnoia Ba
avadepBoUV Ta cuUNEPATUATA TOU BEpaTog HEAETNG KoL Ba mpotaBouv LOEeC yla LEANOVTLKN
ueAétn. Oocov adopd Toug aloOntrpeg Tou Tpitou KepaAaiouv TPoTEIVETAL N TIEPALTEPW UEAETN
Sladpopetikwy emkaAUPewy yla tnv mpootacia and tnv vypacia. Evw to ¢Ap tng aloupivag
KATAPEPE VA TIPOOTATEVCEL EMAPKWE OO TNV LYPOOLa, €XEL TNV TAON Vo SNULOUPYEL PWYHEG
otav Tou £papuoleTal pia LEyAAN TN opapopdwong. Ol pwyHEG UTTOPEL VAL EMITPEMOUV OTNV
uypacia va eloéABel oto GAU TwV vavoowuatidiwy Kal va Snuloupynoet Eva PeyaAo opaipa
KATA TNV METPNON NG moapapopdwonc. Mpémel va peAetnBouv emKaAUPELS OXL TOOO
SUOKOUMTEG, OMWG N aAoupiva, Tou va pnv eival eUKOAO va SnULOUPYOUV PWYUEG LE AOKNON
HUNXOWVLKAG Tapapopdwaong Kot ouvapa va eunodilouv ta popla tou vepoU. QG eVAANAKTLKEG
ETIOTPWOELG TIPOTEIVOVTAL TO TIOAUUEPLIKA AW, TO OTtola €lval EEALPETIKA EUKAUMTA, OMIWCE TO
DPMS f akopa Kat €vag ouvouaouocg mMoAupeplkwY AR e aloupiva. Etal, n aAoupiva (mou
yvwpilovpe otL Sev emutpenel TNV SLEAEUON TWV HOPLWV Tou vepou) Ba evamotiBetal mavw o€
€val eUKOUMTO TIOAUMEPEG (N Kol avapeoa amd Siadopa TMOAUUEPN) Kal cuvduaoTika Ba
TMPOOTATEVOUV Ta vavoowpatidia. Mwa GAAn peAETn pe MOAU peyaho evdladépov Ba ntav o
XOPAKTNPLOUOC TwV dlaTdfewv vavoowpatidiwv oe eVOAAOGOOUEVN TAON KAl N HETPNON TNG
EUMESNONG TOouG. Me pa Tétola LeEAETN Ba pmopoloape va euBabuvoupe TV Katavonon tng
NAEKTPLKNA oupnepLdopd TwV alodntripwv. EMiong onUavTtikog KPILVETAL KAL O XOPAKTNPLOUOG TWV
awdntipwv oe dladopeg THEC Bepuokpaciag KabBwe Kal o TPOmog mou Ba pmopoloe va
e€aleldBel n ouoxETLon Toug e TNV Beppokpacia -kabwc oL alebntripeg vavoowpatidiwy ivat
gvailodntol otig petaforég TnG. BéPBata Ba pmopovoav eniong va peAetnBolv Kal AN UALKA
TOOO yla To UTtOoTPWHA, O6we To PDMS to omoio eivat eAaotikd (oe avtiBeon pe to kapton),
oAAG Kal ylo Ta vavoowpatidla, omwcg aAAa pn euyevh HETAAAQ Kol CUVETIWG $OnvoTEpQ.

Ocov adopa tnv npooopoiwaon, tng omoilag o kwdlkag mapatiBetal oto mapdptnua A, Ba
UIopoUoe EUKOAQ VA EUTTAOUTLOTEL KL val lval LKavr va TPOCOUOLWOEL Kol AAAEG SOUEG TTEpAV
ano odalpkd vavoowuatidia. MNa mapddelypa Ba pmopouoe va MPOCOUOLWOEL GAL amo
VaVOOWANVEC aAAG KoL TILo oUVOEeTEC SouEG. EmumA£ov, Ba nTav xprnowo va Tponomnolnfel wote
va propel va mpoBAENEeL kal TNV eunednon evog cuotnuatog ya Stadopes ouxvotntes. BEBatla
TO Mapamnavw nbavov va eival apketd SUOKOAO KaBwWE £ToL OMwG €xeL ypadtel pmopel va AUVEL
HOVO CGUOTAHOTA YPOUUIKWY EELOWOEWVY Kal N LeTAPacn oTig Stadoplkeg (mou evdexopévwe va
XPELAOTEL yLa TNV eVPEON TNG EUMESNON) va eivat TTOAU mepimAokn.

JTN OUVEXELQ N TEXVLKI LE TOUC ALOONTNPEC LE TIC PWYHEG TILOAVOV va Umopet va eloaxBel kat
o OGA\OUC TOMElC. Oa pmopouloav, yla Tapadelypa, va xpnowlomonBouv cav xnuikot
aoBNTAPEG yla tnv avixveuon uvypaociag, dutopapudkwyv 1 Kol GAAwv oucwwv. Auto Ba
UIOpOoUCE va YIveL evamoBEtovtag mavw Toug KAmola TTOAUUEP, Ta omoia Sloykwvovtal otav
BpeBouv og vypo mepBaAAov. OuolaoTikd anoppodoulv TNV vypacia KoL auavouv To PEYEBOC
TOUC GUUITOPO.OEPVOVTAC TAUTOXPOVA KOl TOL VAVOOWHOTIS L TTou BplokovTtol amo KATw Touc. Eav
ouvduaotel autn n TexViKA pall pe évav alodntipa He pwyuég Ba pmopolos va KataAnéel os
£€vav XNUKO atodntipa pe e€atpetikd avénuévn evatobnoia. Kal otn cuyKekpLUEVN TIEpIMTWON
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glval ToAU oNUAVTLKOG 0 XAPAKTNPLOMOG TwV aodntripwv otnv Beppokpacio aAAQ Kot n LEAETN
NG EUMESNONC TOUG.

Mépav autov, Ba pmopovuoav va PeAeTnBoUV Kat GAAQ UALKA yLa TOV pOAOU TOU POYLOUEVOU
UTIOOTPWHATOC. MBAVOV Kot ANAEG TEXVLKEG EVamOBeang Omwe n LovtooAn. Tautoxpova Ba ftav
TOAU evbladépov va PehetnBel og BAB0G 0 HUGIKOG UNXAVIOUOG TTOU SNULOUPYEL TIC pWYHEG KOl
0 TPOMOC UE TOV omoio Ba pmopouaoe Kaveig va eAEyEeL TNV TUKVOTNTA TOouG TNV SleBuvVON Toug
NV TEPLOSIKOTNTA Toug (av uTtdpxel) kat GAAa peyEBn. EAéyxovtag, yla mapddelyua, tnv
TEPLOSIKOTNTA KAl TNV KatevBuvon, €va paylopévo GpAp Ba pmopouaoe va xpnolponolnbel cav
paoka yla AlBoypadia.

TéAog, 6oov adopd To CUCTNUA KATAHETPNONG TNG CUOTOLXLOG TWV aoBNTHPwWY, Ba uropoloe
va e€eAixbel oav pLa dopntr) CUCKELN yla HETPNON cuaTtolyiag alodnThpwy Xwpeig TNV avaykn va
ouvbéetal og €vav uttoloylotr. Etol Ba pmopolcav va Yivouv LETPAOELS yLa TtapASeLypa eVOG
dutodapudakou ameubeiag oto medio (xwpddl, OepuokAMO KTA.) yla HEYAAA XPOVIKA
Slaotiuata Xwpelg tnv mapoucia avBpwmou ekel. Apxikd, Ba mpémel va oxedlaoTel kot va
KaTaokevaotel KataAAnAn Brkn n omoia Ba pnopoloe va ektunwBel pe évav 3D printer. Enelta,
Ba mpénel va oxedlaotel kKatdAAnAa to KUKAwUA yla va Tpododoteital HEow HLag pmatapiag.
emiong, umopel va oxedlaotel kot KATAAANAO AOYLOWULKO, TO OTOL0 EVOEXOUEVWE VA EAEYXETAL KOL
amo éva Kwvnto tnAédwvo, Pe To omoio Ba pmopouv va AndBouv oL PeETpAOEL] alAd Kal va
eAéyxetal n Asttoupyla tou cuothuatog €€ amootdaoswd. TEAoC, Ba mpémel va peAetnBel n
duvatotnta PETPNONG TWV aLoBNTAPWY WE OTOLKEL ULla UATPAC Kal To Mw¢ Ba amopovwbouv
NAEKTPLKA TOL EKAOTOTE UETPOULEVA OTOLXELQL.
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Prologue

The object of the present dissertation is the study of strain sensors based on platinum
nanoparticles. Specifically, the sensors were built on flexible substrates to allow high strain
values. Initially simple sensor structures are studied and characterized under different conditions
such as different humidity values. Then, in order to explain their sensitivity, a Monte Carlo
simulation was written in Matlab which predicted the sensitivities that such devices might have.
Strain sensors with a different structure but always based on platinum nanoparticles were then
fabricated and studied, which showed extremely high sensitivities. Finally, the sensors were
applied to a glove to monitor hand movements. The measurements were made with a system
that was built to measure multiple sensors simultaneously. The structure of the doctoral
dissertation is as follows:

The first chapter introduce the nanotechnology and nanoparticles. Describes the deposition
techniques used extensively for the preparation of thin films which were also used for the
preparation of the thesis devices.

In the second chapter, an extensive reference is made to all the categories of deformation
sensors and mainly to the sensors based on nanoparticles, since to this category belong the
sensors that were made in the present work. It also describes in detail the mechanism of
conductivity in nanoparticle films and the resulting quantum phenomena such as the tunnel
effect and the corresponding resistance that we use to detect deformation.

Chapter 3 presents the strain sensor device on a flexible substrate. A detailed description is
given for the manufacturing process but also for the characterization of the devices. The existing
model for the characterization of nanoparticle-based sensors is then extended to cover all
nanoparticle fabrication techniques (chemical and physical methods). The response of the
sensors to different relative humidity conditions is then studied and the use of a thin Al,O3
(alumina) film to protect it is proposed. Two thicknesses of alumina were used and it was proved
that the thickest adequately protects the platinum nanoparticle film from moisture.

Chapter 4 describes the Monte Carlo code written in Matlab, which simulates nanoparticle-
based strain sensors. During the simulation process the code calculates the conductive paths
formed in the nanoparticle films and from them finds the total resistance of the film using the
Laplace matrix. It was initially compared with the results of the third chapter to examine its
validity. He then predicted the sensitivities for different nanoparticle films (different average
diameter and surface coverages).

Chapter 5 describes a new strain sensor based on platinum nanoparticles and cracks. The
sensors were created on an alumina film which creates cracks when subjected to large
deformation. The cracks were exploited to increase the sensitivity of the sensors as when they
are under strain they further increase the distance of the nanoparticles resulting in a very large
increase in their resistance and hence the sensitivity. The effect of alumina thickness on the



sensitivity and the effect of the surface coverage of the nanoparticles were studied in detail.
Sensitivities of the order of 10% have been achieved which are the largest that have been
published so far.

Chapter 6 describes an application for strain sensors and describes a system for measuring
sensor arrays. Specifically, strain sensors were attached to a flexible glove to detect hand
movements. A system mounted on an oscillator was built to measure the sensors, the oscillation
period of which depends on the value of the sensor resistance, controlled by an Arduino. The
system measurements were compared with measurements from a Keithley 2400 which is one of
the most reliable resistance measuring tools, and it was shown that for a given resistance window
the system measures the resistances satisfactorily. In addition, the sensors proved capable of
detecting hand movements.

Finally, the dissertation concludes with a review of the research issues resolved and also
evaluates the scientific contribution of the present work. Future work and experimental
procedures are proposed to assist in further understanding of conductivity mechanisms, as well
as new sensor applications.



Chapter 1: Introduction

1.1. Nanoscience and Nanotechnology

During the last five decades the fastest advancing field was -by far- that of microelectronics.
Within less than seventy years from the invention of transistor from J. Bardeen, W. Shockley and
W. Brattain in Bell Telephone laboratories in 1948 [1], the electronic computers were
transformed from enormous, complex, noisy and very difficult to maintain machines, into today’s
personal computers. The invention of the transistor obsoletes the vacuum tubes, which was the
main processing component at the time. Vacuum tubes consume a lot of power, are extremely
inefficient, with the majority of the consumable energy turning into heat and needing big and
heavy transformers in order to operate. The replacement of vacuum tube with semiconductor
transistors made the electronic devices lightweight and more efficient. The enormous
technological rise of semiconductors has been used as an advantage from the heavy industry as
well as car and aircraft manufactures and medicine, soft robotics etc. Nowadays, all electronic
devices are based on semiconductors, which are by far more powerful, faster, more compact,
and consume less power than their predecessors did. Laptops, smartphones, tablets,
smartwatches -and so on- have become essential in everyday life thanks to microelectronics.

Some of the remarkable steps that microelectronics achieved and led to the development of
microelectronic devices and the integrated circuits are:

i.  Theinvestigation and development of silicon as the first n-p-n device in 1955 [2]
ii. The development of silicon oxide as passivation layer for devices on silicon in 1956 [3]
iii.  The development of photolithography technic in 1957 [4]
iv.  The first massively production silicon transistor in 1958 [5]
v.  The production of the first intergraded circuit in 1959 [6]

Many more technological accomplishments followed, such us the planar integration process
[7] which led to the development of the first BJT (Bipolar Junction Transistor) and the MOSFET
(Metal Oxide Semiconductor Field Effect Transistor) [8, 9]. All the above-mentioned led to the
shrining of dimensions and gradually the devices became much smaller and faster. All that can
be summed up in Moore’s most famous notion (Moore’s law) that the number of transistorsin a
dense integrated circuit doubles about every two years. Eventually the smallest dimension of the
devices became smaller than 1 um (10®m). By shrinking the dimensions and entering the world
of nanoscale, exotic material properties came to surface. The science field that explores these
phenomena is called nanoscience.

Nanotechnology is the next technological step of microelectronics. By definition,
nanotechnology is the manipulation of matter with at least one dimension sized from 1 to 100
nanometers (10°m). Many different science fields are associate with nanotechnology as surface
science [10], organic chemistry, molecular biology, semiconductor physics, energy storage [11],



engineering [12], microfabrication [13] and molecular engineering [14]. Nanotechnology has now
entered many fields of scientific research and can only be considered inextricably linked in the
way that human technology will continue to evolve and the ever-increasing impact it will have
on our lives. It is noteworthy that most universities have at least one research team related to
nanoscience or nanotechnology and that several countries have established national research
centers based on nanotechnology, thus the importance that the scientific community and the
market attach to it in terms of promoting research and economic development. Nanotechnology
is applied in many areas of everyday life related to medicine, materials for environmental
applications and in the field of energy production and storage, information technology and
microsystems such as sensors and everyday products (cleaners, protective paints).

In particular, nano-medicine and nano-biotechnology have attached great interest in recent
years due to drug delivery to the human body using nanoparticles appropriately modified to
target harmful cells. Apart from that nano-medicine and nano-biotechnology focus on the
development of sensory devices for detection biomolecules, such as DNA and its mutations and
proteins. Especially at the time of writing this dissertation (January 2021) the world is suffering
from the Covid-19 pandemic and one of the first vaccines against the Covid-19 is based on
nanoparticles [15, 16].

Apart from that, flexible electronics and electronic skin for energy production devices as well
as sensors (wearable electronics) [17], intend to make it possible to monitor human physiology
indicators (blood pressure, body temperature, heart rate). Furthermore, monitoring external
parameters in the human environment (room temperature and humidity, pollutant
concentration) and evaluating these data will help in the course of treatment and prevention of
chronic diseases. However, like in any technological field, nanotechnology poses risks and
challenges to the scientific community. There is a great deal of research on the effects of
nanomaterials on human health, such as the exposure to nanoparticles, as their extremely small
size makes them difficult to manage and their toxicity is still being investigated.

Also, the development of biochemical sensors for the detection of pathogens and toxins could
be used in the food industry and agricultural production as well as the detection of hazardous
substances, such as heavy metals, etc. The size reduction of the devices and the use of
nanomaterials leads to energy savings, cost reduction, increased speed and sensitivity. Finally,
nanotechnology has contributed to the integration of new devices, such as organic transistors
and flexible electronics and as far as the reduction of power consumption and larger storage
space is concerned non-volatile memories and hard drives are invented.

1.2. The impact of the nanoscale transition.

During the transition from a macroscopic (bulk) material to the nanoscale many of the critical
parameters that determine the properties of the material are changing. These changes in the
macroscopic properties of the material has aroused great interest around nanostructured
materials. When the size of the crystalline material decreases and eventually reaches nanometric
dimensions, the wavelength of the valence electrons is comparable to the size of the crystal. This
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results in the available energy states for electrons becoming distinct due to phenomenon of
guantum localization and the energy difference between the different energy levels depends on
its size nanocrystallite. The average energy difference between successive energy levels (8) is
known as the Kubo gap [18],

4

(1.1)
6= 3N

where Erthe Fermi Energy of the nanocrystal and N the number of the atoms in the nanocrystal.
It is obvious that as the size of the crystal decreases the separation between energy levels
increases. In fact, when the Kubo gap becomes larger than the thermal energy of the electrons,
the nanocrystal switches from conductive to insulating (Metal to Insulator Transition, MIT).

The proportions between atoms and nanoparticles extend beyond the discrete energy levels.
As atoms are the building blocks of any material, nanoparticles can be used as artificial building
blocks in order to synthesize new macroscopic materials with distinct properties. In conventional
materials these properties generally arise from the interaction between atoms as well as their
arrangement in space. The properties of nanostructured materials depend respectively on the
size, composition, shape, bonding material and arrangement of the nanoparticles.

1.3. Applications of nanomaterials

In addition, nanoparticles and nanomaterials, in general, are already used in various sectors
of the economy and medical research, while many of their future applications are still being
researched. The following figure briefly shows their application areas.
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In biomedicine, many nanomaterials, such as metal nanoparticles, are being investigated for
cancer treatment and targeted drug delivery, as they can receive biomolecules and drug
chemicals on their surface, with proper functionalization. In addition, Nanocomposites, such as
Nano clays, are used in packaging materials due to their good barrier properties to moisture and
gases.

Utilization of nanomaterial scale phenomena, which can be made comparable in size to some
of the substances we want to detect (e.g. DNA strand binding), has led scientists to use
nanomaterials as sensing materials. For example nanoparticle thin films, such as piezoelectric
ZnO and metal nanoparticles (mainly Au and Pt), are systematically researched in the
development of distortion and touch sensors, as well as in transducers with many potential
applications. One challenging application is the integration of sensors in flexible substrates that
will be worn in the human body (wearable electronics) with the simultaneous measurement of
various parameters of the environment and the human body.

1.4. Nanomaterial manufacturing techniques

A classification of manufacturing methods distinguishes them into "top-down" and "bottom-
up" manufacturing techniques. Below are some of the most common manufacturing techniques.

1.4.1. Chemical Vapor Deposition (CVD)

CVD is a bottom-up thin film deposition technique (Fig. 1.2), widely used in microelectronic
technology. During deposition, gases are introduced into a deposition chamber and react over a
substrate, on the surface of which the desired material is formed. These gases carry the chemical
compounds from the reactions (precursors) of which the new material will be formed. The
precursors are in liquid, gaseous or solid form stored in containers outside the chamber and are
entrained by the flow of a carrier gas which may be hydrogen or argon or high purity nitrogen.
Usually the chamber and the substrate are under high temperature, which can be as high as 1000
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Figure 1.2: Schematic representation of a CVD system [20]




Variations of the technique also include Low-pressure CVD (LPCVD), Plasma-enhanced (PCVD)
and High Density Plasma (HDPCVD). In the case of LPCVD, the reactions are carried out at
pressures between 0.25 to 2 Torr and at temperatures between 300-900 °C. The lower the
pressure, the lower the gas consumption and the faster the diffusion of the reactants to the
substrate. Also, the advantage of this technique is that it entails the possibility of denser
arrangement of the substrates (silicon wafers) and therefore the larger wafer treatment per
deposition. In the case of PECVD, plasma gas is used to provide some of the energy required by
the high kinetic energy of the electrons and ions of the plasma, leading to thermal energy savings
from the heating elements of the chamber. This technique is applicable in cases where the
substrates do not withstand high temperatures. Therefore, the operating temperature range is
up to 200-350 °C, although this technique allows deposits to be made even at room temperature.

More specifically, inside the deposition chamber there is an anode electrode and the
substrate is grounded at the cathode. The temperature of the substrate can be controlled by
heating elements. Applying high voltage to the anode, usually at a frequency of 13.56 MHz, the
gas that enters the chamber at pressures of 50 mTorr - 5 Torr and transports the reactants
becomes ionized, creating free electrons and ions. High kinetic energy electrons collide with the
molecules of the reactants ionizing them or breaking them down into other compounds. This
way the products of these reactions reacts on the surface of the substrate and forms the desired
material. Finally, in HDPCVD, the plasma application is accompanied by alternating field ion
deposition on the substrate, which is bombarded by plasma ions resulting in denser materials
with fewer voids inside. CVD is used, among others, in the manufacture of epitaxial silicon, silicon
dioxide, silicon nitride, but, also, in two-dimensional inorganic and organic materials (graphene,
MoS:;). The advantages of this technique include the construction of films with good uniformity
and low porosity.

1.4.2. Atomic Layer Deposition (ALD)

The ALD technique is a chemical method of synthesizing thin films on the substrate surface
with very good thickness control and the possibility of making a monoatomic layer or a layer of a
few nm even on surfaces with a high geometric ratio of dimensions in different directions (high
aspect ratio). The films synthesized by this technique have a high degree of homogeneity and
uniformity of thickness, low concentration of impurities and are usually amorphous. Inorganic
and organic materials and elemental materials (e.g. pure metals or semiconductors) can be made
with this technique. Typical examples are metal oxides, nitrides, copper ions (e.g. sulfides,
selenides, etc.), metals, semiconductor compounds [21], but also polymers such as polyamide
and polyimide [22].

The method consists in the individual reaction of precursors or reactants, which are isolated
from each other and are led to the chamber in which the substrate is located, reacting with it.
That is, the reactants (at least two, A and B) react individually with the substrate, without
simultaneously being in the reaction chamber and a successive number of alternating cycles of A
and B result in the development of the film with an almost monoatomic layer at a time. Unlike
the CVD technique, the reactants are present at the same time and react with each other on the



surface of the substrate thus creating continuous layers of material. More specifically, the steps
of forming a film in the simplest case of two precursors are the following:
1. The first precursor A enters the chamber and reacts with some surface chemical groups
of the substrate.
2. Aninert gas is introduced to remove the unreacted molecules of substance and the by-
products of the first reaction. This process is referred to as purge.
3. The second precursor B enters the chamber and reacts with the modified surface due to
the first reaction, while preparing the substrate to repeat the reaction with substance A.
4. Repeat the purging with the inert gas.
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Figure 1.3: Schematic representation of the Al,O5; growth by ALD cycles.

This four-step routine is called “the deposition cycle” and at the end an individual layer of the
material is formed. A cycle is divided into two half cycles involving the corresponding reactions
of substance A and B with the substrate. The precursors are usually transported to the chamber
via a carrier gas which is also used in the intermediate purifications between the precursors. Due
to the existence of self-terminating reactions, the thickness of the film is controlled by the
number of cycles, thus leading to precise thickness control. The pressure that must prevail in the
deposition chamber must be at the level of 1 Torr, in order that the flow of inert gas is smooth
and efficiently transfer the precursors from it [23].

The precursors used are gaseous, liquid, or solid. They must meet certain conditions, such as
being volatile at temperature equal to or higher than room temperature, not decomposing at the
operating temperatures of the deposit, and gas-solid phase reactions meeting the self-
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termination criterion. In a self-terminating reaction all surface groups of the substrate react with
the reactant molecules (saturation) and the excess molecules that are left over do not contribute
to the reactions.

Surface reactions in ALD consist of the adsorption of molecules of the gaseous precursors on
the substrate and the reaction (or decomposition on the surface) with surface groups. Adsorption
is divided into physical adsorption (physisorption) and chemical adsorption (chemisorption).
During natural adsorption, the molecule interacts with the surface group weakly and can be easily
removed, while the structure of the molecule can be slightly altered. During chemical adsorption,
chemical bonds are formed or dissolved between the molecule and the surface group. This
process results in the creation of a monolayer. In contrast to natural adsorption, multiple layers
can be developed on the surface due to the indistinguishable attachment of the molecules to the
surface atoms or groups.

There are certain factors that affect the growth rate of the film (growth per cycle, GPC), i.e.
the thickness per deposition cycle. One factor is the number of cycles. During the first cycle, the
reacting molecules sees a free surface, where all the active points are available for adsorption.
As the layer develops, more and more spots are covered and a smaller percentage of the initial
surface is exposed to the precursor molecules, while in the remaining percentage of the surface
the reactants interact with the deposited material that has been created. Eventually, when a
continuous layer of material is formed, the reacting molecules no longer interact only with the
surface of the desired material.

A second important parameter that affects the GPC during deposition is temperature.
Phenomena due to temperature fluctuations are related to the effect on the number and type of
reactive sites and the energy-appropriate reactions that take place [24]. At low temperatures
either the precursors will condense on the surface (increasing GPC), or the desired reactions due
to low thermal energy will not be completed (decreasing GPC). At high temperatures,
decomposition of surface species can occur, either resulting in adsorption of more molecules on
the surface, resulting in increased GPC, or, on the contrary, surface groups may be desorbed,
leading to fewer reactions and thus a reduction in GPC [25, 26].

