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Abstrakt

Prace pojednava o védeckych vysledcich z vybranych experimentalnich a literarnich
studii autora v oblasti uhlikovych materialt v mikroelektronice a senzorice. Tyto vysledky
byly publikovany v osmi ¢lancich v impaktovanych ¢asopisech béhem plisobeni autora na
Ustavu mikroelektroniky, FEKT VUT, v letech 2015-2019. V praci jsou popsany a
diskutovany dva typy studovanych uhlikovych materialti, a to nanotrubic a grafenu.
Uhlikové nanotrubice jsou zde vyuzivany pro infracervené snimani a tlakovy senzor na bazi
emise elektrickym polem. Vyzkum vénovany grafenu se zabyva novou metodou
modulovani fyzikalnich vlastnosti a charakterizace konkrétné monovrstvy grafenu.

Abstract

The thesis summarizes the research results from author selected experimental and
literature studies in the field of carbon materials used in microelectronics and for sensing
purposes. These research surveys were published in eight papers in impacted journals from
2015 till 2019. The thesis is divided into two main chapters according to the studied carbon
material, namely nanotubes for bolometer application and filed emission pressure sensor.
The chapter related to graphene is focused on research of a new method for modulation of
graphene physical properties due to controlled induced mechanical strain.
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Uvod

Uhlik je chemicky prvek ze IV.A skupiny periodické tabulky. Uhlik tvoti zékladni stavebni
kamen vSech organickych sloucenin, a tim vlastné poskytuje zéklad zivota na Zemi. Jeho
vyuziti je v mnoha dulezitych technologickych oblastech od 1é¢iv az po syntetické materialy,
a to diky schopnosti uhliku vazat se na sebe a také na témét vSechny dalsi prvky. Vysledna
strukturni rozmanitost organickych sloucenin a molekul je doprovazena Sirokym spektrem
chemickych a fyzikalnich vlastnosti [1]. Nastroje moderni chemické syntézy umoznuji
prizptisobeni téchto vlastnosti fizenou kombinaci stavebnich a funkc¢nich stavebnich bloki

v novych cilovych systémech.

Elementarni uhlik existuje ve dvou piirodnich strukturnich formach (alotropech) — diamantu
a grafitu [2]. Ob¢é formy vykazuji jedine¢né fyzikalni vlastnosti, jako je tvrdost u diamantu,
tepelna a elektricka vodivost nebo lubrikaéni vlastnosti u grafitu. Dalsi uhlikové alotropie je

mozné ziskat zmé&nou vazebného paru v sitich skladajicich se z atomt uhliku [1,3-5].
Podle rozmért v prostoru (obr. 1), I1ze uhlikové nanomaterialy rozdélit do ¢tyi skupin [6]:

)} nulova dimenze (0D), jako jsou kvantové teCky na bazi uhliku a fullereny,
i) jednorozméré (1D), jako jsou uhlikové nanotrubice (CNTS),

iii) dvourozmérné (2D), jako jsou grafeny a jejich derivaty,

iv) tiirozmérné (3D), jako jsou grafit a diamant.
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Obr. 1: Alotropie uhliku v mnoha dimenzich. Pfevzato a upraveno z [7].

Diamant spolu s grafitem piedstavoval po dlouhou dobu jediné znamé alotropy uhliku. Tato
situace se zménila v roce 1985 [8] s prichodem fullerent, které byly poprvé syntetizovany
skupinou védcu z Rice univerzity v Houstonu. Tento objev znamenal zacatek éry alotropi
syntetického uhliku a neni divu, Ze za objev fullerent dostali pozdéji Robert F. Curl, Harold
Kroto a Richard E. Smalley Nobelovu cenu v oboru chemie. Dalsi velky rozvoj nastal v roce
1991 [9], kdy japonsky profesor lijima zpopularizoval uhlikové nanotrubice, a poté v roce 2004
[10], kdy nyné&jsi nositelé Nobelovy ceny, nizozemsky fyzik ruského pivodu Geim a jeho
britskorusky kolega Novoselov, znovuobjevili grafen. Vzhledem Kk nespoéetné moznym
orbitalnim hybridizacim uhliku, a tudiz velké rozmanitosti krystalickych I neuspofadanych
struktur, 1ze ocekavat dalsi objevy uhlikovych forem s riznymi vlastnostmi [11-14].