1.4.3. Physical Vapor Deposition (PVD)

1.4.3.1. Sputtering

Sputtering deposition is a bottom-up method of fabrication metal and dielectric thin films as
well as nanoparticles and is widely used in microelectronics. Sputtering is defined as the
bombardment of a surface with high energy ions resulting in the subsequent detachment of
atoms of the surface material (target). The multiple elastic scattering of ions in the target,
produce secondary electrons and the emission of X-rays and photons of other frequencies due
to the excitation and de-excitation of the target atoms.



1.4.3.2. RF sputtering

To avoid the above problem the insulating the target is polarized with an alternating voltage
with radio frequency (hence the term RF). During a frequency period, there is a constant
bombardment of the target surface with ions as they are more cumbersome in their response to
the alternating electric field, while the electrons follow the alternations of the electric field. In
this case, the accumulation of positive charge on the target surface is neutralized by the collision
of electrons in the second half of the period of alternating voltage. This allows the positive ions
to hit the surface of the insulator unhindered and the plasma to be stable in the chamber.
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Figure 1.4: Schematic representation of a sputtering device [27]

The target electrode and the anode -due to the oscillation of the electron charge- develop a
continuous potential more negative than the plasma potential, so that the slower gas ions during
field oscillation "feel" an average continuous field and bomb the target. At the same time, the
anode electrode is bombarded, but the ratio of the anode and cathode dynamics depends on the
ratio of the surface areas of the electrodes. As the area of the anode is much larger than that of
the target (the anode is grounded together with the walls of the chamber), the voltage dropping
across the target will be much larger, so the ionization will be much more intense on the target
surface. With RF sputtering, the ionization of the gas atoms, due to the energy of the alternating
field, becomes more efficient allowing operation at lower pressures. With this technique, thin
films of metals, semiconductors and insulating materials, such as oxides and metal nitrides, are
deposited.

In conventional DC and RF sputtering systems, the free electrons, due to inelastic collisions
with the gas atoms, escape to the anode, participate to a small extent in the ionization of the
inert gas. This results in a low ionization rate and therefore an increase in deposition time. For
this purpose is developed a technique of applying a magnetic field around the target for keeping
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the electrons at a short distance from it and the increasing the percentage of the ions involved
in the process. This technique is called magnetron sputtering and is implemented by placing
strong magnets behind the target, which create a magnetic field with dynamic lines
perpendicular to the electric field. The magnetic field in combination with the electric field apply
a Lorentz force on the electrons, forcing them to a spiral orbit around the target and to remain
in the plasma for a longer period of time, thus achieving a better ionization rate.

This results in an increase in the deposition rate compared to the conventional technique and
the use of lower inert gas pressure. In addition to the sputtering technique, it is possible to
simultaneously deposit more materials (co-sputtering) in order to create alloys. As a technique it
is also flexible, as a wide variety of materials can be deposited. However, the presence of gas at
the deposition site results in the possible formation of impurities as the film develops and the
substrate is stressed due to the impact of the charged particles.

1.4.3.3. DC sputtering

This technique, which can be attributed to direct current sputtering, takes place in a very low
pressure chamber, where the target is polarized under a constant negative voltage of a few
hundred to a few thousand volts and the substrate is grounded to the anode electrode along with
the chamber walls (Fig. 1.4). Inside the chamber there is an inert gas, which, with the application
of the negative voltage, is transformed into a plasma, with a part of its atoms being positive ions
and free electrons in theoretically equal populations, while the rest are neutral atoms of the gas.
The ions are directed towards the negatively polarized target, collide with its surface and the
energy they carry breaks the bonds of the target atoms and detaches them from the surface.
Then the vapors of the target atoms travel to the substrate and is being deposited on its surface
forming a thin film.

During DC sputtering the target must be conductive, so only metals can be deposited. The
application of DC voltage in the case of insulating materials, such as metal oxides, would result
in the accumulation of charge on the surface of the insulator due to the collision of gas ions that
would prevent subsequent ions from reaching the surface, reducing the applied voltage to the
target and eventually the quenching of the plasma.

1.4.3.3.1. Production of nanoparticles by DC magnetron sputtering

The nanoparticles are produced by the DC magnetron sputtering method, followed by gas
phase condensation. Eventually the nanoparticles produced tend to hold an extra electron and
that excess electron allows their electrostatic handling. The nanoparticles can be accelerated to
the substrate producing a wide variety of morphologies, such as its individual islands up to very
thin layers of coating films. The shape of the nanoparticles is affected by several different
parameters. The magnetron sputtering head can be moved inside condensation zone. By
reducing the distance from the head to the expansion opening, the distance and the
condensation time are being reduced - resulting to the consequent reduction of the average size
of the nanoparticles. The source allows the introduction of gas (argon) that will act as a carrier
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of produced nanoparticles. By increasing the gas flow rate there is a decrease in the average size
of the nanoparticles produced, due to the reduction of their residence time in the agglomeration
zone. The pressure in the pumping (or agglomeration) zone of the nanoparticles is about 1x103
mbar, while the pressure in the storage chamber is about 5x10> mbar. Due to this gradient in the
pressure, the nanoparticles are entrained in deposition chamber and deposited on the sample.

In a DC magnetron sputtering system (Fig. 1.5) the plasma dc state caused by the inert gas
being close to the target thanks to the magnetic field of DC magnetron sputtering. The result is
creating supersaturated vapors of the target containing its atoms. Typically, entering in the
agglomeration zone where the gas exist, the process of condensation and nucleation, resulting
in the creation of a distribution of nanoparticles with a variety of sizes. Target atoms with very
high kinetic energies are cooled by the gas (equivalently led to lower kinetic energy states)
causing the target particles (clusters of particles) to nucleate. The nucleation of these small
particles (granules) is followed by the growth of granules into larger particles (clusters). The
development of swarms is strongly dependent on cross-sectional collisions (here the presence of
inert gas becomes apparent). Since the inert gas is primarily responsible for the cluster formation
process (condensation), its pressure is used to control the cluster size distribution.
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Figure 1.5: Schematic representation of the DC magnetron sputtering nanoparticle generator.

The growth and nucleation of the cluster is being stopped as the cluster enters through a
small hole in the filtration zone, where significantly lower pressure prevails. In this phase the
nanoparticles that will be deposited on the substrate are formed. The deposition conditions
affecting surface density of nanoparticles and their size distribution, is the temperature of the
substrate, the deposition time, the strength of the deposition and inert gas flow rate.
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1.4.3.4. Electron gun evaporation (e-gun)

E-gun evaporation is another common technique of physical vapor deposition (bottom-up
also), to create thin films on substrates. The deposited material is being placed in a vessel
(crucible) of high thermal resistance in a vacuum chamber (<10 mbar) and heated, either by
means of a heating element (thermal sublimation) or by impact of an electron beam in the vessel
(sublimation by electron beam). The high temperature that develops sublimates the material,
and the vapors of its atoms travel forming a cone of material, condensing on the surface of the
substrate forming a film. As the deposition takes place at low pressure and in the absence of any
other gas, the orbits of the atoms are less random and the angles of incidence are less dispersed.

In the case of thermal evaporation, first developed and used to make aluminum, the
container consists of a refractory ceramic (e.g. Al,03 alumina, ZrO; zirconia) or a refractory metal
(e.g. molybdenum Mo) heated either by means of a resistor (in the case of the ceramic one), or
by applying high voltage (5-100V) to the container (in the case of metallic one). Materials with
high thermal conductivity, such as silver and gold, are easier to be deposited with e-gun
evaporation.
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Figure 1.6: Schematic representation of an electron gun evaporator [28]

In the case of e-gun evaporation, electrons produced thermally by a tungsten filament (W)
leaking from a small current form a beam that directs and strikes the target vessel when it is
polarized at high potential (2 kV) (Fig. 1.6). The kinetic energy carried by the electrons upon
impact on the surface of the vessel heats the target material. During deposition, the target
container is being cooled. The power of the W filament and the high potential applied are what
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control the deposition rate. Targeted heating of the electron beam allows the development of
higher temperatures and therefore the deposition of metals. In addition, the continuous cooling
of the target in combination with the local heating reduces the vapors from other peripheral
materials, such as the metal resistors. This ensures the formation of films with fewer impurities.
Disadvantages of the technique include the smaller material emission cone.

The required temperatures for evaporation vary from material to material, but the maximum
temperatures that develop locally are in the order of a few thousand °C. Therefore, the
deposition rates are strongly dependent on the material and in particular on their vapor pressure,
in contrast to the sputtering. The small angle of incidence and the small area of the target result
in less uniformity in the film than sputtering. Also, with this technique, a smaller range of
materials is being produced. Its advantage is, among others, the high purity of the materials, as
they are made under low pressure and the deposited material comes from a small part at the top
of the target and is not contaminated by the material of the container (as the case of electron
evaporation). E-gun evaporation is being used especially in microelectronics for the construction
of metal contacts in circuits, as the nature of the technique allows the selective deposition of
material in structures imprinted on the substrate by lithography.
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Chapter 2: Nanoparticle based Strain Sensors and
Nanoparticles’ Layer Conductivity

2.1. Sensors

As a sensor, we define the device that has the ability to detect a signal and convert it into a
measured quantity. Each sensor consists of two main parts; the converter, which converts the
received signal into an electrically measurable signal, and the drive circuit that converts the
converter signal into a fixed electrical signal, amplifies and modifies it according to the sensor
applications. An important role in choosing the right sensor are its features, environment and the
application in which it will be used.

These characteristics are determined by the size that is being measured and the output signal
of the sensor. There are two main categories of static and dynamic characteristics. Each
application requires the selection of the sensor with the best response to the desired
characteristics. The static characteristics of the sensor apply when the system of the size being
measured and the sensor are in equilibrium, i.e. the sensor does not detect any measurable
change. These features are:

e Accuracy: Accuracy is the deviation of the actual value of the measured quantity from
the value given by the sensor. Accuracy can be expressed as absolute value of the
measurement error either as a percentage of the input scale or as a percentage of
the output scale.

e Sensitivity: Sensitivity indicates the response of the sensor to a given change in
magnitude. It is equal to the ratio of the sensor response to the amount of substance
being measured. Similarly, cross-sensitivity refers to the contribution of other,
undesirable parameters that affect the sensor response.

Reliability: Reliability of a sensor is the sensor’s ability to meet technical
specifications when used in applications under specified conditions. It expresses the
stability and validity of the sensor output signals. In addition, it is how the operating
time of the device is referred as.

e Repeatability: Repeatability of a sensor determines the sensor’s ability to give the
same value for each measurement when the quantity being measured does not
change.

e Range: Range of a sensor shows us the minimum and maximum value the sensor can
measure.

e Hysteresis: Hysteresis expresses the deviation of the output value for a specific value
of the input signal when the direction of change in the input is reversed. The error
generated this way affects the accuracy of the device. Factors that cause hysteresis
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are usually friction, mechanical stress and change the structure of the materials
under use.

e Dead zone: Dead zone is the maximum range of input values for which the output
value does not change.

e Threshold: Threshold is the minimum value of the input signal for which the output
signal of the sensor is non-zero.

e Resolution: Resolution is defined as the required minimum change of the input signal
in order to change the output signal of a sensor.

e Reversibility: Reversibility in the dependence of the sensor response on its previous
exposure to analyzers.

e Selectivity: Selectivity is defined as the ability of a sensor to respond primarily to a
single stimulus in the presence of different stimuli.

e Limit of Detection (LOD): The LOD associated with the lowest concentration of an
analyzer that can be detected.

e Response: Response time usually refers to the time it takes for a sensor to reach 70%
of its constant value.

In addition to the static characteristics of the sensor that only make sense when the sensor
does not detect any change, i.e. when the system is in equilibrium, there are also dynamic
characteristics that play important role when the input signal varies. In that case, we take into
account the dynamic characteristics, which are determined by the response of the sensor
depending on the input signal.

According to the above mentioned the optimal operation of a sensor is achieved when its
characteristics receive ideal values, like instant response, infinite range etc. In practice, however,
an ideal sensor cannot be constructed since there are parameters -such as construction defects,
the operating environment, various parts of the circuit etc. - that make it impossible. Therefore,
what is sought is the best possible approach to ideal values by improving some features that
causing the alteration of the output signal. Some of them are the lack of linearity, the small
operating range, therefore limited measurement range and low sensitivity, the noise, which
conveys incorrect information and is included in the output signal and many others.

The rapid development of nanotechnology during the last decade combined with the
extremely interesting properties of nanomaterials have resulted in the improvement of the
values of the features mentioned above as well as in their wide range of applications.
Nanotechnology has become a top priority in the field of research in most developed countries
of the world and finds applications not only in the established and traditional fields of
microelectronics but penetrates to new ones such as nanomedicine. This is due to the extremely
small size of the structures but also due to the continuously development of research in the field
of materials, which allows the creation of structures with better resistance and less probability
to quickly wear out due to the operating environment and time. More specifically,
nanotechnology products are used in microelectronics, composite tires, photographic materials,
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dyes, cosmetics, dental materials, detergents, scientific instruments and dozens of other
applications [1].

2.2. Sensors types

All sensors can fall into two broad categories: passive and active. Passive are the sensors that
do not need any additional power source to operate, as they have the ability to convert the input
energy caused by an external stimulus into an output signal. Typical examples of passive sensors
are thermocouples, photodiodes and piezoelectric sensors. In contrast to passive sensors, active
sensors require a power supply for their operation, which is called an excitation signal. This signal
is converted by the sensor to an output signal. For example, a thermistor is a heat-sensitive
resistor, which does not in itself, generate an output signal, but, if an electric current passes
through it, we can measure the value of the resistance by calculating the change in current and
voltage.

The most common classification of sensors used is based on the form of energy transmitted
by the signal, so the main categories of sensors are:

i.  Mechanical

ii. Thermal

iii.  Magnetic

iv.  Radiation sensors
v.  Optical

vi.  Chemical
vii.  Biological

i.  Mechanical sensors consist of a mechanical structure, which is being deformed and
allows us to measure a physical size. The main quantities we can measure are strain,
speed, acceleration, elasticity, deformation, torque, etc., while the most common
structures used are diaphragms, membranes and floating discs. The deformation of
the structure is usually caused due to mechanical voltage, static electricity,
temperature, pressure, etc. [2].

ii.  Thermal sensors convert thermal energy into a corresponding amount of electricity
that can be processed and measured. They are classified into two categories
depending on their output signal: electrical and non-electrical. The first category
includes thermocouples, thermistors, circuit breakers, etc. whereas the second
category, the non-electric ones include thermometers, fiber optic thermal sensors,
surface acoustic wave sensors, etc. [3].

iii.  Magnetic sensors convert the change in magnetic field into an electrically measurable
signal. They are classified according to their principle of operation into quantum cells
capable of detecting extremely weak fields, acoustics based on the modification of
the acoustic characteristics of a magneto-elastic material in the presence of an
external magnetic field, exploiting the Hall Effect [4].
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iv.  Radiation sensors detect radiation that is not perceived by the naked eye. This is being
achieved by converting the radiation incident into electricity. They are classified into
two categories: nuclear energy sensors and nuclear particle sensors. The former
detect electromagnetic radiation such as X and y rays and the latter have the ability
to detect particles emitted by a radioactive material such as particles a and B,
neutrons and protons [3].

v.  Optical sensors use fiber optics or integrated optics and offer high sensitivity and short
response times. The bio/ chemical- optical conversion level (converter) provides
selectivity since the measurable quantity is chemically selective. The desired physical
properties of the inverter are speed, small size and cost, safety, portability or remote
control (depending on the application).

vi.  Chemical sensors are devices that have the ability to convert a chemical change into
an electrically measurable signal. The structure of a typical chemical sensor consists
of a selective detection medium, which has the ability to detect the substance under
detection, a transducer that will detect the change caused by the analyzer and convert
it into an electrical signal. The analyzer is usually in a liquid or gaseous phase and is
usually surrounded by other substances. The possible applications of chemical sensors
cover a huge range.

vii.  Biological or biosensors are chemical detectors that take advantage of the high
selectivity and sensitivity of biologically active materials. More specifically, a
biosensor is an analytical tool consisting of biologically active material, in combination
with a biochemical signal converter into an electrical signal. The high market demand
for such sensors has fueled the development of related sensor technologies. In other
words, biosensors are small-sized devices that use bio-recognition to detect analytes.
To simplify, a biosensor is an analytical device that can convert a biological response
into an electrical signal. It consists of three parts: the receptor, which is usually a
biological molecule, the transducer, which is in contact with the receptor and the
electronic part.

2.3. Conventional strain sensors

The deformation and consequently the change in the dimensions of an object are measured
by resistance sensors, which are based on a silicon substrate or a polymeric flexible substrate.
Silicon, due to its good mechanical properties, was proposed from a very early [5] as a material
in the wider family of mechanical sensors for measuring various quantities, such as pressure,
force and acceleration. A common principle of operation of all mechanical sensors is the change
of the electrical resistance of the material during the application of mechanical voltage (e.g.
during the bending of the substrate).
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In a metal conductor of length /, square cross section S and resistivity p the resistance is given
by the equation:

l (2.1)
R = p;

Assuming that the initial length of the conductor I, changes by an elementary difference dl,
its initial resistance R, will change by:

al  1ds l (2.2)
OR = p?—ps—z'*' 6p§

The differential elementary change, ignoring the change of p, with respect to the initial
resistance will be:

@R al ds AR Al As (2.3)

R l s R_Ozlo So

If we consider that the cross section decreases with the simultaneous increase of length / due
to Poisson effect, the final cross-sectional area will be:

S = (1-ve)?s, (2.4)
Where v is the Poisson ratio and € the strain, which defined ase = l_l l°. The equation (2.3)
0
becomes:
AR 2.
L =e— (1-ve)?+1 (2.5)
Ro
AR AR 2.
R—0~(1+2v)s - R—0~ge (2.6)

Where g is a constant which expresses sensitivity and is called a gauge factor. In this simplified
example the change in resistance, which represents the output signal, is directly proportional to
the strain € of the sensor, which represents the input signal. This is the principle of operation of
the first commercial metal sensors. To this day, usually, a thin layer of metal alloy (e.g. copper-
nickel, nickel-chromium) in the form of a meander, built on a flexible substrate (Fig. 2.1) is the
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sensor device, the change in resistance of which translates into a deformation value. The
sensitivity factor g of such a sensor is about 2 to 4 and its resistance ranges to a few hundred Q.
Strain is measured in micro-strains (10°®). Flexible substrates are used to detect deformations
from 0.001% to 4% (40000 ue).

Figure 2.1: Flexible resistive strain sensors (Durham Instruments)

Another category of commercial deformation sensors are the semiconductors sensors. In a
semiconductor with a specific impurity density of N, the imposition of deformation results in a
change in the current of the conductivity carriers. In micromechanical sensor devices is being
used silicon and germanium, due to the existing conventional silicon technology and their good
mechanical properties. In particular, monocrystalline silicon does not lag in deformation up to
3000 ue and has a linear stress-strain relationship. The change in the resistivity of the
semiconductor is given by the equation:

Ap (2.7)
? = HijgijE

Where [T is the tensile strength of the piezoelectric resistance coefficient, gj is the tensile
strength of the deformation and E is the Young elastic measure of the material. The piezoelectric
resistance coefficient depends on the crystal structure. In the case of crystalline silicon, if only
the carrier current in the direction parallel to the axis of the deformation is taken into account,
then from equations (2.2), (2.3) and (2.7) it follows that:

AR
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Where 1, is the piezoelectric resistance coefficient in the direction parallel to the strain g;.
Monocrystalline and polycrystalline silicon with donor (n-type) or recipient (p-type) implant is
used as a deformation sensor. The sensitivity factor of such a sensor is around 150 and therefore
semiconductor sensors are able to detect much smaller strains, of the order of 0.001 ue, when
compared to metal sensors. The maximum deformations that can be detected are of the order
of 3000 ue (0.3%) due to their fragility, a value that depends on the thickness, the quality of the
crystal and the measure of elasticity. The resistances of such sensors range from about 100 Q to
10 kQ. As the impurity concentration and temperature increases, the sensitivity of the sensor
decreases to an impurity density of 10'° cm3. For silicon with N> 102° cm™3 the sensitivity is
constant, independent of strain and temperature. On the other hand, at increased impurity
concentrations the sensitivity is lower and the contribution of the thermal resistance coefficient
increases.

Semiconductor strain sensors are suitable for measuring very small strains as they produce a
lower signal-to-noise ratio, thus leading to better resolution than metallic sensors. One of their
disadvantages, however, is that they are more sensitive to temperature. The output signal of the
strain sensors is usually measured by means of a Wheatstone bridge, based on which one or more
of the bridge resistors are the sheet metal or the semiconductor plate and thus the contribution
of the temperature change to the measured signal is corrected. Micromechanical structures with
silicon in the form of cantilever, bridge, etc. are used in acceleration, pressure and force sensors
[6, 7]. An example of a force sensor is a silicon cantilever that deforms according to the roughness
of a surface and is applicable to atomic force microscopy [8].

2.4. Nanoparticles based strain sensors

2.4.1. Nanoparticles’ layer electrical conductivity

Nanoparticles are units of matter consisting of a few thousand atoms, depending on their
size, which are either naturally created or artificially made. Examples of natural formation of
nanoparticles are the particles contained in volcanic ash and particles produced during chemical
reactions of water or the wider environment (chemical weathering) with mineral rocks and the
consequent formation of clays and other compounds. Elsewhere, nanoparticles are also
produced by human activity, such as oil burning and ore mining. Engineered nanoparticles are
widely used nanomaterials that due to their unique properties, have a variety of applications in
various fields of science, but also in everyday life, where they are found in commercial industrial
products.

Nanoparticles, due to their large surface to volume ratio, exhibit different optical, electronic,
chemical and mechanical properties from macroscopic materials. One of their features, for
example, is their large contact surface, which results in the use of noble metal nanoparticles as
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reinforced catalysts and the chemical modification of their surface to detect molecules in sensor
devices. Conductivity in a metal nanoparticle structure, such as a two-dimensional lattice or a
nanowire, is of great interest, as critical quantum conductivity phenomena occur that do not
occur in a continuous material. The following are various approaches of classical and quantum
theory based on the experimental study of the literature of transfer of charge in such structures.

In the classical conductivity model, electrons travel through the material as particles that are
scattered by the lattice oscillations of the metal. In case of the nanoparticles coming into contact,
forming a continuous conductive path, the electrons are scattered due to different crystalline
levels of the nanoparticles. When the nanoparticle size decreases considerably, the elastic
scattering strongly contributes to the conductivity, as the mean free path between two
successive scatterings is larger than the nanoparticle size, causing the electrons to travel a shorter
path before scattering at the edge of the nanoparticle or the thin film.

Two charge scattering models have been proposed for the scattering of electrons in thin
polycrystalline metal films or nanowires [9, 10]. According to the model of Fuchs and Sondheimer
[11, 12] who experimentally calculated the resistivity of thin films Al and Sn, when the thickness
of a metal film is comparable to the mean free path / of the macroscopic material, then a
percentage of the electrons are subject to diffusive scattering at the film border. Therefore, the
passage of the load becomes more difficult and the resistivity increases. Later, the Mayadas and
Shatzkes [13, 14] proposed the model of "specular scattering" of electrons at grain boundaries in
a polycrystalline film’. Therefore, as the film thickness or width of a nanowire or nanoparticle
agglomerate decreases, the discrete grains that make up the material increase and their average
size decreases, making it comparable to or less than / and therefore its resistivity hardware is
growing. According to the model of the Mayadas and Shatzkes, the resistivity of the material will
be given by the following equation:

Po (2.9)
1 a 1
3(§ - 7 + aZ + a3ln(a + 1))

p:

Where:

_ R (2.10)
D5o(1—R)

’ The two terms for scattering are borrowed from Optics.
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R is the reflection coefficient of the electrons at the grain boundaries and Dsp is the mean grain
diameter.

The above two approaches seem to satisfactorily explain the electrical properties of Au and
Cu nanowires depending on their thickness and width. In addition, in the work of Durkan et al.
[9] and Huang et al. [10], is suggested that the specific resistance to thin films depends on the
mean free path, thickness and width of the film, the percentage of electrons scattered at the
grain interface and the average grain size. As a result, the conductivity at absolute zero is lower
(and therefore the resistivity is higher) in the case of nanoparticles, as temperature-independent
elastic scattering due to scale effects strongly contribute. It is reported that the specific
conductivity values of nanoparticle films have been measured lower than the values of
continuous materials for various metals, such as gold and silver [15 - 17]. For example the specific
conductivity of Au nanoparticle films has been found to range from 10 Q'cm to 2.5 - 10* Q'cm,
in relation to the specific conductivity of bulk Au which is so =4.5- 10 Qlcm .

2.4.2. Tunneling effect

When the arrangement of nanoparticles in space is such that their inter-particle distances are
large (e.g. several nm) then the resistance of the nanoparticle film is very high, as the charge
cannot be propagated in the vacuum between two nanoparticles. However, when the
nanoparticles are very close, at a distance of 1-2 nm, then there is a chance that an electron will
be transferred from one nanoparticle to another through a tunneling effect. If we approach two
adjacent metal nanoparticles, as electrodes with distance s, between which a dielectric means
with dielectric constant g, is inserted and there is a potential barrier U, then the energy diagram
of the two nanoparticles will be given as in Fig. 2.2.
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Figure 2.2: Energy diagram of metal electrodes (a) without and (b) with the application of external

potential difference [18].

The barrier potential is given by the equation:
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U= @n+ Er—E (2.11)

Where ¢m is the metal extraction energy, Er is the Fermi level energy and E is the electron
energy. Every dielectric medium gives an electron affinity x term of the medium, which lowers
this potential barrier but is ignored at first glance (e.g. for absolute vacuum x = 0). The probability
distribution of an energy level E to be occupied by the electron at one electrode and empty at
the other, so that tunneling will occur is f (E)(1-f (E)), where f (E) the Fermi-Dirac distribution of
the probability of occupying an energy level E.

_ 1 (2.12)
f(E) = FRSCEY

The application of an external potential difference V) to the two electrodes will result in the
displacement of the electrode energy stations and the modification of the potential barrier [Fig.
2.2 (b)], which in a first approach is given as follows:

eVpx 2.13
U(x)=§0m+EF_E_T+ Pimage ( )

The image charge potential @image is a contribution taken into account by the Simmons’ model
[19], according to which, when the electron leaves the electrode, it charges it, inducing a virtual
opposite charge that exerts a force on the electron. The total potential is approximated by an
average value given by the following equation.

O (2.14)
U= SJ;) U(x)dx

Due to the finite probability of an electron from the Fermi level will penetrate the potential
barrier and be at the Fermi level of the neighboring electrode, there is a current of electrons from
the electrode at the lowest potential to the electrode at the highest potential, as well as a current
in the opposite direction. The tunnel current results from the subtraction of the two currents and
is given by the equation:
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L= 2 (7 DY (E + eV TEYPIFE) — FE + eVp)IdE (215

=,

Where p(E) and p(E + eV}) are the state densities at the energy level E in a nanoparticle and
at the energy level £ + Vj in the adjacent nanoparticle with the highest potential respectively.

IT(E)|? ~ e~ (2.16)

Where T(E) is the probability of passing through a tunnel, which depends exponentially on
the distance s and the damping constant k given by the equation:

— (2.17)
2m,U

hZ

K =

For energy values E very close to the Fermi level and low eV, <Er values, equation (2.15) is
simplified to the following equation:

4 e .
o= SEpEIITER [ FE) — (B + eVi)laE = 67, 218
0

Where:

me? (2.19)

4
G = ——pEDIT(ER)I?

Where G is the conductivity of the tunnel effect for very low values V,. From the above it
ensures that the specific conductivity of a tunnel between two nanoparticles follows the
dependence

o X exp(—ps) (2.20)
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Where 8=2« is the electron coupling term. Tunnel conductivity is independent of temperature.

The surfaces of chemically prepared nanoparticle films have molecular chains that bridge the
nanoparticles together, keeping them at a distance. In this case, the constant f depends on the
type of molecule and the size of the nanoparticle, as usually the potential barrier is lower than in
the "naked" nanoparticles, due to the energy gap of each molecule that forms the barrier. This
results in 8 being smaller and therefore the tunnel current through these intermediate molecules
being larger. Additional contributions to the potential barrier come from the potential
corresponding to the electron space charge and the electron exchange-correlation potential. The
latter relates to the electron-to-electron interaction that occur based on the theory of the
existence of a particle in an electron cloud [20]. According to Zheng[21], the contribution of these
last two terms to the tunnel current calculation results in a different tunnel current calculation
than that predicted by the Simmons’ model, and thus a new self-consistent model is introduced
( Self Consistency Model, SCM). It should be noted here that the Simmons’ model applies to
parallel electrode plates, while to spherical electrodes it applies when s << r, with r being the
radius of the electrodes. For applied potential Vp < 1 and range s 1 nm, the Simmons’ model
satisfactorily calculates the tunnel current, but in the range of the highest values V,, 1<V, <10
V, the estimation of the contribution of the two potentials predicts a larger tunnel current
(approximately 1 class larger), although the Simmons’ model [19] is still accurate. Conversely, in
the range Vp > 10 V, the Simmons’ model cannot be applied and the SCM must be taken into
account. It is also reported that for s < 1 nm (sub-nanometer junctions) the SCM model gives
more accurate results.

2.4.3. Electron charge phenomena-conductivity with Arrhenius dependence

The transfer of an electron to a metal nanoparticle requires the supply of a quantity of energy
to charge the neutral nanoparticle and consequently create a hole in the original nanoparticle.
This charge is equivalent to a potential barrier that the electron must overcome, the so called the
Coulomb blockade. At temperatures above absolute zero, the electron has a finite amount of
thermal energy, which allows it to jump the Coulomb barrier as the thermal energy exceeds the
potential value. This required energy is also called activation energy. As stated in the work of
Abeles et al. [22], which is based on the work of Neugebauer and Webb [23], the phenomenon
of charging between adjacent nanoparticles with random sizes and interparticle distances can be
approached with a simplified model. According to the model, adjacent nanoparticles are a
continuous metal electrode which surrounds a "central" nanoparticle of radius r, while they are
separated by a distance s and an insulating means with dielectric constant er (Fig. 2.5).
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Figure 2.3: a) Distribution of nanoparticles at random distances from each other, (b) Simplified
charge model in which the nanoparticle is surrounded by a continuous electrode representing its
adjacent nanoparticles. In the shapes R is the radius r of the nanoparticle [22].

The charge energy of the nanoparticle is given by the equation:

e? (2.21)

Where Cis the capacitance of the nanoparticle given by the equation:

1 -1 (2.22)
r+s

1
C= 47rsoer(; -

Therefore, the equation (2.21) is completed through:

e? 1 1 (2.23)
Ec (- )

8mege, T T +S
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From equation (2.23) it occurs that the activation energy is inversely proportional to the
radius and the interparticle distance, as well as to the relative dielectric constant of the medium.
Therefore, the smaller the particle size of the charge energy, the less energy is required to charge
the particle electrostatically. Based on this result, the model of the thermally activated tunnel
effect was proposed, according to which the specific conductivity of a set of nanoparticles
depends on the probability of the electrons passing through a tunneling effect and the probability
of the Coulomb barrier jumping in relation to the thermal state of the system. The model can be
summarized in the following equation:

o= ooe‘ﬁse_% (2.24)

Where gy is an exponential constant. The energy diagram of the thermally activated tunneling
is demonstrated in Fig. 2.6 (a).

£ :a} ‘b) T By =Fiths .__-"'_"'--.A
5": “". WA
. . l‘. Hp I,_l '_1 NP
- - J oo\
El 1 2 '
KR E —
eV eV-E, E,
Before tunnelling After tunnelling

Figure 2.4: (a) Energy diagrams in a tunneling contact between particles 1 and 2 before and after
tunneling. (b) Equivalent circuit in tunneling contact [24].

The dependence of conductivity on temperature follows an Arrhenius equation:

Ino x —— (2.25)
r

Where the conductivity, due to Coulomb barrier effect, increases because of temperature.
This results by the fact that electrons, with increased temperature, are statistically more likely to
jump the Coulomb barrier between nanoparticles, due to their thermal energy. In this case, the
temperature behavior of the conductivity differs from the classical theory of metals, in which the
conductivity decreases when the temperature (and the resistance) increases as a result of the
scattering with the phonons of the grid of the material. Thus the equivalent circuit between two
nanoparticles consists of a resistor and a capacitance connected in parallel [Fig. 2.4 (b)].

This model is temperature dependent and as mentioned below (pp.), there are different
temperature ranges. Moreover, it can presented various conductivity mechanisms, depending
on the structure of the nanoparticle film. As can be deduced from equation (2.24), when the
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thermal energy of the electrons ~kT becomes comparable to the charge energy, the term exp(-
(Ec)/kT) contributes significantly as the electrons have sufficient energy to overcome the
Coulomb barrier and the current rises. This is also manifested by the current-voltage relationship
I(V)(2.26). From experimental studies of nanoparticle structures [25 - 28] a law of power law in
the current-voltage relationship has emerged empirically, which is summarized into the following
equation:

I < (V- V)S (2.26)

Where Vi = aNE. is the value of the threshold voltage [29] with a a parameter that depends
on the dimensionality and geometry of a system and N the number of particles that create a
conductive path from one electrode to the other. The parameter { usually takes values from 2 to
3.5 and depends on the dimension of the system. The above relationship can be explained by the
fact that due to the Coulomb barrier there is a critical threshold voltage above which the electron
has a sufficient amount of energy to jump over the barrier. Theoretically, below this voltage the
current is zero for T = 0, as the electrons have no available thermal energy, while a threshold
voltage value is required that will provide them with this energy. At a temperature 7> 0 there will
always be a current due to tunneling effect and Coulomb effect, as some electrons will be able
to statistically overcome the barrier. As the temperature increases the contribution of the second
mechanism will become more significant. In addition, the value of V; depends on the
temperature, as with the temperature increase, the electrons require a lower threshold voltage
because of the increased thermal energy.

2.4.4. Conductivity phenomena with deviation from Arrhenius dependence

Experimental demonstration of conductivity mechanisms that deviate from Arrhenius
dependence on nanoparticle films has led to the formulation of other conductivity models to
explain these deviations. These discrepancies seem to have their origin in the deviation of the
shape, size and inter-particle distances of the metal nanoparticles that the films actually present.
Consequently, the dispersion of the charge energy values and its modification over different
temperatures. Conductivity-temperature dependence can be described by the following
equation [18]:

0 ~ ep(~D") -27)

Where Ty is a constant and v is a parameter that takes values from 0 to 1. In the case where
v = 1, the relation (2.27) expresses the Arrhenius dependence, while in several cases the
dependence with v = 1/2, [30 - 32]. The latter usually has been observed - in lower ambient
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temperatures. In the latter case, it has been proposed the model of electron jumping (hopping)
based on Mott's model [33] for energy charge transitions in impurity semiconductors. According
to Mott's model, there is a probability that a charge in the E; energy state with the appropriate
thermal energy will jump to another point on the grid at a higher Ej energy state.

2.4.5. Random resistor nanoparticle networks.

A different approach to explain conductivity models with v = % is to consider nanoparticle sets as
random networks resistors. Based on this approach any pair of nanoparticles can be considered
to be a resistance:

R;; = Roe**sieFulksT (2.28)

Where sjjis the distance between them and Ej; is the activation energy. Variations and changes in
the distance between particles and activation energy results in subsequent large changes in
resistance. The resistance of the nanoparticle network in this case can be estimated considering
that a path of minimal resistance develops in the nanoparticle film. Such a path can be found if
for a random resistance R, we consider that two nanoparticles are connected only if the Rj < R
and also suppose that the portion of the bound nanoparticles is p. If R is too small then a very
small portion of nanoparticles are bonded and therefore when R - 0 and p - 0. As R increases
so does p. When R tends to infinity all the nanoparticles are connected and p - 1. Hence, there
is a critical value of the Rc resistor, for which the connected particles form a conductive chain or
path of least resistance through the film. The amount of bonded nanoparticles when R is made
Rc, corresponds to the limit of percolation, pc. The pcis a characteristic of nanoparticles’ network
and depends only on geometric characteristics. To estimate Rc one must know the distribution
of Rj resistors. If the distribution is declared as f(Rj;) then Rc is given by:

Re (2.29)
f(Rij)dRij = pc
0
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Chapter 3: Platinum Nanoparticle Based Flexible Strain
Sensors

3.1. Introduction

As mentioned before, the vast areas of applications of flexible electronics [1, 2, 3-6, 7-10]
caused a lot of interest during the last decades. The ever-growing research over the last decade
focused especially on many novel nanomaterials, such as carbon nanotubes [11-13], nanowires
[5, 14, 15], MoS2 [16], graphene [17] and nanoparticles (NPs) [6, 18-22]. In this study we will be
mainly be focusing on nanoparticles and nanoparticle based sensors.

The main reason is the increased sensitivity of strain sensors based on NP films [19-21, 28],
when compared to existing metal strain sensors that incorporate thin film technology [23]. In
addition, the low processing temperatures required in the case of NP-based strain sensing
devices, render them fully compatible with flexible substrate technology [24]. These qualities
allows them to find new applications in healthcare [1, 4] and the development of electronic skin
areas [4, 15, 25-27]. For this reason many research groups focus their interest on increasing the
NP-based sensors’ sensitivity. To achieve this they usually incorporate NP films with varying
conductivities, so as to manipulate the charge transport mechanisms of the device [19, 20, 22,
29]. Lee et al [19], for example, studied the combination of metallic and insulated NPs as sensitive
materials; by combining Au NPs, CdSe NPs and nanocracks. As a result a gauge factor of up to
5045 has been achieved. In the field of bio-inspired sensing devices, cracks have often been
employed, so as to radically increase the sensor’s sensitivity [19, 30-32]. In the study of Han et al
[31], they created a crack-based strain-sensor by depositing Au NPs on top of a cracked PDMS
substrate obtaining so a sensitivity of 5888. However, high sensitivities are also possible without
cracks on the substrate. In the case of Shengbo et al [5] they combined Ag NPs and nanowires,
achieving a sensitivity of up to 3766.

The above-mentioned studies focused on increasing the strain sensors’ sensitivity by utilizing
various NPs. This study is concentrated on strain sensors utilizing Pt NPs, which are fabricated on
oxidized silicon substrates via the DC sputtering technique. While Pt NP sensors demonstrate an
increased sensitivity [33], more recently, we have also investigated the means to protect them
against humidity [34]. Zheng et al [35] have also manufactured nanoparticle-based flexible strain
sensors using DC sputtering technique, highlighting their superior performance against the
semiconductor gauges.

In this chapter we focus on the sensing properties of Pt NP sensors made on flexible polyimide
substrates. Firstly, we discuss the sensor strain response up to 1.2% strain. To do so, we present
a physical model to explain the observed increase of the g-factor with increasing strain. The
model is compared with our data as well as with other results reported in the literature, such as
the one of Xie et al [36]. In their study they manufactured Pd NPs-based strain sensors, using the
sputtering technique and found that the g-factor is not a constant, but changes over the applied
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strain range. The report of Lee et al [37] also reports non-linear behavior of their sensor based
on silver NPs.

To this day, the majority of the attempts to model the behavior of strain sensors made by
either naked or colloidal NPs are based on the physical model proposed by Herman et al. [28],
which suggest directly applying it to the experimental data set or by applying minor modifications
[36]. However, this approach does not take into account key aspects of straining flexible devices
that employ solvent-free NPs. Contrary to a uniform elongation of solely inter-particle gaps,
which existed prior to any strain (the case of cross-linked NPs), straining solvent-free NP-based
devices results in the formation and rise of multiple new gaps that contribute in the exponential
rise of device Resistance. The model we propose in this study is able to explain experimental
differences, in terms of sensing performance observed between solvent-free (naked) NP strain
sensors and cross-linked NP strain sensors [28] and therefore constitutes a better fit as far as
solvent-free NP strain sensing data is concerned.

Secondly, the analysis is followed by a study of how the sensor responses in a humid
environment. Humidity is known to influence the long-term behavior of NP strain sensors [38]
and for that it was deemed crucial to investigate the relation and interaction between the two of
them. The endurance characteristics of strain gauges on flexible substrates, based on cross-linked
gold NPs after performing a large number of strain/relaxation cycles has also been reported by
Ketelsen et al [39] in their 2018 study. However, during their tests there is no modification of the
humidity environment taking place. As it has been proposed by Digianantonio et al. [40] using
SAXS measurements, water molecules incorporated between nanoparticles result in a swelling
of the NP film which increases the resistance of the nanoparticle network in a competitive way
to the measured strain. As a result, it is crucial to investigate the effective way of protecting
flexible strain sensors against humidity, as well as the effectiveness of the protection itself in
increased strain (offered by the increased flexibility of the polyimide substrate).

Having that in mind, we evaluated the sensor’s endurance in repeated mechanical stress
under varying environmental conditions, i.e. R.H.; naked (with no ALD coating) as well as alumina-
coated strain sensors (alumina coatings of 5.5 and 11 nm in thickness) were submitted to “fatigue
experiments” (undergone multiple strain cycles: 1000 cycles of 0 to 1.2% strain), so that we could
evaluate possible alumina degradation. The ability of such coatings to retain their protective
properties against humidity and strain/fatigue was determined by monitoring device resistance
in various case scenarios, while R.H. has been modified between two extreme values (10%-70%).

Our model is equally applied to alumina-coated and uncoated NP networks (both before and
after the endurance experiments), which indicates the universal appliance to solvent-free NP-
based strain sensors as well as its validity of it, even after operating the sensors in extreme
conditions. An optimized device, suitable for a wide range of demanding applications (e.g. e-skin
etc.), was eventually produced while, at the same time, a novel physical model brought new
insight to the physical properties of solvent-free NP-based strain sensors.
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3.2. Sensors Fabrication

To explain the method used during our experiment it is necessary to describe the materials
used as well as the environmental conditions under which the experiment took place. First of all,
every fabrication experiments was conducted at room temperature. Sigma Aldrich supplied all
chemical reagents used during the study.

Throughout our experiments we used polyimide sheets with a mean thickness of 120 um and
a surface roughness of 0.7-0.8 nm as deposition substrates. Prior to any processing, the
abovementioned polyimide substrates were cleaned using IPA, DI water and ultra-sonication. On
top of the polyimide substrates were patterned gold interdigitated electrodes (IDEs) via optical
lithography and the e-gun technique: firstly a thin titanium layer (approximately 4 nm) was
deposited using a deposition rate of 0.2 A/sec. The titanium layer acts as an adhesion layer
between the gold and the polyimide substrate; as a second step a 30 nm gold layer has been
deposited using a deposition rate of 0.5 A/sec. Finally, we used the lift-off technique to produce
the finalized IDEs structure. The overall height of the IDEs is of critical role in the sensors’
production since it is able to “shadow” the polyimide substrate during the process of NP
deposition, thus preventing a good contact between NPs and IDEs. The IDEs inter-finger spacing
(alternatively: electrode gap) was 10 um, while the width was 2 um (Fig. 3.1a). With the use of a
modified dc magnetron sputtering system we deposited Pt NPs, of a mean diameter of 4 nm and
standard deviation of 1.5 nm (Fig. 3.5b) on top of the IDEs. Sputtering is a well-known room
temperature technique for the production of both thin films and NPs. It allows control over
particle size, as it can adjust the target material to the deposition substrate distance, over
nanoparticle flux, by modifying the argon flux, and nanoparticle density concentration on the
substrate surface, by adjusting the deposition time. Both electrode and Pt NPs depositions were
performed at 10 mbar pressure.

In order to investigate the effective protection of sensors against humidity, we deposited an
alumina protective coating on top of the devices (Fig. 3.1b) using an Atomic Layer Deposition
system (Picosun ALD R-200). The ALD deposited films are fabricated by consecutive cycles using
specific precursors. The alumina precursors used were tetramethylaluminum (TMA) and
deionized water (DI water). During the deposition, the ALD reactor was placed under 10 mbar
pressure and a constant flow of 300 sccm of 99.999% purity N2. For both TMA and DI water the
exposure time was 0.1s, while the purge time was 10 s for TMA and 15 s for DI water for each
cycle. The temperature of the deposition was at 150 °C, for 50 and 100 cycles, resulting in 5.5 nm
and 11 nm of alumina respectively. These deposition temperatures result in a low concentration
of OH molecules in the film [34] which can facilitate the absorption of water molecules from the
environment, while it is compatible with polyimide substrate temperature processing. Our team
performed several fatigue tests before and after the alumina deposition and studied the
protective capabilities of the alumina coating from relative humidity. The finalized strain-sensing
devices were characterized by electrical, Transmission Electron Microscopy (TEM), as well as
optical microscopy measurements.
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The sensor sensitivity was determined by resistance measurements, using a Keithley 2400
source meter, with the application of strain steps by a home-made experimental setup. With the
use of a micrometric piston controlled by a stepper motor we applied strain of 0.007% precision.
The stepper motor was powered and controlled by a microcontroller (Arduino Uno) that allows
the performance of reliable fatigue tests (small variations in the applied strain, for each strain
cycle). During the whole process the sensors were glued on a PCB board (in order to ensure
uniform deformation of the substrate during stress application, as depictured in Fig. 3.1d),
whereas the system was encased in a climate chamber in which R.H. and temperature were
under control (Fig. 3.1c). The relative humidity was controlled by either applying through
Nitrogen of 99.999% purity, in, or transporting DI water vapors to the strain sensor’s chamber
from a tank using a mechanical vacuum pump. This configuration lead to the achievement of R.H.
values between 10% and 70%. Both temperature and relative humidity were monitored by
respective commercial sensors. Prior any measurement, preceded a calibration of the stage using
a commercial flexible strain sensor with a gauge factor of 2.13. During the measurements, the
temperature was kept constant at 23°C, while the resistance was monitored through the
application of a constant voltage of 1 Volt.

(a) (b) Au/Ti IDEs

AloOglyer 10 um IDE gap

Pt NPs layer

Au/Ti IDEs L ’
Polyimide subsiatc — I

AloOglyer

Polyimide substrate

(d)

(C) Gold pads

Strain sensor

PCB
Gold IDEs

Keithley 240!

N2Enk

Sensor enclosure ‘ ‘

Vacuum Pump

. Water beaker

Stepper motor

IDE gap: 10 um

Polyimide
substrate

Figure 3.1: a) Schematic cross section of the sensor b) top down view of the sensor c) Schematic of
the experimental setup. d) Image of the strain sensors on a PCB. There are 4 identical strain sensors in
each device [41]
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3.3. Strain calculation

The characterization of the strain sensors was done during the home-made stage of
application of tensile strain. The sensor was attached to an aluminum metal sampler as to be
supported at both ends of the underside of the sampler with carbon tape. The sampler was
screwed to a wooden base, at the bottom of which was placed a micrometer Vernier. The Vernier
has a bronze metal cantilever attached to its end, having a perpendicular movement to the
direction of the sample. The sample was subjected to a three-point bend while the cantilever
pushed the back of the sample upwards. The movement of the Vernier could be controlled by a
motor (stepper motor) for automated measurements. The whole device was mounted on an iron
optical table in order to prevent any vibration. The rotation of the Vernier by 1 mm corresponds
to a horizontal displacement of 10 um of the cantilever.

For the theoretical calculation of the applied strain we consider necessary the determination
of the radius of curvature of the substrate for a specific displacement value of the cantilever. If
we consider a uniform deformation of the substrate, the substrate will follow an arc, part of
which can be approached from the linear portion of the hypotenuse of the triangle formed
between the vertical displacement of the cantilever and half the length of the substrate (Fig. 3.2).

Figure 3.2: Geometry for calculation of the curvature radius.

Afterwards, the radius of curvature R that is perpendicular to the straight section of the arc
forming a right triangle, is given by the Pythagorean Theorem:

RE= Ry —d) + (5 3.

12 + 4d? (3.2).
Ry= ————
8d
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If the substrate is bent, its front side lengthens, while, at the same time, its back side
compresses. In the middle of the cross section of the substrate there is an imaginary line, the
neutral axis, where the length / remains unchanged (Fig. 3.3). To calculate the length’s change in
I" on the substrate surface of thickness d, we consider that it corresponds to an arc portion with
an angle ¢ and a radius of curvature Rp;.

d .
' = (Ryp + 5)d0 (33)

For | = Rp2d0

d
U—1 R+ 3—Rp)d0 g 34

V=7 R,,d0 ~ 2R,

Figure 3.3: Geometry of strain calculation y (g).
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Calculation of strain in polyimide on PCB substrate
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v
— |
n.a. — I Hs _
PCB y
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Figure 3.4: Schematic representation of polyimide (kapton) substrate on a PCB substrate

In case of having two substrates, the distance y from the neutral region (axis n.a) is calculated
as follows:

Ls-Ws+Lp-Wp

Ls-Ws:
y:

Therefore, the radius of curvature will be R ’= R + y, where in the initial radius of curvature R
we consider as length the Ls. Taking into account that Hs + Hp = d, the total thickness of the two
substrates, the strain will be determined from the relation € = (d-y) /R"’.

In case we have PCB length Ls = 13 mm, width Ws = 60mm and thickness Hs = 450um. For
sensor dimensions Lp = 12mm, Wp = 6mm and Hp = 125um, y = 296.8um so d-y = 278.2um.

3.4. Results

The operational principle of NPs based strain sensors is based upon the fact that NPs have an
inter-particle distance and the charge transport happens due to the tunneling effect. If we
assume that the inter-particle distance is |, the conductivity is given by the following equation:

E 3.6),
R = nesp(Besp(r s, 36

where 8 is the tunneling constant, ro a pre-exponential constant, K, is the Boltzmann
constant, T the temperature and Ec the activation energy which is given by:
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1 1 (3.7),
e (_ _

- 8meey T r+l)

Ec

where, ris the nanoparticles’ size and € the electric permittivity of the dielectric medium. The
theory proposed by Herrmann et al [28] suggests that the differential resistance change, at room
temperature, is given by the following equation:

AR 3.8),
= exp(gy) — 1 (38)

where, g is the strain sensitivity or the strain gauge factor (g-factor). For small deformations
v, the equation (3.8) becomes:

AR (3.9).

This model precedes that the NPs are cross-linked and they all have an initial inter-particle
gap /. With the application of strain, all the inter-particle gaps change from / to /+dl. In Fig. 3.5 we
use the equation (3.9) to compare with experimental results of strain NP sensors made on
flexibles by using cross linked nanoparticles, as reported in the literature. The comparison
showed that the above model describes sufficiently the sensors response.
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Figure 3.5: Relative resistance change over strain for strain sensors based on cross-linked Gold
nanoparticles Jiang et al [42] Ketelsen et al [39] and Olichwer et al [43]. Equation (3.9) is used for the
fitting lines. [41]

3.4.1. Sensor response using solvent-free nanoparticles and modeling

The resistivity of the Pt NPs film formed in vacuum by sputtering and gas condensation
technics strongly depends on the NP surface coverage. The relation between NP surface coverage
and sensor sensitivity has been already investigated [33], leading to the conclution that the best-
performing devices were achieved when the surface coverage are just below the percolation
threshold (NPs surface coverage of 50%) (Fig. 3.6a). A typical response of Pt NPs sensors made
on flexible substrates is depicted in Fig. 3.7.
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Figure 3.6: a) TEM images of naked Pt NPs with 50% surface coverage. Inset: higher magnification b)
TEM image of naked Pt NPs with 28% surface coverage. Inset: NPs size distribution c) TEM image of Pt

NPs covered with 5.5 nm thick alumina [41]
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Figure 3.7: Relative resistance change over strain graph. The GF is calculated by the slopes of the
fitting lines. Error bars represent the standard deviation of the measurements. The sensitivities of the
sensor were GF1~ 26 for lower strains and GF2~ 66 for higher strains. [41]
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In Fig. 3.8 can be seen the relative resistance change of sputtered (naked) NPs on as reported
by different groups [35, 36], underlying that equation (3.8) is not describe their behavior
sufficiently. The relative resistance change displays different linear areas having different slops.
Strain ranges that can be described with the equation (3.9) and others which are also linear but
with a different slope (Fig. 3.10) and, hence, different sensitivity. Even if higher orders of Taylor
approximation are used to fit the data of naked NPs the fitting remains linear due to the very
small strain value (Fig. 3.9). The already existing model [paragraph 3.4] is perfectly adequate to
describe the sensitivity of cross-linked NPs, but does not predict a change of the GF value within
the reported measurement range.

1.4 J ' J ' 1 ' J ' 1 ' J ' J
1.2 - -
1.0 Zheng et al 7
. O Xie et al y
0.8 - A Aslanidis et al -
» j ]
T 0.6- -
< ) ]
0.4 -
0.2 - _
0.0 4 —

1 ! 1 4 I ! 1 4 I ! 1 4 1

0.000 0.002 0.004 0.006 0.008 0.010 0.012
strain

Figure 3.8: Relative resistance change over strain of strain sensors based on sputtering deposited
NPs (naked). Zheng et al [35] Cr NPs -based sensor, Xie et al [36] Pd NPs -based sensor and this work [41]
strain sensors with Pt NPs. Equation (3.9) is used for the fitting lines.
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Figure 3.9: Relative resistance change over strain of strain sensors based on sputtering deposited
NPs. Zheng et al [35] Cr NPs-based sensor, Xie et al [36] Pd NPs -based sensor and this work [41] strain
sensor with Pt NPs. The fiting lines are created by a) the second order Taylor approximation, b) the third
order Taylor approximation and c) the equation 3.8
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Figure 3.10: Relative resistance change over strain of strain sensors based on sputtering deposited
NPs. Zheng et al [35] Cr NPs-based sensor, Xie et al [36] Pd NPs -based sensor and this work [41] strain

47



sensor with Pt NPs. Equations (3.9) and (3.14) are used for the fitting lines in the case of strain sensors,
exhibiting two distinctive linear regions and the fitting of equations (3.9), (3.14) and (3.17) for strain
sensors with 3 different linear regions.

In the case this particular study, the Pt NPs are naked; they soft-land on the substrate
randomly, having as a result the creation of areas where all the NPs are in contact (therefore
creating NP islands) and of other areas where an inter-particle distance exists between either NP
islands or individual NPs. Subsequently, after the application of strain, the already existing inter-
particle gaps increase, while larger NP islands fragment to form smaller NP clusters (Fig. 3.11);
this highlights the need for revisiting the model proposed in paragraph 3.4 and ultimately
producing a new, appropriate model, as discussed below.

At room temperature, if the mean value of the initial inter-particle distance is /, the resistivity
is given by:

Ry = rpexp(Bl) (3.10).

By applying strain, new inter-particle distances are created, therefore the resistivity will be
given by:

R; = ryexp(B(l + dl)) + Nryexp(fdl) (3.112),
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polyimide substrate

b) 4 g

Figure 3.11: Graphic representation of inter-particle gaps between NP islands. Firstly, there is an
inter-particle distance / (Fig. 3.11a) which after the appliance of strain is increased by dI. The application
of strain creates two additional gaps (Fig. 3.11b). [41]

where the first term results from the already existing inter-particle distances and the second
term results from the new ones. N is a dimensionless number depending on several parameters
such as the number of the new inter-particle distances, as well as on the strength of their
contribution to the overall resistivity. For instance, in case that all the NPs are assembled in a
straight line, all the inter-particle distances will contribute equally. In our case however, in which
the NPs create complex paths with several possible conductive paths that are parallel to each
other, each inter-particle distance contributes differently to the final resistance. Additionally, N
depends on the strain value that creates the new inter-particle distances. If N = ky, with k defined
as the number of gaps/strain unit (this being valid above a threshold strain value) the differential
resistance change is now given by:

A_R _ roexp(B(l+dl)) + kyrgexp(Bdl) — Ry (3.12),
RO B RO
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from which we obtain equation (3.13):

AR kyryex dl
AR exp(Bd) — 1+ 1T p(pah (3.13).
Ry R,

Since strain y is defined by y = dl./I, we can obtain that d/ = y/. Introducing it to equation (3.13)
and considering that g = 8/, we obtain:

AR kyr, 3.14).
— = exp(gy) — 1+ ——exp(gy) (3.14)
Ry Ry
For small strain values, the equation becomes:
ﬁ B 4 ﬂ (3.15),
R, =gy Rq Y
from which we obtain equation (3.16):
AR kr, (3.16).
Ry Y9+ R_)

Within the parenthesis of the above ginen equation (3.16) is the modified GF that is valid
above a threshold strain value, where new gaps start to form, while g is the GF below this strain
threshold.

Assuming that, after the application of ny strain, new inter-particle distances are created and
the resistance will be given by:

Ry=r, exp(ﬁ(l + ndl)) + kyry exp(Bndl) + k'yroexp(Bdl) (3.17),

where k’ is the equivalent of k for the newest distances, n the number of strain applied steps.
The differential resistance change is given by:
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AR kyr, k'yr y (3.18).
— =exp(gy) — 1 +y——exp(gy) + ——exp(g-)
Ry Ry 0 n
For small strain values, equation (3.18) becomes:
AR kry k'r (3.19).
RY9TR T R

Inside the parenthesis of the (3.19) equation is the new sensitivity that depends on the strain
value and creates the new inter-particle distances. Equations (3.9), (3.16) and (3.19), which are
linear with different slopes and -as depicted- in Fig. 3.10, express more accurately the behavior
of the sensor than the one proposed in Herrmann’s model. Because of the random deposition of
the NPs, it is impossible to know exactly the strain values for which new inter-particle distances
are formed, thus influencing the sensor sensitivity. For example, in Fig. 3.10 (green lines) it is
observed that three lines are required to fit the graph accurately. This suggests that a critical
threshold of new inter-particle distances has been reached twice, due to strain application. Each
group of new inter particle distances, was created at a different strain value, having as a result
the gradual increase of the sensor’s sensitivity. In the case that the NPs’ allocation was different,
the change in the sensor’s sensitivity would be observed at a different strain value. During our
experiments the strain value that this occurred was around 0.64%. In addition, equations (3.16)
and (3.19) indicate why randomly deposited naked NPs should have different behavior from
cross-linked NPs. Finally, the Pearson’s Correlation Coefficient (Pearson’s r) was calculated after
fitting Herrmann’s model (Fig. 3.8 and 3.9) and the model proposed herein (Fig. 3.10). The
Pearson Correlation Coefficient is a measure of the linear correlation between strain and
Resistance; the coefficient has a value between +1 and -1, where 1 stands for total positive linear
correlation. The results are given in table 3.1 and indicate that the fitting lines that where
generated from our model show better linear correlation than the ones deriving from
Herrmann’s model.

TABLE 3.1

Herrmann's | this paper's model Pearson's r

model

fabrication first second third
method Pearson's r

materials substrate line line line
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Zheng et al

[35] Cr NPs PET Sputtering 0.91238 | 0.99059 0.96269 | 0.92329
Xie et al

[36] Pd NPs PET Sputtering 0.9711 | 0.99548 0.99491 | -
Aslanidis

et al [41] Pt NPs polyimide | Sputtering 0.97147 | 0.98129 0.99651 | -

Table 3.1: Comparison between this work and two strain-sensing devices based on naked NPs.

3.4.2. Model effectiveness and exposure in adverse conditions

3.4.2.1. Fatigue experiments

The sensors’ performance were investigated under close to real-word operational conditions
and the model was afterwards compared to the experimental results, as to test its validity. The
NP surface coverage of all the results presented herein was close to 50% [established after
Transmission Electron Microscopy measurements with the use of carbon grids (Fig. 3.6a)]
corresponding so to a resistance value of hundreds kOhms and optimum device sensitivity. For
the needs of the strain sensing experiments were employed 10 distinctive sensors. The above
mentioned sensors were subjected to a number of fatigue tests during which the GF was
measured after the application of 1000 cycles of applied strain up to 1.2%. The value of the
sensors’ G-factor was determined from the slope of AR/R-strain graphs (Fig. 3.5), from which two
G-factors were extracted: one for small strain values (GF1 for y < 0.64%) and one for large strain
values (GF2 for y > 0.64%); this behavior is aggregable to our model that predicts different GF for
different strain. For every measurement both the temperature and R.H. were kept constant and
the mean value of the GFs remained practically unchanged, regardless of the number of strain
cycles. Changes in the GF after 1000 cycles of fatigue tests are being presented in Fig. 3.13 (Mean
GF1 of 19, and GF2 of 49 for the reference sensors and GF1 of 22 and GF2 of 45 for the sensors
after fatigue tests). The effectiveness of the model in predicting the strain sensing response of
the solvent-free NP-based sensors is observed in Fig. 3.12, where even after 1000 strain cycles
the response of the sensors can be adequately fitted.
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Figure 3.12: Relative resistance change over strain of a sensor after applying 1000 cycles of 1.2%
strain. Error bars represent the standard deviation of the measurements. Our model predicts the sensor
behavior, using two linear slopes in order to fit the experiment results. The sensor has GF1~ 22 for lower

strains and GF2~ 61 for higher strains. [41]
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3.4.2.2. Protection of the sensor against humidity and model effectiveness

As presented, the GF of the devices remains unchanged after 1000 cycles of fatigue
experiments, and for constant R.H. Nevertheless, unprotected Pt NP films continue to be
sensitive to environmental changes, such as changes in humidity. Variations of R.H. influence the
resistance of the device, resulting, as so, in affecting its strain sensitivity. An unprotected device
has the tendency to be more sensitive and, apart from that, as discussed by Kano et al. [44], has
linear response to humidity and could be therefore also used as a humidity sensor. This effect
leads to uncertainty of the value of the applied external stimulus as well as an increase of the
sensor’s strain detection limit. That being said, the preservation of high sensitivity of the NP strain
sensors -without although being correlated to any R.H. variations- is crucial for their use. Having
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that in mind, we deposited a protective Al;03 coating using ALD system as we considered it critical
to study the validity of the proposed model in various humidity conditions.

Initially, and as to evaluate the degradation, if any, of the alumina coatings after intensive
fatigue tests, and for varying humidity environments, a total of 20 sensors were employed for
the results that will be discussed below. More specifically the sensors were protected with two
different alumina coatings of5.5 or 11 nm, using the ALD technique. In Fig. 3.6c is depicted a TEM
image of Pt NPs covered with a 5.5 nm thick alumina. It is noteworthy that alumina films thicker
than 5.5 nm resulted in images of poor quality. This is attributed to the insulating properties of
the alumina layer. Patsiouras et al [34] have studied the alumina coatings as protective agent
against relative humidity for strain sensors and concluded that the minimum alumina thickness
required for adequate R.H. protection is 5.5 nm (deposited under 150°C). This study, however,
was performed with NP strain sensors made on silicon substrates and, as a result, the strain
values applied were low. As far as the flexible substrates studied herein is concerned, a 5.5 nm
thick alumina coating was unable to protect the sensor from humidity. We determined that a
probable explanation for that is the formation of cracks in the alumina layer at high strain values,
a fact that creates free paths for water molecules to penetrate the film. Consequently, alumina
films of 11 nm in thickness were employed in all of the following results.

Before the process of examining the protective properties of alumina films against variations
in R.H, the effect of the alumina layer itself on sensor performance was evaluated in parallel with
the efficacy of the model proposed in par. 3.4.1. In Fig. 3.13a is pictured the performance of an
alumina-protected strain sensor right after the alumina is deposed. It is obvious that the GF of
the device was reduced by 33% (Fig. 3.15); this happens probably due to the alumina’s built-in
stress, which hinders, to some extent, NP dislocation [34]. The need of a two straight-line model
as to accurately match the experimental results is also evident. We can also observe that the
second line starts from a higher strain value than usual (~0.9% instead of 0.64% -which typically
the start of strain value for the second line). For high strain values (0.9%), the film starts to relax
(in terms of stress) and the NPs starts to move more freely. In Fig. 3.13b san be observed the
performance of an alumina-coated sensor after 1000 stress cycles; the sensor is much more
sensitive compared to sensors without coating, as well as to alumina-coated sensors that have
not been subjected to fatigue tests. The fatigue experiments induce cracks in the alumina film
which enhance NP dislocation in the vicinity of the cracks, having as a result a much higher GF -
as already reported in the literature [39]. The foretold argument is also supported by the fact
that the initial resistance of the alumina-coated sensors is slightly increased by 3.7% after 1000
stress cycles. Ketelsen et al. [39] performed similar fatigue tests on cross-linked gold NP sensors.
They, also, reported that after 1000 stress cycles a 5% increase of the resistance was noticed, but
afterwards the sensor performance remained unaltered for up to 10000 cycles. The team
attributed this behavior to the formation of microcracks within the cross-linked NP film. In the
case of our experiments we can attribute this change to the cracks formed in the alumina layer
since NPs are fabricated using the sputtering technique, forming a two dimensional network of
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non-cross-linked objects. Furthermore, our model fits accurately the experimental data
emphasizing the need of a two-line model in order to achieve correct fitting.
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Figure 3.13: a) Relative resistance change over strain graph for a sensor right after the alumina
deposition. Error bars represent the standard deviation of the measurements. Two straight lines were
used to fit, accurately, the experimental results as our model has proposed. In this example, the sensor
has GF1~ 20 for lower strains and GF2~ 50 for higher strains. b) Relative resistance change over strain
graph for a sensor with alumina coating after 1000 stress cycles up to 1.2% strain. The sensor has GF1~

60 for lower strains and GF2~ 85 for higher strains. [41]

As reported [45, 46], mechanical strain alters the sensor’s sensitivity towards R.H.; for that
purpose, the protective properties of the 11 nm thick alumina layer against humidity were
investigated by measuring the AR/Ry of the sensors under a number of different R.H. conditions
for unstrained sensors, as well as for strain values up to 1.2%. For every each applied strain
condition (0, 0.3, 0.6, 0.9 and 1.2%), we have varied the humidity from 10-70% and measured
relative changes in resistance (Fig. 3.14). It is worth mentioning that our model can be applied to
every RH conditions (Fig. 3.12) given that two GFs are essential in order to fit the experimental
data. Results in Fig. 3.14 (and Fig. 3.16) indicate that in the case of uncoated sensors, AR/RO
changes attributed to R.H variation are comparable to resistance changes due to strain, therefore
limiting the sensor performance. The use of the alumina coating on top of the NPs causes the
effect of humidity to reduce below 2% proving that the alumina coating is, indeed an effective
protective barrier against humidity [43]. This results in a much increased sensor’s sensitivity; the
NP sensors protected can detect strains down to 0.007% while the uncoated ones have a strain
detection limit of 0.107%. Additional fatigue tests were performed for 1000 strain cycles and for
strains up to 1.2% with AR/RO measured under different R.H. conditions (10 — 70 %) for coated
and uncoated sensors (Fig. 3.16). After 1000 strain cycles, the AR/RO has been increased up to
3% and for high strain values up to 7.5%. In any case, it remained much lower than the values
that the samples without the protective alumina coating performed. Finally, it is worth
mentioning that an alumina coating of 11 nm contributes in enhanced sensor stability and
performance over time; measurements conducted 1 and 3 months following the initial
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experiments, revealed that sensors with an alumina coating of 11 nm featured minimal variance
in device resistance and device sensitivity (compared to uncoated sensors and sensors with a
5nm coating, Fig. 3.17).
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Figure 3.14: Performance of a sensor before alumina coating (uncoated) and right after the alumina
coating (ALD) for RH conditions of 10%, 50% and 70%. The fitting lines for the uncoated sensor are the
blue ones, while the red ones indicate the coated one. [41]

3.5. Sensors performance

The GF of all fabricated sensors has been measured both for small (¢ < 0.64%) and large (g >
0.64%) strain values by our team. The GFs of the uncoated sensors were measured twice; right
after the fabrication (resulting in GF1=19 with standard deviation (SD) of 9 and GF2=49 with SD
of 24) and, then, after 1000 cycles of stress up to 1.2% (resulting in GF1=22 with SD of 8 and
GF2=45 with SD of 19). The GFs of the alumina coated sensors were also measured right after the
alumina deposition (resulting in GF1=15 with SD of 6 and GF2 of 39 with SD of 12) and after 1000
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cycles of stress up to 1.2 (resulting in GF1=61 with SD of 19 and GF2=82 with SD of 17) as shown
in Fig. 3.15.
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Figure 3.15: Variation in the Sensors’ GFs for uncoated as well as alumina coated sensors, before
and after Fatigue experiments. [41]

According to the above mentioned results the fatigue test did not significantly affect the GFs
of the uncoated sensors.

After the alumina coating, the GF was reduced by 33% for € < 0.64% and by 13% for € > 0.64%.
This reduction is believed to be attributed to the built in stress of the alumina film. After 1000
strain cycles (with maximum strain up to 1.2%) for the sensors with alumina coating, the mean
GF value was increased by 77% (for the small strain values) and by 110% (for the large strain
values); this is probably due to the cracks’ formation in the alumina film which consequently
causes increased NP dislocation, as well as increased GFs.
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In Fig. 3.16 are depicted resistance changes for R.H. concentrations in the range of 10% - 70%.
The results correspond to the sensors measured right after the fabrication (reference), to the
ones measured after 1000 stress cycles up to 1.2% (fatigue), as well as to the ones right after the
alumina coating (alumina coated) and after 1000 stress cycles up to 1.2% (alumina coated
fatigue). The measurements were performed by imposing a constant strain of 0, 0.3, 0.6, 0.9 or
1.2%. For each of the previous strain values (0%, 0.3%, 0.6%, 0.9% and 1.2%) R.H. varied between
10 and 70%, while the resistance response was measured- without taking into account the
resistance response to strain. The results depicted in Fig. 3.16 show the protective properties of
the alumina film against R.H. The deferential resistance change for the uncoated sensors (both
reference and fatigue) was between 11 and 15%, while for the alumina coated sensors it was in
the range of 0.5 to 2%. After the fatigue experiments the differential resistance change increased
to values between 3 and 7.5%.
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Figure 3.16: Resistance variance for sensors under fixed strain (strain values of 0%, 0.3%, 0.6%, 0.9%
and 1.2%), in a varying humidity environment. R.H. varies between 10% and 70%. [41]
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3.6. Sensors stability and repeatability

Following the fatigue experiments, each sensor was measured twice as to ensure the
reliability of the measurement. The sensors showed excellent repeatability, with minimal change
in their GF (in the order of 0.5% for uncoated sensors and 0.2% for the coated ones). Apart from
that, sensors’ resistance was measured during the period of one day, one month and three
months subsequently, in order to determine their endurance over time. As above-mentioned,
sensors GF is directly connected to the initial value of the resistance. All sensors were measured
after 1000 cycles of strain up to 1.2%. In Fig. 3.17 is showed the mean values of 30 sensors in
total; 10 uncoated, 10 with 5nm alumina coating and 10 with 11 nm alumina coating. The error
bars represent the standard deviation. For all sensors, the relative resistance change after a day
was almost negligible. Particularly, the uncoated sensors exhibited a mean value of 0.37 with SD
0.1, the sensors with a 5 nm alumina coating a mean value of 0.018 with SD 0.08 and the sensors
with the 11 nm alumina coating a mean value of 0.015 with SD 0.03. After the period of one
month uncoated sensors increased their resistance by 12% (SD of 2.1). After the passing of 3
months period 6 out of 10 sensors increased their resistance by 59% (SD of 5.6), while 4 sensors
were not operational. The GF of the operational sensors changed by 10 and 40% after 1 month
and 3 months respectively. For the 5 nm alumina coated sensors the GF increased by 6% (SD of
2.4) after one month. After 3 months 7 out of 10 sensors increased their resistance by 21% (SD
of 4.3), while 3 sensors were rendered useless. The GF of the operational sensors changed by 5
and 15% after 1 month and 3 months period respectively. Finally, the 11 nm alumina coated
sensors featured an increased resistance by 1% (SD of 0.8) after one month, with 9 out of 10
sensors still remaining operational. After three months their resistance increased by 4% (SD of
1.4) and the same sensors still remained operative; the GF of the operational sensors changed by
1 and 2% after 1 month and 3 months period respectively. This resistance change resulted in a
change in GF, making many of the uncoated sensors useless, while the majority of the protected
sensors remained functional. Sensors with a 5 nm alumina coating featured again a significant
change in resistance (especially after the three months period), indicating insufficient protection
against humidity. On the contrary, the alumina coating of 11 nm thickness prevented large
resistance fluctuations, prolonging the operational lifespan of the fabricated sensors. The above
results indeed confirmed the need for an alumina protective film, not only as a protection against
humidity but also as a mean to extend the operational lifetime of the sensors’.
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Figure 3.17: Relative resistance change over time. Sensors’ resistance was measured after one day,
one month and three months for sensors without alumina coating (uncoated) and with 5 nm and 11 nm
alumina coating. [41]

3.7. Conclusions

As foresaid in the beginning of the chapter, the previously reported model for electronic
conduction in these films, which is based on electron tunneling between NPs [28], is adequate
to describe cross-linked NP strain sensors and has been in use so far. However, it needed to be
revisited and modified in order to include and explain how naked NP devices behave. The
striking difference arises from the uniformly 2-D interconnected network that is being formed
just after cross-linked NPs being deposited, while naked NPs are randomly being deposited. As
a result, for higher strains new gaps between NPs are created, increasing the sensitivity. Our
model takes into account the properties of naked NPs, so creating an appropriate tool for the
respective strain-sensing devices while, at the same time, offering significant insight into their
physical properties.

Apart from that, we performed a technical study of solvent-free NPs based strain sensors by
investigating protective coatings against R.H., the limitations they exhibited and the eventual
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optimization of the devices. To that end, we investigated the environmental stability of solvent-
free NP sensors as well as the effectiveness of the proposed model to fit experimental data, by
exposing the sensors to adverse conditions. As the sole protective coating against humidity we
used alumina deposited via the ALD technique. The alumina layer was evaluated as far as its
protective qualities against the effect of fatigue, of under varying relative humidity conditions
for both unstrained and under applied strain devices.

Resistance variance of alumina-free and alumina-coated devices, in varying relative humidity
conditions and before any fatigue experiments, has been compared to their resistance variance
after the fatigue experiments. These results associate alumina thickness with device endurance
for varying humidity concentrations and stability over long periods of time. Such results prove
that an alumina film thickness of 11 nm fabricated at 150 °C can effectively protect flexible NP-
based strain sensors from humidity, even after repeated device-bending.

This work was published in the scientific journal Sensors [41].
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Chapter 4: Monte Carlo Simulations

4.1. Introduction

As seen in the previous chapter, NPs have been proven a highly promising sensing material
for sensor sensitivity enhancement [1-3]. Although different kind of sensors have taken
advantage from the use of NP films [4-16] to demonstrate high sensitivity, strain sensors have
gained interest years due to their application in a plethora of different application areas [17-24].

While trying to create more sensitive sensors arose the need of creating a simulation tool,
capable of predicting the sensitivity of various NP films. We explained in the previous chapter
how we developed strain sensors based on platinum NPs (Pt-NPs) on flexible substrates [5],
resulting in GF of 26. The gas phase condensation technique was used for the manufacture of the
NPs, which offers control over NP density as well as NP diameter® [25].

In order to increase the NP strain sensors’ performance it is imperative to understand the
underlying physical mechanisms that control their sensitivity. In this chapter we present a Monte
Carlo simulation tool (implemented in Matlab) that was developed in order to calculate the
sensitivity of NP strain sensors. The high advantage given by simulation is that, once
benchmarked with experimental data, it makes it possible to perform a large number of low-cost
and fast turnaround ‘experiments’ giving so a positive feedback to new real experiments. The
Monte Carlo method is on the other hand a simple deterministic method [26], which has been
used to simulate a variety of phenomena [27-30] and has been adopted herein to describe the
random nature of the Pt-NPs deposition process.

The developed simulation tool inputs includes the nanoparticle diameter dimension and their
surface coverage as well as the strain value, whereas the tool’s output provides the resulting
resistance value and the gauge factor. Although the followed methodology for the achievement
of the calculation is being extensively presented in the ‘Simulation Methods’ section of this
chapter (pp. 66), we can briefly mention that it is achieved through the calculation of all
conductive paths and their resistance value. Xiaojuan N. et al. [31], at their 2018 study, have also
reported an approach that calculates the resistance of an array of 1D and 2D conductive
nanofillers within a polymer, using the Monte Carlo simulation tool, while at their study one year
later, they extended to 3D networks [32]. Park et al [33] have also used Monte-Carlo simulations
in order to compare with experimental data in a system with similar materials. In these studies,
the array of nanofillers is transformed into a resistor network and the resistance is calculated by
solving the Kirchhoff’s current equations through Gaussian elimination. This study and for the

81t should be noted that the deposited NP layer is of 2D nature, having a diameter of Pt-NPs ranging
from 2 - 5 nm depending on the deposition process parameters.
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purpose of simulating our 2D experiments, the NP network is also being represented as a series
of resistors.

This study differentiates from the above- mentioned in terms of the methodology being used,
as the linear equations were not solved by Gaussian elimination. Instead a different methodology
is being presented (pp.) that calculates the Laplacian Matrix from which we extract the effective
resistance between two nodes by calculating the Moore — Penrose pseudoinverse matrix [34 -
37]. The advantage of this approach is the significant amount of computer processing time being
saved and thus the ability of conducting an abundance of simulation experiments without loss of
accuracy. This simulation tool has been used to compare its results with experimental data
obtained with strain sensors developed using the gas condensation technique for the deposition
of platinum NPs on flexible substrate. Following this benchmarking step, we then investigated
the effect of substrate coverage and nanoparticle size on sensor sensitivity. The results reviled
that the sensor sensitivity can be precisely tuned from the above parameters within the chosen
experimental platform. It should be remark that although the main usage for the simulation was
—for our team- the comparison of sensors developed on polymeric substrate. Nevertheless, the
specific approach is applicable for any substrate material and can be extended to tackle a variety
of other similar systems like nanocomposite materials filled with metallic NPs or nanowires for
flexible and stretchable electronic applications.

4.2. Simulation Methodology

This simulation approach is based on a 2D (n x n) matrix which represents the simulation area.
The matrix is consisted of unitary cells (n x n), where each unitary cell covers a surface of 1 nm>.
Assuming that the NPs are deposited uniformly, then the simulation area is only a fraction of the
sensors’ sensitive area and thus it represents only a fraction of the total resistance. Thus, a small
part of the sensitive area is simulated, reducing the required simulation time and processing
power. Then the total resistance can be calculated by extending the simulated area of the device,
over the entire device-surface; this results in a network of resistors in series as well as in parallel,
the total resistance of which can be easily calculated.

The first step of the simulation is to randomly place Pt-NPs - with a mean diameter (size) of
4 nm and standard deviation of 0.8 nm (Fig. 4.1(a)) - over the simulation area. This step is
achieved with the Monte Carlo method where in each simulation cell there is a predetermined
probability. A random number generated by the code is compared with the probability and if the
probability is, then this cell will be the center of a spherical NP. The next step is to initiate a search
process for the conductive paths between the edges of the simulated area (Fig. 4.1(c)).
Conductive paths should have a length of no more than one empty unitary cell (in the case of
vertical and parallel resistances), as can be seen in Fig. 4.2(a); diagonal conductive pathways,
should also not exceed the length of the pathway represented by resistance Ras in Fig. 4.2(a).
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Figure 4.1: a) Simulation of the Pt-NP deposition, blue color represents the NPs and white the
substrate, b) TEM image of Pt-NPs, c) Conductive path of Pt-NPs. Red colour represents the NPs that are
contributing to the conductive path [38]

The conductive paths are calculated in three steps. The first step is to calculate the path from
the bottom to top the electrode. The second is the exact opposite procedure i.e. top to bottom
electrode and finally the overlap between the paths this produces the final conductive path as it
is illustrated in Fig. 4.3(a) and 4.3(b). By reversing the first two steps we obtain the exact same
result. Which is not unreasonable because the real sensors do not have polarity. After the
conductive path calculation, the code calculates paths resistance. The path is then translated into
an equivalent circuit by considering that the NPs and the NP- islands define the nodes and the
inter-particle gaps define the resistances (Fig. 4.2).
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Figure 4.2: a) Schematic representation of the resistances between NPs and NP-islands, b) their
equivalent circuit. [38]
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Figure 4.3: Calculation of the conductive path. a) Calculation of the path from the bottom electrode
to the top (green) and from the top to the bottom (pink). In the first case the two paths do not overlap
and there is no connection between the two electrodes. In the second case b) the two paths partially
overlap, therefore producing the red path, which is conductive Blue represents the NPs that do not
contribute to either paths [38]

Each resistance can be then calculated by the equation (3.6). In the following table are listed
the physical constants values that were used in the simulations.

Symbol Value Units
Poisson ratio of kapton \ 0.278 | -
electron charge E 1.60217662*10%° | C
vacuum permittivity €0 8.854878128*10%2 | C?/(Nm?)
relative permittivity of air E 1.000589 | -
Boltzmann constant Ko 8.617333262145*107 | eV/K
Temperature T 300 | K
electron coupling term B 28 | 1/nm
pre-exponential constant Ro 8.5*10% | Ohm

Table 4.1: Table of constants [38]

Resistance’s value is calculated based on its orientation. For example, resistances Riz, Ris, Rss
etc. in the illustrating example of Fig. 4.3 are vertical to the electrodes; resistances Ris, Rss are
parallel to the electrodes and finally resistance Rzs has a diagonal orientation. The next step is
the calculation of the effective resistance of the entire circuit. Because of the complexity of the
circuits that are generated by the conductive paths, the effective resistance is calculated with the
use of the Laplace (Kirchhoff) matrix. The most common method to calculate the resistance in
complex circuits is to calculate the current that flows through the circuit via the Kirchhoff
equations. Usually a large number of equations must be solved in that case and thus the
computational time becomes exceedingly large.
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The resistance is calculated with the use of the Laplacian Matrix L%, which is defined by the
following equation [34 - 37]:

w Cij = Zcij, ifi=j (4-1)
Lij = i

_Cij' lfl -_/:_]

Where ¢jj is the conductivity between the nodes i and j. The Laplace matrix could be also
created by applying the Kirchhoff’s Current Law (KCL) and the Kirchhoff’s Voltage Law (KVL).

/@\
Oy @

Figure 4.4: Example of three nodes connected each other with a resistance of 1 Ohm [38]

For example in Fig. 4.4 three nodes are represented (namely 1, 2 and 3), each one connected
with the other with a resistance of 1 Ohm. If the current flow from node-1 to node-2 is denoted
by I, then the effective resistance is calculated by the application of the KCL:

i12 + i13 = I
i21 + i23 = —] (42)
i31 + i32 =0

Combing with Ohm’s Law:

12 = C12(v1 — V) (4.3)

Where cj = 1/rjj, which in this example is equal to 1 S. The above equations become:

27.71 — VU, — V3 = 1
—V1+2v, — vy = (4.4)
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This can be written in matrix form as follows:

2 -1 -1l I (4.5)
R KRR
-1 -1 211lvs 0

CV =1 (4.6)

The matrix Cis the weighted Laplacian matrix for the system, while it satisfies the Ohm’s Law
(4.3). The matrix L* is symmetric and the sum of all rows and columns equals to zero. In order to
calculate the effective resistance we must apply the KCL and the KVL. If a voltage source is being
connected between the nodes a and b, then the KCL will be written as:

I ifi=a (4.7)
I I, ifi=»b
i,j EN() 0, otherwise

Where N(i) is in the neighborhood of the values of node i. Equation (4.7) expresses that the
current flow into a node equals the flow out of it. Combining (4.7) with ¢; = 1/rj

I, ifi=a (4.8)
Z (vi = vj)eij = v Z Cij — Z vicij =y —1, ifi=b
i.j EN() jEN(D) JEN(D) 0,  otherwise
LYv =1(e, — ep) (4.9)

Where e; is the base vector with value 1 in position i and zero everywhere else.

v=I(I")* (e, — €p) (4.10)

Where (L")* is the Moore-Penrose pseudoinverse Laplacian matrix. From Ohm’s Law:
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_Va— Vp (4.11)

v
Ryp = (ea - eb)TT (4.12)

Combining equations (4.10) and (4.12):

Rab = (ea - eb)T(LW)+(ea - eb) (4-13)
Rap = (L")da — 2(L")gp + (L)} (4.14)

Where (L%)*; is the ij element of the Moore-Penrose pseudo-inversed Laplacian matrix.
Equation (4.14) gives the effective resistance between nodes a and b. This method is much faster
than solving equation (4.6) and calculates all currents and voltages of the circuit. However, we
note that the proposed method is useful if resistance is the only quantity of interest, the case
herein, or in similar problems. If physical quantities such as currents and voltages must be also
calculated, the equation (4.6) must be solved analytically.

From equation (4.14) the effective resistance between nodes a and b can be calculated. If we
assume that nodes a and b are the electrodes, equation (4.14) calculates the resistance
corresponding to the entire simulation area. After the calculation of the initial resistance, strain
(v) is applied to the entire simulation area. The unitary cells change their dimensions from 1 nm
x 1nmto (1 +ds) nm x (1 —ds’) nm where ds is the unit length change due to the application of
strain and ds’ its corresponding change due to Poisson ratio of the substrate. While the
simulation area is under strain, the nanoparticles are considered pinned at their initial positions.
After each step, the Laplacian matrix is updated and the resistance is recalculated.

The GF of the sensor is then calculated by the following equation:

AR
6r =Ly (4.15)

Fig. 4.5 presents the flow chart of the simulation process. The entire simulation code is
attached in appendix A.
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Figure 4.5: Flow chart of the simulation. [38]

4.3. Results

4.3.1. Comparison of simulation and experimental results

The simulations were compared with experimental data from chapter 3 on NPs between
interdigitated electrodes strain sensors made on kapton substrates [5], in order to benchmark
the simulation results. Along these lines, inter-finger spacing was set to 10 um, electrode width
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was 3 cm while NP mean diameter was 4 nm and the surface coverage was 50%. The relative
resistance change, which determines the sensitivity, is given by the following equation:

AR (Bds) e? (1 1 ) " (4.16)
R—exp,BseXp 8meegK,T)\r+s r+s+ds

Where ds is the additional length between the nanoparticles due to strain. Equation 4.16
shows that AR/R is highly dependent on 8 value. Fig. 4.6 shows a fitting of experimental data
using a nanoparticle strain sensor with the simulation results from which the value of 8 is
determined to be 28 nm™.

Xperiments|:
imulation [t

o T

AR/R%

strain%

Figure 4.6: Comparison of the experimental data (red) and the simulation results (black). [38]

The simulation results and the experimental data have great agreement regarding the
sensitivity. The initial resistance of the sensors is also in great agreement with a mean value of
500 kQ for both experimental and simulation results.
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4.3.2. Surface coverage calculation

Sensors based on nanoparticles exhibit their optimum performance in a specific surface
coverage working window. In this working window the NPs must be dense enough to create a
conductive path from one electrode to the other, but at the same time not to create short-circuit
between the two electrodes. The working window was realized by calculating the probability to
form a conductive path that does not create short-circuit between the two electrodes, after
performing 100 simulations for NPs with mean diameter of 2, 4, 6, 8 and 10 nm and with varying
surface coverage. The probabilities have been calculated with reference to the total number of
simulation runs (i.e. 100). To calculate an accurate working window, an acceptable percentage of
devices with a conductive path (and without a short circuit) must be chosen. In this case, the
percentage is chosen to be above 50% for every surface coverage and NP mean diameter. The
next step is to estimate the surface coverage working window in which the Gaussian distribution
function value is greater or equal to 0.5 -probability greater than 50% (grey area in Fig. 4.7). We
remark that the percentage of 100% was not chosen since in some cases, e.g. for the NPs with
mean diameter of 6, 8 and 10 nm, this value cannot be reached; a probability equal or higher
than 50% can be attained by all the NP mean diameters and is also large enough to ensure that
the majority of the simulation-runs will return a useful result.
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Figure 4.7: Gaussian distribution function of the probability for sensors with NPs mean diameter of
a)2nm, b) 4 nm, c) 6 nm, d) 8 nm and e) 10 nm. The grey area indicates the working window for each

NPs film. [38]
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Table 4.2: Results of the working window for each NP mean diameter. [38]

Table 4.2 shows the results of the working window for each NPs mean diameter. The width
of the window is 9 %, 7 %, 7 %, 7 % and 6 % for NPs with mean diameter of 2 nm, 4 nm, 6 nm, 8
nm and 10 nm respectively. The gradual reduction of the working window is due to the increase
of the mean surface of the individual NPs. As can be seen in Fig. 4.8, films with larger NPs resulted
in larger surface coverage with fewer NPs, which is to be expected. In addition, for conductive
devices with larger NPs (NP mean diameter 2 6 nm) any additional NPs lead to the creation of a
short-circuit.
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Figure 4.8: Number of NPs in films with mean diameter of a) 2 nm, b) 4 nm, ¢) 6 nm, d) 8 nm and e)
10 nm with surface coverage of 51%, 55%, 63%, 68% and 71% respectively. Each one of them have

standard deviation of 0.8. [38]
4.3.3. Predicting sensor sensitivity through Simulation

Simulation tool can be used to explore the impact of a large number of parameters on device
performance. That process that can be cumbersome or impossible if it is to be performed
experimentally. The simulation tool presented herein has the capability to predict the
sensitivities of NP based sensors with varying NP mean diameter and surface coverage. After the
calculation of the working window for different NP mean diameter, the sensitivities of the
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corresponding sensors have also been calculated. Fig. 4.9 shows the sensitivities of different
sensors, within their corresponding surface coverage working-windows.
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Figure 4.9: Sensitivities of sensors using NPs films with NPs mean diameter of a) 2 nm, b) 4 nm, c) 6
nm, d) 8 nm and e) 10 nm. [38]

The shape of the conductive paths (Fig. 4.10) as well as the number and distribution of inter-
particle gaps in vertical/diagonal and parallel (Fig. 4.11 and 4.12), can explain the sensitivity
variations as seen in Fig. 4.9. As the NP surface coverage increases more inter-particle distances
are introduced (Fig. 4.10(a) and 4.10(b)), contributing to the formation of additional conductive
paths. These new inter-particle distances can again be matched with vertical, parallel or diagonal
resistances. Vertical and diagonal resistances increase in value with the application of strain while
parallel resistances decrease, according to the Poisson ratio. Analytical calculations of the overall
number of vertical/diagonal and parallel paths, for varying NP mean diameter and surface
coverage can be seen in Fig. 4.11. As shown in Fig. 4.11(a) and 4.11(b) for NPs of 2 and 4 nm in
size, the addition of new inter-particle distances with reinforcing effect to the sensitivity (vertical
and diagonal resistances) is more likely than the addition of ones that decrease the sensitivity
(parallel resistances); this holds true up to a certain surface coverage value that depends on NP
mean diameter. Fig. 4.11(a) and 4.11(b) show that the rate of change for parallel resistances is
lower than the one for vertical/diagonal resistances, for increasing surface coverage. Thus, as the
surface coverage increases sensitivity will also increase, since vertical/diagonal resistances
contribute constructively in device sensitivity. After a certain surface coverage, the overall
number of resistances decreases and the sensitivity remains constant henceforth, since both
resistances now show a similar rate of reduction. In the case of devices with NPS of 6 and 8 nm
in size sensitivity can be seen to fluctuate around two distinctive mean values, while in the case
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of 10 nm its value remains relatively constant (Fig. 4.9(d) and 4.9(e)). In the case of 10 nm NPs,
device sensitivity can be seen to be more stable with less abrupt changes while it fluctuates
around specific mean values of GFs (Fig. 4.9(d) and 4.9(e)). The latter goes hand in hand with the
small fluctuation in the difference between vertical/diagonal and parallel paths (Fig. 4.11(e)) and
the small fluctuation in the total number of resistances (Fig. 4.12(e)) as well as their small value.
Increasing NP size leads to ever smaller number of required NPs for conductive pathway
formation, as well as to smaller numbers of inter-particle resistances. In addition, the sensitivity
jump that is observed for a surface coverage of 59% and 65% in the case of 6 and 8 nm NPs
respectively, can be again attributed in the respective increase in the absolute number of
vertical/diagonal resistances in relation to parallel resistances (Fig. 4.11(c), 4.11(d) and 4.12(c),
4.12(d)).
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Figure 4.10: Conductive paths (red) for NPs mean diameter of 4 nm for surface coverage of a) 49%,
b) 52% and c) 55%. Conductive paths for NPs with NPs mean diameter of 8 nm for surface coverage of d)
63% e) 66%. [38]
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nm and e) 10 nm. Error bars represent the standard deviation after 100 simulations. [38]
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diameter

Figure 4.13: Sensitivity of one NP sensor (red), mean value of NP film sensor (black). [38]

The maximum AR/R% can be achieved if a single nanoparticle is placed between two
electrodes and for a small tunneling-distance (0.5 nm); in this case the distances between particle
and electrodes are defined as “vertical”. Fig. 4.13 shows simulation results comparing the
sensitivity of a single-NP sensor and sensors with NP-films, for varying NP mean diameter. The
results for a single-NP sensor are obtained using equation (4.17), which depends from the values
of 8 and r. The inter-particle distance s was kept constant for all NP mean diameter. As can be
seen in Fig. 4.13, sensors with NP-films show a different trend from the single-NP sensors. Both
sensitivities start with large values, because of the very small mean diameter of the NPs, and then
gradually decrease. The sensitivity of the single-NP sensor approaches the value of 30 while the
GF of the NP-film sensor first decreases and then slightly increases approaching the same value
with the single-NP sensor. The initial sensitivity decrease of the NP-film sensor is due to the
addition of parallel inter-particle gaps, which decrease the relative resistance change value. After
the NP mean diameter becomes greater than 6 nm the sensitivity increase approaches the same
value as the single-NP sensor. This increase is due to the saturation of the NP films, which causes
the majority of the inter-particle gaps to be vertical rather than parallel. As the NPs’ mean

III
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diameter increases, more inter-particle distances disappear and both sensitivities approach the
same value.

Sangeetha et al [39] and Hermann et al [40] found that as the NP diameter increases, the
sensitivity should also increase. Their finding is based on the following argument: the NPs have
surface coverage of 100%, making it possible to express the length of the sensor in relation to NP
diameter as the next equation shows:

L=N(r+s) (4.17)

Where L is the sensors’ length and N the number of NPs. The GF then is given by the following
equation:

GF = B(r+5s) (4.18)

Equation (4.17) holds true only if L can be expressed in proportion to the number of NPs.
When the NPs do not cover the entirety of the surface and the electron transfer from one
electrode to the other does not follow a straight path, equation (4.17) is not valid and neither is
equation (4.18). As it is shown in Fig. 4.10(c) and 4.10(a) for small NP diameter and small surface
coverage, the conductive path can rarely be a straight line. Consequently, it is not possible to
express the length of the sensor using equation (4.17) and therefore the GF does not depend
from the diameter of the NPs. However, as the NPs mean diameter increases and their working
window shifts to larger surface coverage values (Fig. 4.10(d) and 4.10(e)), almost all NPs are
contributing to the conductive path and equation (4.17) can describe the length of the sensor.
However, the inter-particle distance | is not always the same and a mean value should be
calculated. Fig. 4.13 shows that the GF of NP-film sensors begins to depend from NP diameter
when this is larger than 6 nm. In this case, the NPs contributing to the conductive path can be
described by equation (4.17) hence sensor sensitivity depends from the diameter of the NPs.

4.4. Conclusions

The Monte Carlo simulation tool was deemed necessary as to calculate and predict the
sensitivity of NP strain sensors. Although this method has been used in the past in this chapter
we presented a different methodology that allows faster computing processing and consequently
more simulation experiments, without sacrificing accuracy.

During this study we used Platinum NPs as sensing material and kapton as the substrate,
however the tool can be used with different materials and a large range of application from the
calculation of the sensitivity to the calculation of percolation threshold.
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The Monte Carlo simulation tool can be used to predict the optimum surface coverage so as
to obtain the highest sensitivity when the size of the NPs is known. Apart from that it can be used
as a mean of predicting the sensitivity of the sensor for various NP sizes, and define the optimum
surface coverage for each one of them. All of the above could be very useful for optimizing the
fabrication of NP strain sensors, given the variety of application areas and the ever-growing need
of energy saving, cost reduction and increased needs of everyday life.

This work was published in the scientific journal Nanotechnology [38].
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Chapter 5: Crack-based Strain Sensors

5.1. Introduction

As presents so far, flexible sensors are becoming more are more important in the number of
application fields [1-7]. Especially, the high sensitivity of NP sensors to a plethora of different
stimuli [8-21] -and particularly NP strain sensors, which are more sensitive than sensors made
using continuous metal films- have enabled new applications, such as the detection of small
human motions [22, 23]. Chemically grown [9, 24] and sputtered [25, 26] metal NPs have been
used as sensing materials, taking advantage of the exponential dependence of their resistance
on strain [9] and resulting in high sensitive piezo-resistive strain and pressure sensors[27].Up to
now we have demonstrated the behavior of Pt NPs based sensors both based on a simulation
model and experimentally. However, their sensitivity remains under 100. In chapter three we
showed that when alumina was used as protective layer against RH, in some cases cracks are
noticed to be developed. Hereafter we are going to demonstrate how we used this exact property
of alumina (the development of cracks) to increase the sensitivity of our Pt NPs sensors.

Crack-based sensors [28-30] have been reported to exhibit very high GF which have
intensified the need of further studies [31-34]. Most research groups studying the influence of
cracked metal films on strain [29, 35-43], attribute the increased sensitivity on the gradual
opening of the cracks which results in the break of the continuity of the metal film which greatly
increases the resistivity of the strained film. However, metal film crack based sensors’ technology
does not exhibit increased sensitivity throughout a large sensor operating range. As sensitivity
depends on the differential resistance change over the applied strain, , it is very high when the
cracks are open, whereas for small deformations the continuity of the film is not particularly
disturbed so sensitivity remains relatively low. Zou et al [36] managed to develop a crack-based
strain sensor on a polydimethylsiloxane (PDMS) substrate with crack formation that could be
predicted, which is capable to achieve GFs up to 2585 when strain is larger than 60%. In their
study, Kang et al [28] first demonstrated a crack-based strain sensor on a polyurethane acrylate
(PUA) substrate with a GF of 2000 for strains up to 2% and Li et al [39] developed a crack-based
sensor on PDMS using a cracked Ag film as sensing material, achieving so GF of 44013 for a strain
value of 0.88%. Han et al [29] also deposited Au on a PDMS substrate, achieving this way a GF up
to 5885.59 for strain values between 1.5% and 2% and a GF up to 945.65 for strain values
between 0% and 1.5%.

The first to report the use of NPs in a crack-based sensor was Schwebke et al [44] in 2018.
They studied the behavior of Pt NPs embedded in boron nitride as well as in aluminum oxide films
as strain sensors on polyimide substrates. They demonstrated how the presence of Pt NPs within
the alumina film results in crack formation, which highly increases sensor resistance. Puyoo et al
[45] have further explored the effect and developed a crack-based strain sensor with Pt NPs into
an ALD alumina film on polyimide substrate, achieved a very high GF of up to 20000, at strain
values of 0.3%. The disadvantage of their method was that the NPs were buried into the alumina-
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film, having as a result a very high initial resistance (220 MQ) and a very low working strain
operating range (of just 1%).

In this chapter we are going to demonstrate how a flexible strain sensor based on the use of
both NPs and cracks was developed by our team. To achieve this we deposited thin films of Al203
(alumina) on a polyimide substrate with various thicknesses (between 6 and 20 nm) and
mechanically cracked by intentionally applying strain. Pt NPs were deposited on top of the
cracked alumina film as to act as a sensitive/conductive material. We deposited two different
surface coverages of Pt NPs, namely a sparse and a dense one. The sparse corresponds to a
surface coverage of around 49% which is right below the 50% percolation threshold of the
system. The dense one corresponds to a surface coverage of 73% which is exceeds the
percolation threshold. The resistivity of the sparse NP films is determined by the inter-NP
distance while their initial resistance was about 600 kQ. After the application of strain the cracks
begin to widen and therefore the distance between NPs is further increased, having as result an
increase of the sensor’s resistance. As far as the dense NP films is concerned, the NPs are in actual
contact and their sensitivity is determined mainly by the crack opening itself and the strain
applied to the sensor. Their initial resistance was about 20 Q and by the application of 7.2% strain
their final resistance reached values up to 700 MQ. This gave as a colossal GF of 2.6 x 108, which
is the highest ever to be reported. This GF is due to the small initial sensor’s resistance and the
fact that the cracks have disrupted the continuity of the NPs film, having as a result an enormous
increase of the sensor’s resistance.

In the case of sparse NP films, we managed to achieve a maximum GF of was 2795 for a strain
value of 7.2% while GF values larger than 100 were achieved for small strain values down to 0.1%.
For both in the case of sparse and dense NPs films, the sensitivity can be controlled by the
thickness of the cracked alumina film. The thickest alumina films (20 nm) result in wider crack-
openings, which gradually increases the sensor’s resistance values and consequently its
sensitivity.

In short, in this chapter we present the development of an extremely sensitive strain sensor
through the combination of two thin film layers deposited on a flexible substrate, the bottom
one being a cracked alumina layer and the top a 2-D metallic nanoparticle network. In contrary
to other publications which employ NPs as the conductive layer of a crack-based sensor [45], this
work does not use NPs embedded in the oxide layer rendering their density easily controlled.
Sensor sensitivity can be tuned by the adjustment of alumina thickness and nanoparticle density,
which offers a unique versatility to the proposed configuration for use to a large range of
applications.

It's noteworthy that sensor that is being proposed could be used in applications were high
sensitivity is necessary, particularly in a small strain regime, such as in biomechanical detection
[46] or the detection of cells in a microfluidic channel [47]. Lastly, the employed techniques for
device fabrication (ALD, sputtering) are compatible with batch-processing and are therefore
suitable for manufacturing of low cost devices.
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5.2. Sensors fabrication

All sensors have been fabricated using flexible polyimide (kapton) substrates, of 125 um in
thickness. Alumina thin films of various thicknesses of 6 nm, 10 nm and 20 nm, have been
deposited using an RS-200 Picosun ALD system. The alumina thin films are fabricated by feeding
the system with specific precursors, namely tetramethylaluminum (TMA) and deionized water
(DI water), as discussed in chapter 2. During the deposition, the ALD reactor was under a 10 mbar
pressure and under a constant flow of 300 sccm of 99.999% purity N2. Each ALD cycle featured
an exposure time of 0.1s (for both TMA and DI water), while the purge time was 10 s for TMA
and 15 s for DI water. The deposition temperature was 80 °C, for all ALD cycles (60, 100 and 200).
The overall thickness of the deposited film is determined by the number of cycles as well as the
temperature, resulting thicknesses of 6 nm, 10 nm and 20 nm for 60, 100 and 200 cycles
respectively. Furthermore, Pt NPs with a mean diameter of 4 nm and standard deviation of 0.8
were deposited on top of the alumina films, using a modified DC magnetron sputtering system
(Chapter 2). Each alumina thickness and surface coverage of the Pt NPs, ten sensors were
fabricated. The next step is the deposition of two gold electrodes on top of the NP film, using an
electron-gun evaporator and a shadow mask. An adhesion layer of 4 nm thick Ti were deposited
prior to the Au deposition (Fig. 5.1a). The electrodes were 40 nm thick, 4 mm wide and with a
150 um inter-electrode gap (Fig. 5.1b). Prior to any strain-sensing experiments, the sensors were
submitted in 200 strain cycles (strain between 0 and 7.2%) in order to create cracks in the entire
thickness of the alumina film. When the cracks are eventually formed, the initial resistance
increased slightly since even for zero deformation probably the cracks remain slightly open. Also,
during the first application of strain the cracks are not formed in the entirety of the alumina film;
this can be observed from the ever-increasing resistivity and sensitivity of the sensor during the
following stress cycles. When the sensitivity stops to increase, which in this case is around 200
cycles of strain up to 7.2%, the cracks have been formed throughout the entire alumina film and
the sensors are ready to be measured.
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Figure 5.1: a) cross-section schematic of the sensor. b) Top-down schematic of the sensor. Red
arrows represent the conductive paths on the Pt NPs film. c) Cross-section schematic of a flat sensor (no
strain). d) cross-section schematic of a bended sensor and a crack opening. [48]

In addition to the above sensors, reference samples —without alumina layer- were also
fabricated. The sensitivity of the sensors was calculated by monitoring their resistance under
gradual application of strain. The resistance of the devices was measured with a Keithley 2400
multimeter by measuring the current under a DC voltage of 1 Volt. Strain was applied using a
homemade stage capable of applying strains up to 1.17%. Ambient conditions like temperature
and relative humidity that NP films are sensitive to [49, 50], are eliminated by conducting the
experiments under constant relative humidity of 45% and at a temperature of 20° C. Strain
sensing experiments were conducted by fixing the sensors on a PCB for more uniform strain
application; the application of strain was made by using a micro-vernier and a stepper-motor that
was controlled by Arduino Uno and a home-made software. The Resistance of a NP based device
is given by the equation (3.6). If cracks are present in the alumina film, the bending of the device
will result in an anisotropic opening of the cracks (Fig. 5.1c, d).

The “top” of the crack will feature a larger opening than the bottom (Fig. 5.1d). The NPs have
been deposited only on top of the alumina film and not inside the cracks; as a consequence, when
strain is applied the cracks will begin to emerge, imposing an increased inter-NP distance than
what would be achieved if the NP layer layer has been deposited directly on top of the flexible
polyimide substrate. The opening in the “top” area of the crack is determined by the thickness
“d” of the cracked alumina film and the applied strain. The distance s + d/ on the “top” opening
(Fig. 5.1d) is much larger than the distance s + ds, where ds is the extra distance due to strain,
resulting in strain sensors with great sensitivities. As far as the sensors with dense NPs are
concerned, their behaviour is similar to the continuous metal foil films. Their initial resistance is
around 20 Q which is a major advantage in comparison to the sparse NPs sensors and feature an
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extremely high sensitivity. Due to the fact that sensitivity is determined by equation 3.9, a low
initial resistance combined with a very high final resistance (because of crack openings) will result
in an extremely high AR/R%.

5.3. Results

5.3.1. Sparse NP sensor

Fig. 5.2 shows the sensitivity of the sensors with sparse NPs; each point in the graphs shows
the mean value obtained after measuring 10 same sensors (with the same alumina thickness),
while the error bars is the standard deviation of the measurements. In Fig. 5.2a the reference
sensor (without alumina coating) can be seen while Fig. 5.2b to 5.2e show the crack-based
sensors. Each of the crack-based sensors graph is divided in three areas with different sensor
sensitivity. In the case of the reference sensor, the two measured sensitivities are attributed to
the new inter-particle gaps that have been created due to strain [26] as discussed in chapter 3.
On the other hand, the three areas that are observed in the crack-based sensors are due to the
crack formation. As can be seen in Fig. 5.3, the cracks do not form a straight line but they have
an asperity. However, the cracks are formed parallel to each other (and parallel to the electrodes)
and vertical to the applied strain. When no strain is applied, there is a maximum number of
conductive paths (Fig. 5.3a); as strain is gradually applied, cracks in the alumina film begin to
emerge, resulting in the “collapse” of some of the conductive paths (Fig. 5.3b). As long as the
crack opening “x” is smaller than the crack asperity height “h”, a finite number of conductive
paths will remain active (areas marked in yellow, in Fig. 5.2 b-e). Any further application of strain
will cause “x” to become larger than “h”, resulting in the discontinuation and ultimately the
collapse of the majority of the conductive paths (Fig. 5.3c). However, some conductive paths will

91



remain, forming conductive charge-pathways via the tunneling effect; this corresponds to the
pink color areas of Fig. 5.2.
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Figure 5.2: AR/R% over strain% graphs for Sparse NP sensors and strain values up to 1.2% a)
reference sensors without any cracks, b) sensors with 6 nm thick, cracked alumina, c) sensors with 10
nm thick, cracked alumina, d) sensors with 20 nm thick, cracked alumina, e) comparison graph for all the
above mentioned sensors. [48]
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Figure 5.3: Schematic representation of conductive paths and crack asperity. a) Conductive paths
when no strain is applied, b) Conductive path collapse when the crack opening is smaller than the crack
asperity. c) Collapse of the majority of conductive paths when the crack opening is larger than the crack

asperity. [48]
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strain
%

thickne 0.1 0.2 0.3
55

0 nm 27

6 nm 26

10 nm 37

20 nm 143

Table 5.1: Table with sensors’ sensitivities (GF) across the strain range 0.1 — 1.2%. [48]

Table 5.1 shows sparse-NP sensor sensitivities across the strain-range of 0.1-1.2%. The results
shows that sensors with thicker alumina films (10 nm and 20 nm) show increased sensitivity for
smaller strain values than sensors with the thinner alumina film (6 nm). More specifically, sensors
with 20 nm thick alumina film achieve GFs up to 1652 for strain values higher than 0.5% while
sensors with a 10 nm thick alumina film achieve a GF of 1406 for strain values higher than 0.6%.
Sensors with thinner alumina films achieve best sensitivity for increasingly larger strain values. In
any case, the sensitivities of crack-based strain sensors remain larger than what can be achieved
without cracks. It is then clear that by controlling the alumina thickness, sensors with high
sensitivities in specific strain ranges can be developed so as to address the needs of the desired
application.

Sensor sensitivity should be further increased if thicker alumina films are employed.
However, since the NPs have been deposited only on top of the alumina film and not inside the
cracks, the resistance of the device strongly depends on the crack opening “x” which in most
cases represents an interparticle gap. The crack opening in the case of even thicker films becomes
very large for increased strain values and terminate all the conductive paths, rendering the sensor
useless and with a limited working range as it is illustrated in the following experiments.

5.3.2. Calculation of strain from the bending angle

Fig. 5.4 shows a graphic representation of a bended substrate. Tensile and compressive
stresses will be applied to the substrate causing the upper surface to increase their distance from
lo to I’. Uniform substrates remain unstrained at their medium (lo in Fig. 5.4).
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Figure 5.4: Schematic representation of a bended substrate with d thickness. [48]

The distance Ip is given by the following equation:

Where ¢ is the angle corresponding angle of the arc length. The distance I’ can be calculated
by the equation:

(5.2)

d
I'= (R, + )b

Strain is defined by the following:
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I'— 1, (5.3)

€= L
By applying (5.1) and (5.2) to (5.3):
(R, + %)9 — RO 4 (5.4)
€= R,6 ~ 2R,

Since radials R; R2 Rz are much larger than the thickness d it can be therefore assumed that
they are all equal to R;, if the sensor is bent according to what can be seen in Fig. 5.5.

A

Figure 5.5: Schematic representation of the bended sensor and the circle with radius equal with the
bended radius. The strain-sensor extends from point A to point B. and can be bent according to the
bending angle w. [48]
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As can be seen in Fig. 5.5, the sensor can be deformed between two fixed points Band D. The
distance between B and D when no bending occurs equals to L, which in our case is 3000 um.
Therefore, the overall distance of the two straight sections BCand CD is L. In addition, the straight
section OC bisects the angle w and the angle BOD. The schematic representation in Fig. 5.5 shows
the circle with a radius equal to the bending radius R. The radius R can be calculated by the
following equation:

L (5.5)
R= ——
2cot(%)

By applying the equation (5.5) to equation (5.4):

dcot(7) (5.6)

€ L

The sensors’ working range was investigated by bending them at 7 different angles 150°,
1359, 120°, 105°, 90°, 75° and 60° (Fig. 5.6), which correspond to strain values of 1.12%, 1.73%,
2.4%, 3.2%, 4.17%, 5.43% and 7.2% respectively.

Measurements have been again conducted using a homemade stage capable of bending the
sensor in strains larger than 1.2%. All the sensors have linear response to strain and exhibit GFs
up to 80 for reference samples (without alumina film) while sensors with alumina films feature
GFs of 775, 1571 and 2795 for 6 nm, 10 nm and 20 nm alumina thickness respectively. Sensors
with 6 nm and 10 nm alumina thickness films show the same behavior for the smaller strain
values, resulting in the same sensitivities. The 20 nm thick alumina films were by far the most
sensitive ones, due to the limited conductive paths, but are operational for strains up to 4.17%.
Their working range is limited since for large strain, the crack openings become too large for any
charge-transport to take place. In addition, the ability of the sensor to be incorporated in e-skin
applications has been validated by attaching it on a nitrile flexible glove and bending it in the 4
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aforementioned “w” angles (Fig. 5.7). The sensor performed with sensitivity similar to the one of
the homemade stage characterization step.

AR/R%

g

E 8

a) b) )
T T T T ? 5500 11000 T T T T
- s000- i 10000 T A ]
GF=80 ' =0 s ‘
B ] ] i GF = 1571
/ & 3000 2 s00] : 5
® ¥ |
.......................... £ =0 £ oo |
/'/ < 2000-] < 4000
1500 ] g 3000
. 4 10004 20004 -
500 ! 1000 !
7 o ; [ :
o 1 2 3 a4 5 & 7 8 o 2 3 a4 5 & 71 8 o 1 3 a4 5 & 7 8
strain/t sirain® strain®%o
o d) n.m e)
12000 r 1 T T T
; 10000 | I
11000 = 20nm /i = 0nm I I
w000 9000 - e &nm
8000 / 7000 = ¥ i
.o 7000+ § eo00 G [
& s000d GF = 2795 & ® z
~ * ~. 5000 - L
& 5000 3
< 2000 e 4000 t 5 o ]
3000 i
ot / 2000 * " i
2000 %
¥ .
1000 LN 1000 * E
0 o0 NI * —
T T T T T T
° 1 2 3 a 5 o 1 2 3 4 5 6 7 8

Figure 5.6: AR/R% over strai:‘%mgoraphs for Sparse NP sensors and strain values from 1.12% up to
7.2% a) reference sensors without cracked alumina b) sensors with 6 nm thick alumina film, c) sensors
with 10 nm thick alumina film d) sensors with 20 nm thick alumina film and e) comparison of the
different samples. [48]

strain®o

Figure 5.7: a) Demonstration of a sensor attached in the index finger of a glove b) Sensor-bending in
different w angles. [48]

Fig. 5.1d, portrays the effect of alumina thickness on crack opening. From this figure the crack
opening can be calculated using the following equation:
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x = 2dsin§ (5.7)

Where, d is the alumina thickness, 6 the angle on the bottom of the crack and x the crack
opening (s + dl in Fig. 5.1d). Thicker films will result in increased the crack openings “x” and thus
higher sensitivities. However, since the crack opening “x” represents an interparticle gap only for
large strains (Fig. 5.3c), for high “x” values the tunneling effect is suppressed and all conductive
paths are cut-off. Therefore, thick alumina films will demonstrate increased sensitivities for small
strain values and no sensitivity at all in large strain values (table 5.2). On the other hand, thin
alumina films exhibiting high sensitivities in high strain values and medium sensitivity in low strain
values. More specifically, thin alumina films have high sensitivity in a strain-range where thick
alumina film sensors are ineffective due to the fact that crack openings become too large.

Finally, sensors’ ability to work reliably after a large number of stress cycles were tested.
These fatigue tests were performed using the homemade stage where the sensors were bent for
1000 cycles of strain up to 1.17%. Fig. 5.8 shows the relative resistance change of the sensors
throughout the 1000 strain-cycles. Their performance remains practically unchanged, which
means that the cracks have been formed in the entirety of the alumina film thickness and remain
unaffected by any further application of strain. The initial application of 200 cycles of strain,
following their fabrication, is sufficient in order to form the cracks throughout the whole alumina
film thickness.
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Figure 5.8: AR/R% over time graphs for Sparse NP sensors throughout the 1000 cycles of strain up to
1.17%: a) sensor with 6 nm thick alumina, b) sensor with 10 nm thick alumina and c) sensor with 20 nm
thick alumina. Graphs d — f show a limited numbers of stress cycles: d) sensor with 6 nm thick alumina,

e) sensor with 10 nm thick alumina and f) sensor with 20 nm thick alumina. The maximum shift in AR/R%
(between first and last strain cycle) was 1.5%, 2.1% and 1.6% for sensors with 6, 10 and 20 nm alumina
thickness respectively. [48]

5.3.3. Dense NP sensor

Strain sensor sensitivity is determined by equation (3.9) and thus by the relative resistance
change. The relatively small sensitivity for sensors with sparse NPs can be attributed to their high
initial resistance, which results in a limited relative resistance change. Most of the research
groups that have demonstrated strain sensors with very large sensitivities are using continuous
metal films as sensing materials that exhibit very low initial resistance. The cracks that are formed
in these films break/disrupt their continuity resulting in the drastically increase of their
resistance. Similarly, in order to decrease the initial resistance of the NP sensors, NPs with surface
coverage of 73% were deposited on top of the alumina film, so as to create a film close to
continuous film (Fig. 5.9). The initial resistance of the continuous-NP sensors was 20 Q, which is
much lower than the one for sensors with sparse NPs. Moreover continuous-NP sensors have
much larger “resistance-window”’.
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Figure 5.9: TEM, Pt NP images for: a) sparse NPs with surface coverage of 49% and with b) dense
NPs with surface coverage of 73%. [48]

Fig. 5.10 shows the performance of sensors featuring 6, 10, and 20 nm thick alumina films,
for small strain values. The graphs show the relative resistance change mean value after the
measurement of 10 sensors for each alumina thickness, while the error bars represent the
standard deviation of the measurements. Reference samples without any alumina are not shown
because they did not exhibit any sensitivity. The same has been found for sensors with a 6 nm
thick alumina film, but only for limited strain values up to 0.7%; above this value, sensors with 6
nm alumina thickness show a GF of 339. Sensors with a 10 and 20 nm thick alumina film exhibit
better performance, resulting in sensitivities of 33 and 320 and 93, 238 and 863 respectively.
Sensors with 20 nm thick alumina film seem to have much higher sensitivity for small strain
values. This behavior is anticipated since, as discussed previously, the crack’s opening is sensitive
even to the smallest of deformations; at the same time, thin film sensors are expected to show
low sensitivity at small strain values.

The overall performance of dense NP sensors for small strain values is inferior to that of
sparse NPs sensors. This is because of the different conductivity mechanisms for each NP density.
For sparse NPs films, the conductivity is greatly depends by the number of conductive paths as
well as by the tunneling effect between inter-particle distances; thus it is very sensitive to even
the smallest deformations. In the case of dense NPs films there is no tunneling effect and an
extremely high number of “continuous” conductive paths are available for charge transport,
resulting in limited sensitivity for small strain values. The role of the cracked alumina substrate is
to limit the number of conductive paths for both cases. The thickness of the film also plays a very
important role by affecting the crack opening. Thinner alumina films feature very small crack
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openings for small strain values; this leaves the resistivity either completely unaffected (Fig.
5.10a) or with a very small effect (Fig. 5.10b). Thicker films have large crack openings, even for
very small strain values and therefore the sensitivity of these sensors is increased (Fig. 5.10c). For
strain values above 0.6% all of the different alumina thicknesses seem to affect the conductivity
of the sensors, showing increased sensitivity by limiting the number of conductive paths. For
larger strain values (1.12% < € < 7.2%) the sensors show extremely high sensitivities. In particular
sensors with a 20nm thick alumina film show a GF of 7998 for strains up to 4.17% and a colossal
GF of 2.6x108 for strain up to 7.2% (Fig. 5.11c), which is the highest sensitivity that has ever been
reported [48].
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Figure 5.10: AR/R% over strain% graphs for dense NP sensors and strain values up to 1.2% a) sensors
with 6 nm thick cracked alumina, b) sensors with 10 nm thick cracked alumina, c) sensors with 20 nm
thick cracked alumina, d) comparison graph for all the above mention sensors. [48]
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Figure 5.11: AR/R% over strain% graphs for Dense NP sensors and strain values up to 7.2% a)
sensors with 6 nm thick alumina film, b) sensors with 10 nm thick alumina film c) sensors with 20 nm

thick alumina film. [48]

The performance of the sensor can be better understood if the SEM images of Fig. 5.10 are
taken into account. For a 6 nm thick alumina film, the opening of the cracks was adequate so as
to segment the nanoparticle film but their asperity was comparable to the opening. This results
in areas where the different nanoparticle segments are still connected (Fig. 5.12a). In the case of
10 nm alumina thickness, the crack opening was even wider than what has been observed for a
6 nm film but for small strain values the crack asperity limits sensor sensitivity. However, above
4.17% strain, crack opening was wide enough to completely segment the nanoparticle film into
semi-isolated sub-areas and the GF was increased by 536% (Fig. 5.12b). Finally in the case of a 20
nm thick alumina film, crack asperity plays an important role only for strains up to 4.17% where
the GF of the sensor is 7998. Above 4.17% strain values, the GF rapidly increased from 7998 to
2.6x108. This extremely high GF can be explained by the formation of a crack opening that is
overly wide (Fig. 5.12c, d); in this case the charge-transport between the nanoparticle film sub-
areas can only take place through tunneling. The final resistance of the sensor (after a strain
application of 7.2%) with 20 nm alumina thickness was 700 MQ which is a very high resistance
that can still be safely measured; in the case of dense nanoparticle films, the entire film
contributes to the conductivity and for wide enough cracks charge transport can still exist due to
the crack asperity. Although the crack opening is very wide, crack asperity still exists and creates
areas where the crack opening limits its length, and the tunneling effect is still possible. In the
case of sparse nanoparticle films, the final resistance was over 1 GQ and the sensor was not
responding to any strain changes. This behavior can be explained by the fact that the initial
conductive paths for sparse nanoparticle films were limited and are eliminated by the crack
openings, hence resulting in no conductivity between the electrodes. Fig. 10 d to 10 f show the
evolution of the crack opening under different strain values for a sensor with 20 nm thick alumina
film. The strains that were applied were 5.4% (Fig. 5.12d), 0.9% (Fig. 5.12e) and 0.4% (Fig. 5.12f).
The images support our arguments about varying sensor-sensitivity in the entire strain working-
range. At high strain values the crack opening (Fig. 5.12d) is wide enough to disrupt the majority
of conductive paths. At medium strain values (Fig. 5.12e) the crack opening can disrupt a limited
number of conductive paths, but still a significant number remains operational due to the crack’s
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asperity. Finally at low strain values (Fig. 5.12f) the crack opening is not wide enough to
significantly affect GF; however, GF is affected by disrupting a small number of conductive paths.
Sensors with sparse nanoparticles are more sensitive even to the smallest crack openings
because of the fact that the initial number of conductive paths is very limited, hence GF is
increased for lower strain values.

a) b) c)

ARR%
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Figure 5.12: SEM images of dense Pt NP sensors, for a strain of 5.4% an for Iumina Im-
thicknesses of ) 6nm b) 10 nm and c) 20 nm. Crack-opening evolution, for a 20 nm thick alumina film at
d) 5.4% strain e) 0.9% strain and f) 0.4% strain. [48]

Finally, 1000 cycles of strain up to 1.12% were submitted to the sensors as fatigue tests, as in
the case of sparse nanoparticle sensors. The results shown in Fig. 5.13 validate that the sensors’
performance remains the same.
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Figure 5.13: AR/R% over time graphs for dense NP sensors throughout the 1000 cycles of strain up
to 1.17%: a) sensor with 6 nm thick alumina, b) sensor with 10 nm thick alumina and c) sensor with 20
nm thick alumina. Graphs d —f show a limited numbers of stress cycles: d) sensor with 6 nm thick
alumina, e) sensor with 10 nm thick alumina and f) sensor with 20 nm thick alumina. The maximum shift
in AR/R% (between first and last strain cycles) was 1%, 2.7% and 3.4% for sensors with 6, 10 and 20 nm
alumina thickness respectively. [48]
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Table 5.2 summarizes sensors’ sensitivities for both sparse and dense nanoparticles and for
all alumina thicknesses.

strain %
thickness | 0.1]0.2[03]04]05]| 06 0708 09 |1] 11| 12] 173 ] 24]32]42] 5.43] 72
6 nm 26 326 852 775
5';;:“ 10nm 37 454 | 1406 1571
* [ 20nm 143 | 629 1652 2795 | X
dence 87 0 339 368 | 2079
10nm 33 320 6820
NPs
20 nm 93 | 238 | 863 7998

Table 5.2: Sensitivities of the sensors through the whole working range from 0% to 7.2% strain. [48]

5.4. Conclusions

The manufacture of sensors with extremely high sensitivities by simply controlling the
alumina thickness in tandem with NP surface coverage was represented extensively. The sensors
were fabricated by utilizing two different Pt NP concentrations, namely one using sparse NPs
right under the percolation threshold of the system (49% surface coverage) and the other using
dense NPs (73% surface coverage) behaving like a continuous metal foil.

We can conclude that in the case of sparse NPs sensors with thicker alumina films, high
sensitivities have been found for smaller strain values, especially if we compare them to sensors
that use thinner alumina films. However, alumina thickness seems to be a limiting factor for the
working-range of the sensors as they stop operating at large strain values (above 4.17%) while
these with thinner alumina films remain functional even up to 7.2% strain.

When it comes to dense NP films, the sensors show relatively low sensitivity in the small strain
regime but in cases of larger strain values the sensors feature extremely high sensitivities. In
particular, sensors employing 20 nm thick alumina films show a record-high sensitivity of 2.6x108,
for strain up to 7.2%. We should note here that all sensors remain operational regardless of the
strain value.

While sparse NPs film sensors are very sensitive to the small strain regime and with an
adjustable sensitivity, sensors with dense NPs are extremely sensitive to strains larger than 1%.
Additionally, although the sparse NPs sensors are less sensitive than their counterparts, they
remain in a high sensitivity regime (GF above 1000).

In conclusion, Pt NPs strain based sensors have demonstrated high sensitivities when working
in a range of 0.1% to 7.2%. The alumina film thickness enables tuning sensitivity for a specific
strain value and creates extremely sensitive strain sensors for strain values above 4.17%. Sparse
NPs show high sensitivities for small strain values while dense NPs record an unpresented high
sensitivity for large strain values. This versatility paves the way for a wide range of applications
extending from emerging new fields like the manufacture of e-skin and biomedical applications
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to more traditional ones like structural health monitoring and pressure sensors. Last but not
least, the devices are cost competitive since they are produced using processing steps like ALD
and sputtering which are compatible with batch fabrication.

This work was published in the scientific journal Nanoscale [48].
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Chapter 6: Strain Sensor Array on Flexible Substrates

In this chapter we present how the sensors that were developed and studied by our team
were used to create a strain sensor array. The sensors were developed on kapton flexible
substrate and placed on a rubber glove right upon the metacarpophalangeal joints of the hand,
as demonstrated in Fig. 6.1. They are capable of detecting even the simplest everyday
movements of the hand.

Figure 6.1: Flexible strain sensors on a rubber glove. The sensors are located above the
metacarpophalangeal joints of the hand which are the more active joints in terms of hand movement.

The measurements of the sensors were taken using an electronic circuit designed for the
simultaneous measurement of a sensor array as well as a Keithley 2400 unit.

6.1. Sensor array measurements

6.1.1. Strain sensors

We used two types of strain sensors for these measurements. The first one was Pt NPs based
strain sensors on flexible substrate with NPs surface coverage of 49% deposited directly on top
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of the substrate without using cracked alumina. These specific strain sensors have GF around 67.
The second one was Pt NPs based strain sensors with cracked alumina of 20 nm thickness. The
NPs surface coverage was of 79% which results in a very high GF of 8000 for strains from 1.2% to
4.2%. All sensors were glued on a rubber clove and their electrodes were connected with a
conductive thread using silver paste (Fig. 6.1). Afterwards, the conductive thread was connected
with commercial jumper wires which were connected to the measurement unit.

6.2. Circuit design and analysis

The circuit is a modification of the circuit that was originally designed in NCSR Demokritos [1,
2].Modifications and selections of components and operational amplifiers were made so that the
system would responds optimally.
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Figure 6.2: The analog circuit.

The advantage of the analog circuit (and the reason it prevailed over other options) is that it
produces as an output a square waveform between the supply voltages of the operational
amplifiers [3], with a period proportional to the sensors’ resistance Rs. By properly selecting the
power supply of the circuit, a digital pulse series is finally created which feeds the digital circuit
(Arduino Mega) directly, without the use of an analog-to-digital converter and thus adding noise
and errors to that stage. This option corresponds to Vpp =5 Vand Vss =0 V, that is selecting single
source operational amplifiers.
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The operational amplifier T1 (Fig. 6.2) determines the comparison threshold based on which
the output of the operational amplifier T4 will occur (digital pulse series between 0 and 5 V).
Amplifier T2 appropriately modulates the width of the square pulse which feeds the sensor.
Finally, amplifier T3. Finally, T3 produces a triangular pulse which is compared to the threshold
voltage in order to generate the output pulse and determines -depending on the choice of passive
elements- the output waveform period. It is important to note that the operational amplifiers T1,
T2 and T3 operating in the linear region with negative feedback, create symmetrical waveforms
with respect to the reference voltage at their positive input. If a single supply voltage is used, half
of the supply voltage is selected as the reference voltage (virtual ground), Vpiss = Vop/2 = 2.5 V.
Therefore all waveforms generated during the transient operation of the circuit will be added to
the reference voltage.
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Figure 6.3: Indicative snapshot of analog circuit operation. Blue line represents the comparison
threshold, red line represents the operator output, yellow line represents the integrator output and
purple line represents the comparator output.

In the followings, we study the behavior of the circuit in the case of operation at high
frequencies, which is its practical application. The circuit operates with reference voltage Vpias,
producing symmetrical waveforms. It is initially considered important that the output voltage of
an operational amplifier operating in the linear region with negative feedback, with feedback
resistance Rf and input resistance R, is:
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R R
f f (6.1)
Uout = (? + 1) Vbias — fuin

where uout and uin are the output and input voltages accordingly. The output voltages of the
comparator in relation with time is:

S {VDD, ur,, > Ur,_ (6.2)
out =10, ug,, < ur,_

Where ura+ and urs- are the input voltages of the T4 operation amplifier of the positive and
negative inputs accordingly. From equation (6.1) we can predict the shape of the output signals
at each stage of the circuit. Since this is a square pulse series, the output of T1 and T2 will also be
a square pulse series, while the output of the T3 (integrator) will be a trigonal pulse series. Due
to the fact that the circuit is an oscillator and since the operational amplifier T4 acts as a
comparator, sometime after the connection to the power supply, due to noise the output of the
comparator will go to one of the two possible states (0 or Vpp). This time is defined as t = 0. The
output of the T1 is:

&) R, (6.3)

ur, , = (1 + R, Vhias — R_luout

This voltage is the input voltage of the T2:

Ry (6.4)

R,
_) Vbias - R_uTl.O
3

uTZ.O = (1 + R3

Applying the (6.3) to (6.4):

_ R4R, R4R, (6.5)
ur,, =|1-— R,R,) vias muout

In the next stage the operational amplifier is an integrator (T3). At time t = 0 the initial value
of the integrator will be urspand the output is given by the following equation:
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1 YR,R, v it (6.6)
(Rs+ Rbias)C o R1R3( bias uout)

ur, ,(t) = ur, ,(0) +

The values of the comparison threshold and the processor remain constant until the output
of the circuit (i.e. T4) changes value. Therefore as long as the output of the circuit has a constant
value, the output voltage at the ends of the integrator can be calculated by integrating from 0 to
t (t < thigh or t < tiow Where the output is 5V and 0 V accordingly).

1 Ry R, (6.7)
(R + Rb' )C R1R3 (Vbias - uout)t
s ias

ur, ,(t) = ur, ,(0) +

A change in the output voltage of the comparator will occur at time t where the voltage at
the positive and negative input terminals will be equal ura+ = ura,-.

RyR, (6.8)
Vhias — t
(Rs + Roign)C Ry O s~ Moud)

Ry
Vbias + R_(Vbias - uout) = Ur,, (0) +
1

The time variable in the equation corresponds to the slope of the triangular waveform
produced by this stage and therefore determines the period of the pulse series which is created.
From the equation (6.8) the initial condition of the equation (6.7) is obtained, i.e. the load of the
integrator (which depends on the capacitor) at time t = 0.

Ry (6.9)

Ry

R>

uT3.0 (0) = (1 + )Vblas -

where uout(07) is the output voltage of the comparator just before the time t = 0.

6.2.1. Period calculation of the square pulse series

The time interval t requires from the time t = 0 to the time when the equation (6.8) will be
satisfied and the output voltage changes is given by the following equation:

_ (Rs + Rbias)R1R3C (6-10)

R,
ty = Viiee + —= (Vi o — — 0
E SRRy Votas — ttgu) 210+ R, (Voias = Houe) = tm(0))

Initially we consider that the circuit when uout = Vop, ie for t = thigh.
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_ VDD (Rs + Rbias)C (6-11)
thigh = v

DD — Vbias |GT2 |

where G2 =-Rs/Rs3is the gain of the T2. In the same manner, we can calculate the time interval
when the voltage output is low, i.e. Uout = 0 and t1 = tiow.
VDD (Rs + Rbias)C (6-12)
Vbias |GT2|

tlow -

Adding the equations (6.11) and (6.12):

B V3o (Rs + Roias)C (6.13)
Vbias(VDD - Vbias) |GT2|

T

For Viias = Vop/2 we obtain:

— 4'(Rs + Rbias)c (6-14)
|GT2|

The equation (6.14) is the most important of the circuit. The digital circuit calculates the
period and decides on the measured resistance of the sensor. We suppose that the smallest
resistance to be measured is Rmin and the largest Rmax with periods Tminand Tmax respectively. The
equation (6.14) becomes:

4(Rmin + Rbpias) T 4(Rmax + Rpias) (6.15)
< <

|GT2| - |GT2|

We can obtain the capacitance from the next equations:

c > |GT2|Tmin (6'16)
4‘(Rmin + Rbias)

|GT2 |Tmax (6'17)
N 4’(Rmax + Rbias)
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At the equation (6.16) the period corresponding to the minimum measured resistance is
selected. Contrary to the equation (6.17) the time required to measure a period by the digital
system is determined. Hence the maximum response time of the analog system. From the
equations it can be deduced that as Rs increases, so does the period of the waveform. It is also
understood that the value of the capacitor determines the maximum and the minimum value of
the measured resistance within a reasonable time. It is not possible to achieve a small amount of
uncertainty and fast response time, so a compromise is necessary. The larger the capacitor value
the lower the measurement uncertainty but it can be proven to be extremely slow. In contrary
with smaller capacitor value, the measurement will be very fast but with very high uncertainty.
For the above-mentioned reasons, the following electrical elements were selected so that the
circuit can measure resistances 200 from kOhm to 1Mohm. For the implementation was used the
OPA 4353 amplifier from Texas Instruments.

Components Value

R1 10 kOhm
Rz 2 kOhm
Rs 10 kOhm
R4 35 kOhm
Rbias 100 kOhm
C 400 pF
Raivi 1 MOhm
Raiv2 1 MOhm

6.2.2. Digital system analysis — Period measurements

To measure the period of the pulse series, it is enough to find the space between two positive
edges. Accurate detection of positive edges is accomplished by managing them as interrupts.
When the first positive pulse arrives, the interrupt service routine activates one of the
microcontroller meters (Arduino Mega 2560), the value of which increases at a frequency
determined by us. The value we have chosen is 16 Mhz, which is the maximum possible
frequency. As soon as the second positive pulse arrives, the service routine stops the meter and
stops receiving other interrupts.

If we know the value of the meter and the period of its increase we can find the time interval
from the first to the second pulse. In order to get the meter value correctly we must take into
account the overflow that can occur. The meter is 16bit which means that it counts from 0 to 216
— 1. Whenever an overflow occurs (which is also treated as an interruption) a routine service is
called which leads to the increase of another meter that maintains the number of overflows
(Noverflows)-

The value of the timer is given by:
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Niotar = Noverflow5216 + Niimer (6.18)

The period of the square pulse series is given by:

T = NeotaiTtimer (6.19)

For accuracy instead of measure the time difference between two edges, we measure k and
obtain the mean value:

— Ntotathimer (6.20)
k—1

6.3. Sensor array

A basic requirement of the system is the ability to measure multiple resistors from a single
sensor matrix. For reasons of simplicity during the development of the system, a 1x8 matrix was
implemented.

output
analogcircuit /

T I
OF 1 AN 10E
2 AN -
3 AN 3
l AN t
‘ AV s
7 AAN 7
Su 81 S AN \:\;, 88
22 45 6 3

ARDUINO MEGA

Figure 6.4: Schematic representation of the 1x8 sensor matrix. Each sensor is located between two
multiplexers. The sensors are represented as resistors between the multiplexers OE.
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Two 8-in-1 multiplexers with the possibility of bidirectional current flow were used. As shown
in Fig. 6.4 each resistor / sensor R; of the matrix was connected to the inputs i of the two
multiplexes. The outputs of the multiplexers were connected to the analog circuit at the position
of the resistor Rs. The microprocessor controls the multiplexers so that the desired resistance is
selected each time and the rest are isolated.

sensor sO sl s2
0 0 0 0
1 0 0 1
2 0 1 0
3 0 1 1
4 1 0 0
5 1 0 1
6 1 1 0
7 1 1 1

Table .The table above shows the selection signals, which should be common to the two
multiplexers for the proper operation of the circuit.

6.4. Measurements

Sensors’ resistance was measured while the clove was worn and was performing some
everyday movements, such as making a fist or counting up to five etc.

Figure 6.5: Finger movements a) index finger, b) Middle finger, c) Ring finger and d) Little finger with
simultaneously slight movement of the ring finger

Below are demonstrated the results from four sensors, which were glued on a glove. The
measurements were taken from the above-mentioned system.
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Figure 6.6: Resistance response of sensors array. Black line represents the sensor of the index finger,
red line represents the sensor of the middle finger, blue line represents the sensor of the ring finger and

pink line represents the sensor of the little finger.

The sensors react when there is movement in the corresponding finger. For example, the
motion of the index finger (Fig. 6.5) makes the corresponding sensor react and increase its
resistance. In the same manner, when any finger moves the sensors detect the movement and
increase their resistance. Their initial resistance were around one hundreds of kOhm and their
response varied depending the finger.
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Figure 6.7: Relative resistance change of sensor array.

In this simple example, the change in resistance of all the sensors was measured as each
finger performed a simple movement. We observe that when the little finger closes the
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resistance of the ring finger also changes as it is impossible the individual movement of the little
finger. The sensors on average have a relative change of resistances of 80%, which is increased
but as we saw in the previous chapters we can build extremely sensitive sensors. Nevertheless,
the very sensitive sensors have a large G factor and therefore the change in resistance will be
very large, making it difficult to detect by the system we mentioned. In addition, the initial
resistance of the sensors is of the order of a few ohms, which makes it even more difficult to
detect with the system. So we used the Keithley 2400 for the next measurements.

6.5. Measurements by a Keithley unit

Below are demonstrated the measurements for the sensors of the previous paragraph so that
a comparison of the results can be made directly between our system and a professional system.
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Figure 6.8: Resistance response of sensors array of sensors with low sensitivity
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The results show that the noise is extremely low with Keithley compared to previous
measurements. However, the values for the resistors as well as the values for the relative change
in resistance remain the same for both systems. This is a proof that -in the window where the

system is set to measure- it does so quite well.
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Figure 6.9: Relative resistance change of the sensor array with low sensitivity

In Fig. 6.9 is depicted the performance of the above-mentioned sensors. All sensors have
relatively the same response; around 80%. Assuming that the sensors have the same sensitivity
of 67, the applied strain is calculated to be 1.19%. Afterwards we measure the very sensitive
sensors in corresponding experiments with the previous measurements.
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Figure 6.10: Resistance response of sensors array of sensors with high sensitivity.
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In Fig. 6.10 is demonstrated the resistance response of the sensor array using sensors with
high sensitivity. Initially, the initial resistance is very low from 10 Ohm for the sensor of the index
finger to 55 Ohm for the sensors of Ring and Little fingers. Their performance is presented below.
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Figure 6.11: Relative resistance change of the sensor array with high sensitivity

The exceptional performance of the cracked based strain sensors is presented in Fig. 6.11.
Their relative resistance change is increased to around 1000%, with the exception of the index
finger sensor which has an extremely high response of 6500% but the majority of the sensors
does not response the same. Assuming that the sensors with low sensitivity predict the correct
applied strain (that of 1.19%), then the GF of the sensors with high sensitivity is calculated to be
840. This calculation is in agreement with Table 5.2.

6.6. Suggestions for improvement

It is worth noting that the original purpose of the system was to make a matrix of sensors as
shown in the figure below.
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Figure 6.12: Schematic representation of a 4x4 matrix of resistances. Each resistance is represents a
sensor

In this case n x 1 multiplexers were used with backflow current, creating a panel with n?
sensors. When we want to measure the sensor located in position ij then one multiplexer
integrates the line i and the another the column j. The problem with concrete design is that there
are too many conductive paths between the unselected sensors and consequently the addition
of significant errors. The larger the matrix size, the harder it is to predict and eliminate errors.

A common solution for such problems is to add a diode in series to each sensor. However,
such an addition would prevent the measurement of the sensor as during its measurement there
is not only one direction of current. The existence of the diode allowed only one direction of
current. One solution is to add MOSFETSs in series with each sensor, which will act as switches.
But, in addition to the additional hardware, it also requires the management of n? control signals
by the microprocessor.
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Chapter 7: Conclusions and Perspectives

In this dissertation an extensive study of strain sensors on flexible substrates was
performed. Specifically, sensors based on platinum nanoparticles on flexible Kapton substrates
were studied. The techniques mentioned in the first chapter were used to fabricate the sensors
as a two-terminal resistive device while in the second chapter we illustrate the physical
principles of its operation.

The third chapter includes first the already accepted model in the literature that explains the
sensitivity of NPs based strain sensors which applies well in the case of colloidal nanoparticles
where an ordered NP array is formed after deposition. The main difference in our case is that
for sputtered NPs during the application of strain, new gaps are created which are responsible
for the gradually increased sensitivity. Apart from that in the same chapter we have presented
a technical study that elaborates the influence on the device stability against R.H. of protective
coatings. As protective coating against humidity we use an alumina film of various thicknesses
deposited by the ALD technique. The alumina layers were evaluated as far as their protective
properties against the effect of fatigue under varying relative humidity conditions for both
unstrained and under applied strain devices.

In the fourth chapter, the sensitivity of nanoparticle-based strain sensors was further studied
with the help of a Monte Carlo simulation tool we have developed. The code was written in
Matlab and its main purpose was to provide sensitivity analysis of random nanoparticle
networks. To achieve this, it calculates first the potential conductive paths formed by the
nanoparticles and creates an equivalent circuit model from them. The circuit is calculated by
assuming that each nanoparticle or nanoparticle island is a node in the circuit and each inter-
particle gap is a resistor. The value of each resistor depends on the length of the gap. With the
help of the Laplace matrix the total resistance and hence the sensitivity is calculated. The specific
tool predicts sensitivities for nanoparticles of various sizes but also deposited under different
surface coverage percentages.

In the fifth chapter, we analyze the case of extremely sensitive NP sensors based on cracks. To
achieve this, alumina films were deposited first on the flexible substrate through ALD which
create cracks when they undergo large deformations. Nanoparticles and electrodes were then
deposited on the top of the alumina films as before. The effect of the alumina thickness and the
surface coverage of the nanoparticles on the sensitivity of the sensors was studied. With this
technique we were able to develop the most sensitive strain sensor ever reported at the time
of writing.

In the sixth chapter we discuss the design of a circuit for measuring sensor arrays. The
configuration including the circuit and individual highly sensitive NP sensors although still in very
prototype form, has very good accuracy with relatively little error in the
measurements. However, it has a very small working window regarding the sensor resistance in
which it can be efficient. Efforts to develop further the system by integrating the sensors on the
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same piece of flexible substrate will continue towards the demonstration of a more compact
sensing system towards the artificial skin concept.

As future ideas, regarding the sensors of the third chapter, the study of different coatings for
protection from moisture is proposed. While alumina film manages to adequately protect
against moisture, as shown in chapter five, it tends to crack when large strain value is applied.
Cracks allows moisture to enter in to the nanoparticle film and add a large error in measuring
the strain. Coatings -not as rigid as alumina- should be considered, as it is not easy to create
cracks by mechanical deformation and at the same time block moisture molecules. Such
coatings could be polymeric films, which are extremely flexible, such as DPMS or even a
combination of polymeric films with alumina. Thus, the alumina (that we know that does not
allow the passage of moisture molecules) could be deposited on a flexible polymer (or between
different polymers) and the combination of those films will protect the nanoparticles. Another
study of great interest would be the characterization of nanoparticle devices in AC voltage and
the measurement of their impedance. With such a study, we could enrich our understanding of
the electrical behavior of sensors. Their characterization for different temperature values and
how the correlation with temperature could be eliminated, as the nanoparticle sensors are also
sensitive to its changes would be also very important. Of course, other materials could also be
studied for the substrate, such as DPMS, which is stretchable while kapton is not. In addition,
different materials for nanoparticles could be studied, such as non-noble metals that are
cheaper.

As far as the simulation is concerned, the code which is given in Appendix A, could easily be
enriched in order to be able to simulate structures other than spherical nanoparticles. For
example, it could simulate films from nanotubes and structures that are more complex. In
addition, it would be useful to be modified so that it could also predict the impedance of a system
for different frequencies. Of course, the above is probably quite difficult as it is written to solve
only linear systems of equations and the transition to the differentials (which may be needed to
find the impedance) could be very complicated.

Further, the sensors’ technique with the cracks may be able to be introduced in other fields. For
example, they could be used as chemical sensors to detect moisture, pesticides or other
substances. This could be achieved by depositing some polymers on them, which would swell
when in a wet environment. They essentially absorb moisture and increase their size while
supporting the nanoparticles below them. If this technique is combined with a crack sensor it
could result in a chemical sensor with extremely high sensitivity. In this case is also very important
the characterization of the sensors based on the temperature as it is the study of their
impedance.

Other materials could also be studied for the role of the cracked substrate. Possibly other
deposition techniques, such as ionizing. At the same time it would be very interesting to study in
depth the physical mechanism that creates the cracks and how one could control their density,
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direction, periodicity (if any) and other quantities. By checking the periodicity and direction, for
example, a cracked film could be used as a lithography mask.

Finally, in terms of the sensor array counting system, it could be developed as a portable device
for measuring the sensor array without the need to connect to a computer. Thus measurements
could be made, for example, of a pesticide directly in the field (field, greenhouse, etc.) for long
periods of time without the presence of a human being there. Firstly, one would need to design
and build a suitable case that could be printed with a 3D printer. The circuit must then be properly
designed to be powered by a battery. Appropriate software can also be designed, which may be
controlled by a mobile phone, with which it can download the measurements and control the
operation of the system. To do this, the appropriate antennas must be inserted into the system.
Finally, it should be studied whether it is possible to measure the sensors as elements of a matrix
and how the electrically measured elements will be electrically isolated.
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APPENDIX A

Monte Carlo code

sa = 216; % y dimension in nm

sb = 216; % x dimension in nm

sar = 100000; % electrode distance in nm of the real sensor

sbr = 4000000; % electrode width in nm of the real senor

SA = sar/(sa - 16); % real over simulation length ratio

SB = sbr/(sb - 16); % real over simulation length ratio

EF = SA/SB; % multiplier factor for correction in the final resistance

E = rand(sa, sb) < 0.02; % random filling E matrix with aces with probability
less than x%

A = zeros(sa, sb); % pre-allocation of A matrix

X = zeros(sa, sb); % pre-allocation of X matrix

[

Pathfinder = zeros(sa, sb); % pre-allocation of the Pathfinder matrix
Pathfinderl = zeros(sa, sb); % pre-allocation of the Pathfinderl matrix
Pathfinder2 = zeros(sa, sb); % pre-allocation of the Pathfinder?2 matrix
D = zeros(sa, sb); % pre-allocation of D matrix

K = zeros(sa, sb); % pre-allocation of K matrix

v = 0.278; % Poisson ratio

step = 0.0003; % strain step
dy = v*step; % length change due to Poisson ratio
xf = 1.0042; % final length
r = 5.4%¥10"-6; % pre-exponetial constant in Ohms
b = 28; % electron coupling term in nm"-1
e 1.60217662*107-19; % electron charge in C
e0 = 8.8541878128*107-12; % Vacuum permittivity in C"2/N*m"2
ealir = 1.000589; % relative permittivity of air
meandiameter = 8; % nanoparticles mean diameter
radius = meandiameter/2; % nanoparticles radius
standardeviation = 0.8; % mean diameter standard deviation
Ec = (e"2/(8*pi*el*eair)); % mean activation energy in N*m
Ecsi = Ec*6.24150913*%10718; % mean activation energy in eV
Kb = 8.617333262145*10"-5; % Boltzmann constant in eV*K"-1
T = 300; % Temperature in K
Ecfinal = Ecsi/ (Kb*T);
for i =1 : sa
for 3 =1 : sb
if E(i, 3) == 1
A(i, J) = round(normrnd(meandiameter, standardeviation));
end
end

end

% counting how many 1, 2, 3 etc. existing in A matrix
cO = 0;

cl =
c2
c3
c4
c5
cb6
c’
c8
c9 =

o
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cl0 = 0;
cll = 0;
cl2 = 0;
cl3 = 0;
for 1 = 1l:sa
for j = 1l:sb
if A(i, j) == 1
cl = cl + 1;
elseif A(i, J) == 2
c2 = c2 + 1;
elseif A(i, J) == 3
c3 = ¢c3 + 1;
elseif A(i, j) == 4
cd = cd4 + 1;
elseif A(i, J) == 5
cS = c¢ch + 1;
elseif A(i, J) == 6
c6 = c6 + 1;
elseif A(i, J) == 17
c7 = c7 + 1;
elseif A(i, J) == 8
c8 = c8 + 1;
elseif A(i, J) == 9
c9 = c9 + 1;
elseif A(i, J) == 10
cl0 = cl10 + 1;
elseif A(i, J) == 11
cll = cll + 1;
elseif A(i, j) == 12
cl2 = cl2 + 1;
elseif A(i, j) == 13
cl3 = cl13 + 1;
end
end
end
% nanoparticles formation
if cl13 ~= 0
for 1 = 7 :sa - 7
for 3 =7 : sa -7
if A(i, j) == 13
for i1 =1 - 6 : 1 + 6
for 33 =3 -4 : jJ + 4
if X(ii, 33) == 0
X(ii, 39) = 13;
A(ii, j3) = 0;
end
end
end
for 1ii =1 - 4 : 1 + 4
for j3 = jJ - 6 : jJ + 6
if X(ii, j3j) == 0
X(ii, jj) = 13;
A(ii, 33) = 0;
end
end
end
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for ii =1 -5 : 10 : 1 + 5
for j3 = 3 -5 : 10 : 3 + 5

if X(ii, j3) == 0
X(ii, jj) = 13;
A(ii, 33) = 0;
end
end
end
end
end
end
end
if cl12 ~= 0
for 1 =7 sa - 7
for j =7 : sb - 7
if A(i, J) == 12
for ii =1 -6 : 1 + 5
for 33 =3 - 3 :+ jJ + 4
if X(ii, j3j) == 0
X(ii, 33) = 12;
A(ii, 33) = 0;
end
end
end
for i1 =1 - 4 : i + 3
for 33 =3 -5 : 3 + 6
if X(ii, 33) == 0
X(ii, 33) = 12;
A(ii, 33) = 0;
end
end
end
for ii =1 -5 : 9 : i + 4
for j3 = jJ -4 : 9 : 3 + 5
if X(ii, j3) ==
X(ii, 33) = 12;
A(ii, 33) = 0;
end
end
end
end
end
end
end
if cll ~= 0
for i = 6 : sa - ©
for 3 =6 : sb - 6
if A(i, jJ) == 11
for ii =1 -5 : 1 + 5
for 33 =3 -3 : jJ + 3
if X(ii, j3j) == 0
X(ii, 3j3j) = 11;
A(ii, 33) = 0;
end
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end

end
for ii =1 - 3 : 1 + 3
for jj =3 -5 : 3 +5
if X(ii, jj) == 0
X(ii, 3j3) = 11;
A(ii, 33) = 0;
end
end
end

for ii =1 -4 : 8 : i + 4
for j3 =3 -4 : 8 : 7 + 4

if X(ii, j3) == 0
X(ii, j3) = 11;
A(ii, 33) = 0;
end
end
end
end
end
end
end
if ¢cl10 ~= 0
for i = 6 : sa - ©
for j =6 : sb - 6
if A(i, j) == 10
for ii =1 -5 : 1 + 4
for 33 =3 -2 : 3 + 3
if X(ii, j3j) == 0
X(ii, j3j) = 10;
A(ii, 33) = 0;
end
end
end
for i1 =1 - 3 : i + 2
for 33 =3 -4 : J + 5
if X(ii, 33) == 0
X(ii, j3j) = 10;
A(ii, 33) = 0;
end
end
end
for ii =1 -4 : 7 : i+ 3
for 33 =3 -3 7 : jJ + 4
if X(ii, 3jj) ==
X(ii, j3j) = 10;
A(ii, j3j) = 0;
end
end
end
end
end
end

end
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if ¢9 ~= 0

for 1 =5 : sa - 5
for j =6 : sa - 5
if A(i, J) == 9
for ii =1 -4 : 1 + 4

for 33 =3 - 2 : j + 2
if X(ii, jj) == 0
X(ii, 33) = 9
A(ii, 33) 0;
end
end
end
for ii =1 -2 : 1 + 2
for jj =3 -4 : j + 4
if X(ii, jj) == 0
X(ii, 33) = 9;
0;

end
end
end
for ii =1 - 3 : 6 i+ 3
for 33 =3 - 3 : 6 J
if X(ii, j3j) == 0
X(ii, 33) = 9
A(ii, j3j) = 0;
end
end
end
end
end
end
end
if c8 ~= 0
for i =5 : sa - 5
for 3 =5 : sb -5
if A(i, j) == 8
for ii =1 -4 : 1 + 3
for 3 =3 -1 3 + 2
if X(ii, j3j) == 0
X(ii, 3jj) = 8;
A(ii, jj) = 0;
end
end
end
for ii =1 - 2 : 1 + 1
for 33 =3 -3 : jJ + 4
if X(ii, j3) == 0
X(ii, 33) = 8;
A(ii, 33) = 0;
end
end
end
for ii =1 - 3 : 5 i+ 2
for 33 =3 -2 5 J

if X(ii, 33) == 0
X(ii, 3J3) = 8;
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A(ii, jj) = 0;

end
end
end
end
end
end
end
if ¢7 ~= 0
for i =4 : sa - 4
for j =4 : sb - 4
if A(i, j) == 7
for ii =1 -1 : 1 + 1
for 33 =3 -3 + 3 + 3
if X(ii, j3j) == 0
X(ii, 33) =75
A(ii, jj) = 0;
end
end
end
for i1 =1 - 3 : i + 3
for 3 =3 -1 : 3 +1
if X(ii, 33) == 0
X(ii, 33) =75
A(ii, 33) = 0;
end
end
end
for ii =1 -2 4 : 1 + 2
for 33 =3 -2 4 : 3 + 2
if X(ii, j3j) == 0
X(ii, 33) = 7;
A(ii, j3j) = 0;
end
end
end
end
end
end
end
if c6 ~= 0
for i =4 : sa - 4
for 3 =4 : sb - 4
if A(i, J) == 6
for ii =1 -2 : 1 + 1
for 33 =3 -2 : 3 + 3
if X(ii, jj) == 0
X(ii, J3j) = 6;
A(ii, 3J3) = 0;
end
end
end
for i1 =1 - 3 : 5 i+ 2
for 33 = 3 - 1 J o+ 2
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end

end

end

if c5

~= 0

for 1 =

for

if X(ii, j3) == 0
X(ii, Jj3j) = 6;
0;

end
end
end
end
3 sa - 3
3 =3 :s8b -3
if A(i, j) == 5
for ii =1 -2 : 1 + 2
if X(ii, j) == 0
X(ii, Jj) = 5;
A(ii, j) = 0;
end
end
for 33 =3 -2 : jJ + 2
if X(i, 33) =0
X(i, 33) 5;
A(i, j3j) = 0;
end
end
for ii =1 - 1 : 2 i+ 1
for 33 = 3 - 1 2 73
if X(ii, j3j) == 0;
X(ii, 33) = 5;
A(ii, 33) = 0;
end
end
end
end
sa - 3
= 3 sb - 3
if A(i, J) == 4
for ii =1 - 1 : 1
for 33 =3 -1 : jJ + 2
if X(ii, j3) == 0
X(ii, 3J3) = 4;
A(ii, 33) = 0;
end
end
end

for ii =1 -2 : 3 : 1 +1
for 37 =3 «: 3 + 1

if X(ii, j3j) == 0

X(ii, 3j3j) = 4;
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end
end
end
if ¢3 ~= 0
for i =
for
end
end
end
if c2 ~= 0
for 1 =
for
end
end
end
if ¢l ~= 0
for i =
for

A(ii, 33) = 0;
end
end
end
end
2 sa - 2
J =2 :sb - 2
if A(i, j) ==
for 1ii = i - 1 i+ 1
if X(ii, j) == 0
X(ii, J) 3;
A(ii, 3) = 0;
end
end
for 3 =3 -1 :2 : 3 +1
if X(1i , 33) == 0
X(i, 33j) = 3;
A(ll jj) = 0;
end
end
end
1 sa - 1
3 =1 sb - 1
if A(i, J) == 2
for 1ii = 1 i+ 1
for 33 =3 j o+ 1
if X(ii, 33) == 0
X(ii, 373) 2;
A(ii, 33) = 0;
end
end
end
end
1 sa
3 =1 : sb
if A(i, j) ==
if X(i, j) == 0
X(i/ j) 1;
A(i, j) = 0;
end
end
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end
end
end

% counting the absence of nanoparticles

for i = 8 : sa - 8
for j =8 : sb - 8
if X(i, ) == 0;
cO = c0 + 1;
end
end
end
cover = (1 - c0/((sa - 8)*(sb - 8)))*100;

o)

% finding the conductive path from the bottom to the top

o)

% creating the Pathfinder matrix which sees as conductive path every %
nanoparticle that have interparticle distance less than 1 nm

for 3 =1 : sb

if X(sa - 2, j) ~=0

Pathfinderl (sa - 2, j) = 1;
end
end
stop = 0;
while stop ==
cp = 0;
for i =sa -2 : -1 : 2
for 3 =4 : sb - 4
if X(i, j) ~= 0
for j3 =3 -1 : 3 +1
if Pathfinderl (i + 2, j3j) == 1
if Pathfinderl (i, j) ~= 1
Pathfinderl (i, 3j) = 1;
cp = cp t+ 1;
end
end
end
end
end
end

for i =2 : sa - 1
for 3 =2 : sb -1
if Pathfinderl (i, 3j) ==
for ii =1 -1 : i +
for 33 =3 -1

: + 1
if X(11, 39)

=0

U e

if Pathfinderl (ii, jj) ~= 1
Pathfinderl (ii, 3jj) = 1;
cp = cp t+ 1;

end

end
end
end
end
end
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end
if cp ==
stop = 1;
end
end

o)

% finding the conductive path from the top to the bottom
for 3 =1 : sb
if X(2, j3) ~= 0

Pathfinder2 (2, j) = 1;
end
end
stop = 0;
while stop ==
cp = 0;
for 1 = 3 : sa - 3
for 3 =2 : sb - 2
if X(i, j) ~= 0
for 33 =3 -1 : 3 +1
if Pathfinder2 (i - 2, jj) == 1
if Pathfinder2 (i, j) ~=1
Pathfinder2 (i, 3j) = 1;
cp = cp t+ 1;
end
end
end
end
end
end
for 1 =2 : sa - 1
for 3 =2 : sb -1
if Pathfinder2 (i, j) == 1
for ii =1 -1 : 1 + 1
for 33 =3 -1 J o+ 1
if X(ii, 33) ~= 0
if Pathfinder2 (ii, jj) ~= 1
Pathfinder2 (ii, 3jj) = 1;
cp = cp t+ 1;
end
end
end
end
end
end
end
if cp ==
stop = 1;
end
end

% the conductive path is the overlap of pathfinderl and Pathfinder2
for i =1 : sa
for 3 =1 : sb
if Pathfinderl (i, 3j) ==
if Pathfinder2 (i, j) == 1
Pathfinder (i, j) = 1;
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end
end
end
end

o)

s Painting the nanoparticles that contribute to the path with red color
for i =1 : sa
for 3 =1 : sb
if X(i, 3) ~= 0
D(i, j) = 2;

if Pathfinder (i, j) ~= 0
if Pathfinder2 (i, j) ~= 0
D(j—/ j) =1;
end
end

end
end
end

o)

% creating the nodes matrix
for 3 =1 : sb

if D (sa - 13, j) ==1
K (sa - 13, 3) = 1;
end
end
stop = 0;
while stop == 0;
cp = 0;
for i =sa -1 : -1 : 2
for 3 =2 : sb -1
if D (i, jJ) ==1
for ii =1 -1 : 1 + 1
for 3 =3 -1 : 3 + 1
if D (ii, j3) == 1 && K (i, j) == 1
if K (ii, 33) ~=1
K (ii, j3) = 1;
cp = cp t+ 1;
end
end
end
end
end
end
end
if cp ==
stop = 1;
end
end

[

% nanoparticles that have number 1 and 2 are the two electrodes
for 3 =1 : sb
if D (2, j) ==1
K(z,j)=
end
end

2;
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stop = 0;

while stop == 0;

cp = 0;
for 1 =2 : sa - 1

for j =2 : sb -1

if D (i, j3) == 1
for ii =1 -1 : i + 1
for j3 = j - 1 I+ 1
if D (ii, j33j) == 1 && K (i, J) == 2
if K (ii, 3j3) ~= 2
K (ii, jj) = 2;
cp = cp + 1;
end
end
end
end
end

end
end
if cp ==

stop = 1;
end

end

%creating the matrix that names the contributing nanoparticles with numbers
except 1 and 2

n=2;
for i =2 : sa -1
for 3 =2 : sb -1
if D(i, j3) == 1
if K(i, j) == 0 && K(i -1, 73 - 1) == 0 && K(i, 7 - 1) == 0 &&
K(i +1, 3 - 1) == 0 && K(1 - 1, j) == 0 && K(1 + 1, j) == 0 && K(1 - 1, J +
1) == 0 && K(i, J + 1) == 0 && K(i + 1, 7 + 1) ==
n=n-+1;
K(i, j) = n;
if D(i, J + 1) == 1
K(i, J + 1) = n;
end

if D(i + 1, § - 1) ==
K(i + 1, §J - 1) = n;

end
if D(1i + 1, j) ==
K(i + 1, j) = n;
end
if D(1 +1, 7 + 1) ==1
K(i+1, 3 +1) = n;
end
if D(1 -1, 7 + 1) ==1
K(i -1, J + 1) = n;
end
if D(1i -1, 3) ==1
K(i -1, j) = n;
end
if D(1i -1, j - 1) ==1



end
end
end
end
end
stop = 0;
while stop ==
cp = 0;
for i = 2 sa - 1
for j = 2 sb - 1
if K(i, jJ) > 2
B = zeros(9, 1);
B(l1, 1) = K(i -1, jJ - 1);
B(2, 1) = K(i, j - 1);
B(3, 1) = K(i1 + 1, j - 1);
B(4, 1) = K(i 1, 3);
B(5, 1) = K(i + 1, J);
B(6, 1) = K(1i -1, 3 + 1);
B(7, 1) = K(i, 37 + 1);
B(8, 1) KA+ 1, 3 + 1);
B(9, 1) = K(i, J)7
o =min(B(B > 2));
if o < K(i, 3j)
K(i, J) = o;
cp = cp + 1;
end
end
end
end
if cp ==
stop = 1;
end
end
% correcting matrix K
stop = 0;
while stop == 0;
cp = 0;
for i =2 : sa -1
for j =2 : sb -
if K (i, j) ~= 0
n = K(ll j);
for ii =1 -1 i+ 1
for 33 =3 -1 : 3 + 1
if D (ii, j3j) == 1 && K (ii, 3J3J)
K (ii, 33) = n;
cp = cp + 1;
end
end
end

end
end
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end

if cp ==
stop = 1; % \m/
end
end
stop = 0;
while stop ==
cp = 0;
for 1 = 2 sa - 1
for j = 2 sb -1
if K(i, 3) > 2
B = zeros (9, 1);
B(l1, 1) = K(i - 1,
B(2, 1) = K(i, J -
B(3, 1) = K(i + 1,
B(4, 1) = K(i 1,
B(5, 1) = K(i + 1,
B(o, 1) = K(i - 1,
B(7, 1) K(i, j +
B(8, 1) K(i + 1,
B(9, 1) = K(i, J)-
o =min(B(B > 2));
if o < K(i, 7J)
K(i, J) = o;
cp = cp + 1;
end
end
end
end
if cp ==
stop = 1;
end
end

% correcting matrix K and the edges
for 3 = 1: sb
if K(1, j) ~= 0 && K(1, j) ~= 2
K(1, j) = 2;

end
if K(sa, j) ~= 0 && K(sa, J) ~=
K(sa, j) = 1;
end
end
for 1 = 1 : sa
if K(i, 1) ~= 0
for ii =1 -1 : 1 + 1
if K(ii, 2) ~= 0
n = K(ii, 2);
end
end
if K(i, 1) ~=n
K(i, 1) n;
end
end
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if K(i, sb) ~= 0

for ii =1 -1 : i + 1

if K(ii, sb - 1) ~= 0
n = K(ii, sb - 1);

end

end

if K(i, sb) ~=n
K(i, sb) = n;

end

end
end

% counting the different numbers of K
BA = unique (K) ;

[cnodes, dim] = size(BA);

% subtracting the zeros and the result is the number of nodes in the
equivalent circuit

nodes = cnodes - 1;
p = 3;
for i = 1 : cnodes
d = BA(1, 1);:
if d > 2
for ii =1 : sa
for 3 =1 : sb
if K(ii, j) == d
K(ii, j) = p;
end
end
end
p=p +t 1;
end
end

option = 2; % checking if the conductive path connects directly the two

electrodes
for 3 =1 : sb

if K(2, j) == 1 || K(sa - 1, j) ==
option = 1;
end
end
f = 0;
drf = intle ((xf - 1)/step + 1);
Rs = zeros(drf, 1);
Rf = zeros(drf, 1);
strain = zeros(drf, 1);

dRF = zeros(drf, 1);
GF = zeros(drf, 1);

R1 = zeros (nodes, nodes);
R2 = zeros (nodes, nodes):;
R3 = zeros (nodes, nodes):;
R = zeros (nodes, nodes);
for i = 3 : sa - 3
for 3 =3 : sb - 3
if K(i, j) >=1
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0 ||
1) ==

e
end
distl

K(i -

nd

end

if K(1i -1, J - 1) == [l K(i, J - 1) ==
1, j) == 0 || K(i + 1, J) == [ K(i - 1,
K(i +1, J + 1) ==

g =K1, 3);

if K(i - 2, ) ~= 0 && K(i - 2, J) ~=
wl = K1 - 2, J);
Rl1(g, wl) = Rl(g, wl) + 1;

end

if K(i, J - 2) ~= 0 && K(i, j - 2) ~=
w2 = K(i, J - 2);
R2 (g, w2) = R2(g, w2) + 1;

end

if K(1 + 2, 3) ~= 0 && K(1 + 2, 3) ~=
w3 = K1 + 2, J);
R1 (g, w3) = R1(qg, w3) + 1;

end

if K(i, 3 + 2) ~= 0 && K(i, J + 2) ~=
wd = K(i, J + 2);
R2 (g, w4) = R2(gq, wd) + 1;

end

if K(1 -2, 3 - 1) ~=0 && K(1 - 2, j
wS = K(i -2, 3 - 1);
R3 (g, wb) = R3(g, wb) + 1;

end

if K(1 - 2, 3 +1) ~=0 && K(1 - 2, J
w6 = K(i -2, 7+ 1);
R3 (g, w6) = R3(gq, wé6) + 1;

end

if K(1 -1, 3 - 2) ~=0 && K(1 -1, 3
w7 = K(i -1, 3 - 2);
R3(g, w7) = R3(gq, w7) + 1;

end

if K(i -1, 3 +2) ~=0 && K(1 - 1, 3
w8 = K(i -1, 7 + 2);
R3 (g, w8) = R3(gq, w8) + 1;

end

if K(i +1, 3 - 2) ~=0 && K(1 + 1, 7
w9 = K1 + 1, 3 - 2);
R3 (g, w9) = R3(gq, w9) + 1;

end

if K(i +1, 3 +2) ~=0 && K(1 + 1, 3
wl0 = K(1i + 1, 7 + 2);
R3 (g, wl0) = R3(g, wl0) + 1;

end

if K(i + 2, 3 - 1) ~=0 && K(1 + 2, 7
wll = K(1i + 2, 7 - 1);
R3 (g, wll) = R3(gq, wll) + 1;

end

if K(1 + 2, J + 1) ~=0 && K(1 + 2, 7

end

wl2 = K(1 + 2, 7 + 1);
R3(gq, wl2) = R3(gq, wl2) + 1;
end

rand (nodes) ;
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dist2 = rand(nodes);

dist3 = zeros(nodes, nodes);
for 1 =1 nodes
for j =1 nodes
dist3(i, j) = sqgrt((distl (i,
if R1(i, j) > O
R1(i, j) = r*exp(b*distl (
1/ ((radius + distl(i, 3j))*107-9)));
end
if R2(i, jJ) > O
R2 (1, j) = r*exp(b*dist2(
1/ ((radius + dist2(i, 3J))*107-9)));
end
if R3(i, j) > 0
R3(i, j) = r*exp(b*dist3(
1/ ((radius + dist3(i, 3J))*107-9)));
end
end
end
for 1 =1 nodes
for 3 =1 nodes
if R1(i, 3) > 0 && R2(i, j) =
R(i, 3) = R1(i, 3J):
elseif R1(i, j) == 0 && R2(1,
R(i, J) = R2(i, 3J):
elseif R1(i, J) == 0 && R2 (i,
R(i, J) = R3(i, 3J):
elseif R1(i, 3J) > 0 && R2 (i,
if R1(i, Jj) <= R2(i, 3)
R(i, j) = RL(i, 3);
else
R(i, j) = R2(i, 3);
end
elseif R1(i, J) > 0 && R2(i,
if R1(i, J) <= R3(i, 7J)
R(i, J) = R1(i, 3J):
else
R(i, ) = R3(i, 3);
end
elseif R1(i, J) == 0 && R2 (i,
if R2(i, J) <= R3(i, 7J)
R(i, j) = R2(i, 3);
else
R(i, ) = R3(i, 3);
end
elseif R1(i, j) > 0 && R2(i,
if R1(i, j) <= R2(i, 3)
R(i, J) = R1(i, 3J);
elseif R2(1i, j) <= R1 (i,
R(i, J) = R2(i, J);
elseif R3 (i, j) <= RI1 (i,
R(i, J) = R3(i, J);
end
end
end
end
for 1 =1 nodes

j))r2 +

i, J)) *exp(Ecfinal* (1/ (radius*10"-9)

i, J)) *exp(Ecfinal* (1/ (radius*10"-9)

i, J)) *exp(Ecfinal* (1/ (radius*10"-9)

=0 && R3(i, 7)

j) > 0 && R3 (i,

4) == 0 && R3(i

j) > 0 && R3 (i,

j) == 0 &s& R3(i,

j) > 0 && R3 (i,

j) > 0 && R3(i,
&& R1(i, 7)

j) && R2(1i, J)

J) && R3(1i, 3J)
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for j =1 nodes

if R(i, 3) ~= R(J, 1);

R(i, J) = R(J, 1);

end

end
for x = 1 : step : xf Svertical distance

for i = 1 : nodes

for j = 1 : nodes

distl(i, j) = distl(i, Jj) + step;
dist2(i, j) = dist2(i, 3j) - dy;
dist3 (i, 7J) sgrt ((distl (i, J))"*2 + (dist2(i, J))"2);
if R1(i, J) > O
R1(i, j) = r*exp(b*distl (i, J)) *exp(Ecfinal* (1/(radius*10"-9)
1/ ((radius + distl (i, 3J))*107-9)));
end
if R2(i, j) > O
R2 (i, j) = r*exp(b*dist2(i, j)) *exp(Ecfinal* (1/(radius*10"-9)
1/ ((radius + dist2(i, 3j))*107-9)));
end
if R3(i, Jj) > O
R3 (i, j) = r*exp(b*dist3(i, j)) *exp(Ecfinal* (1/(radius*10"-9)
1/ ((radius + dist3(i, j))*107-9)));

end
end
end
for 1 = 1 : nodes
for 3 = 1 : nodes
if R1(i, j) > 0 && R2(i, j) == 0 && R3(1i, J) == 0
R(i, 3) = R1(i, 3J);
elseif R1(i, j) == 0 && R2(i, j) > 0 && R3(i, j) ==
R(i, J) = R2(i, 3J):
elseif R1(i, j) == 0 && R2(i, j) == 0 && R3(1i, J) > O

R(i, j) = R3(i, J)7

elseif R1(i, J) > 0 && R2(i, j) > 0 && R3(i, j) ==
if R1(i, Jj) <= R2(i, 3)
R(i, J) = R1(i, 3J):
else
R(i, 3J) = R2(i, 3J);
end
elseif R1(i, j) > 0 && R2(i, j) == 0 && R3(i, 3) > O
if R1(i, J) <= R3(i, 7J)
R(i, J) = R1(i, 3J):
else
R(i, 3) = R3(i, 3J);
end
elseif R1(i, j) == 0 && R2(1i, j) > 0 && R3(i, 3) > O
if R2(i, j) <= R3(i, 3)
R(i/ j) = RZ(i, j);
else
R(i/ j) = R3(i/ j);
end
elseif R1(i, j) > 0 && R2(i, j) > 0 && R3(i, j) > O
if R1(i, j) <= R2(i, J) && R1(i, J) <= R3 (i, 3J)
R(i/ j) = Rl(i/ j);
elseif R2(i, j) <= R1(i, J) && R2(i, J) <= R3 (i, 7J)
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R(j-/ j) = R2(i, j);
elseif R3(i, j) <= R1(i, J) && R3(i, J) <= R2 (i, 7I)
R(i, J) = R3(i, J);
end
end
end
end
for i = 1 : nodes
for j = 1 : nodes
if R(1, j) ~= R(j/ i);
R(j-/ j) = R(j/ i)
end
end
end
C = zeros (nodes, nodes);
for 1 = 1 : nodes
for 3 = 1 : nodes
if R(i, j) ~= 0
end
C(ll j) = - C(ll j);
end
end
S = sum(C, 2);
for 1 = 1 : nodes
C(l/ l) = - S(l/ l);
end
if nodes ~= 0
f=1f+ 1;
L = pinv(C); % pseudoinverce laplace matrix
Rs(f, 1) = L(1, 1) - 2*L(1, 2) + L(2, 2);
Rf(f, 1) Rs(f, 1)*EF;
strain(f, 1) ((x - 1)/1)*100;
drRF (£, 1) = ((RE(f, 1) - Rf(1, 1))/RE(1, 1))*100;
GF(f, 1) = dRF(f, 1)/strain(f, 1);
end
end

1
(
(
F

coverD = 0;
for i = 8 : sa - 8
for 3 =8 : sb - 8
if D (i, jJ) ==1
coverD = coverD + 1;
end
end
end
coverDpercent = (coverD*100)/((sa - 8)*(sb - 8));

o)

clear('Y'"'"); % Clear the name Y
Y = zeros(sb - 16, sa - 16, 3); % Pre-allocate space for the color array

% Filling the color array
for idxx =1 : sb - 16

for idxy =1 : sa - 16
if (D(idxx, idxy) == 0) Swhite
Y (idxx, idxy, 1) = 1;
Y (idxx, idxy, 2) = 1;
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Y (idxx, idxy, 3) = 1;

end

if (D(idxx, idxy) == 2) % blue
Y (idxx, idxy, 1) = 0;
Y (idxx, idxy, 2) = 0;
Y (idxx, idxy, 3) = 1;

end

if (D(idxx, idxy) == 1) % red
Y (idxx, idxy, 1) = 1;
Y (idxx, idxy, 2) = 0;
Y (idxx, idxy, 3) = 0;

end
end

imshow (Y, 'InitialMagnification', 1000)

grid on;

axis on;

set (gca, 'xtick', (0:100:sa - 16));

set(gca, 'ytick', (0:100:sb - 16)); % Plot the results with a grid.3
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