Autora této habilita¢ni prace uhlikové materialy zaujaly jiz v dobach magisterského studia,
kdy se zabyval jejich vyrobou piedev§im pomoci plasmou posilené chemické depozice z plynné
faze (CVD). Na postgradualnim studiu se jiz zabyval vyzkumem a vyvojem modernich
emisnich senzort. Kromé¢ jinych perspektivnich materidli se zabyval studiem emisnich
vlastnosti prave i uhlikovych nanotrubic. Béhem postgradualniho studia se také autor zapojil do
n¢kolika projektl, ve kterych zarocil své znalosti, ve kterych kromé studia zakladnich vlastnosti
nanotrubic byly zjistovany moznosti vyuziti uhlikovych nanotrubic pro infracervené (IR)
snimani. Po tispé$ném obhajeni disertacni prace se zapojil do dvou aplikovanych projekti, které
fe$i moznost vyuziti CNTs v termokamerach pro oblast THz pasma pro bezpecnostni slozky
(MVCR) a pro biomedicinské aplikace (H2020). V roce 2018 ziskal déle juniorsky projekt
GACR, kde studuje zménu fyzikalnich vlastnosti grafenu v diisledku mechanické deformace.
Rozpocet tohoto projektu je 6,78 miliond K¢ na 3 roky.

V nésledujicich kapitolach je shrnuti vySe zminénych oblasti feSeni, véetné kratkého shrnuti
vysledku diserta¢ni prace v oblasti emise elektrickym polem z uhlikovych nanotrubic, které je

vSak doplnéno o poznatky, které byly vyzkoumany az po obhajeni préce.



1 Uhlikové nanotrubice

V roce 1991 publikoval japonsky profesor Iijima ze spole¢nosti NEC ¢lanek popisujici jeho
objev dutych trubi¢ek slozenych pouze z grafitového uhliku [9] (obr. 2). Tento ¢lanek vyvolal
ohromné vzruseni a diky nému se inspirovalo mnoho védct, kteti nyni studuji vlastnosti a
mozné aplikace uhlikovych nanotrubic. Prestoze lijima ziskal hodné ocenéni za objeveni
uhlikovych nanotrubic, ukazuje se, ze uhlikové nanotrubice byly objeveny jiz mnohem diive.

srolovani

grafenovy list uhlikova nanotrubice

Obr. 2: Srolovani grafenového listu do uhlikové nanotrubice, vytvofeno pomoci programu Nanotube
Modeler.

Jiz v roce 1952 L. V. Radushkevi¢ a V. M. Lukyanovi¢ publikovali v sovétském zurnalu
fyzikdlni chemie (Zhurnal Fizicheskoi Khimii) jasné snimky uhlikovych vldken o priméru
50 nm, které vznikly tepelnym rozkladem CO na Zelezné vrstvé [15]. Tento objev byl prakticky
bez odezvy, protoze se jednalo o publikaci psanou v rustiné a piistup ostatnich védcu k této
publikaci predevs§im ze zapadu byl diky studené valce prakticky nemozny. Dal§im publikacim
o uhlikovych vlaknech ¢i trubicich z let 1976 az 1987 je vénované zajimavé review [16].

[ijim0v objev uhlikovych nanotrubic byl vSak prevratny ve zpusobu ptipravy. Jeho metoda
uzce souvisi s postupem, ktery pouzil profesor W. Kritschmer pro vyrobu fullerenti
(,,pfedchidci nanotrubic v kulovém tvaru®) v makroskopickém mnozstvi v roce 1990 [17].
Metoda je zaloZena na obloukovém vyboji mezi dvéma uhlikovymi elektrodami v inertni
atmosféfe za snizeného tlaku. Pravé diky své publikaci Vv nejprestiznéj$im casopise Nature
lijima predstavil CNTs védecké komunité a jeho publikace tak pravem patii k nejvice
citovanym publikacim (v roce 2018 piekrocila hranici 30 tisic citaci).

CNTs maji vynikajici mechanické vlastnosti [18,19], jmenovité velky Youngiv modul
pruznosti, velkou pevnost v tahu, velky pomér stran a malou hustotu. Tyto vlastnosti délaji
CNTs idealnim materialem pro vyrobu kompoziti [20]. Vzhledem k velmi malym rozmérim
je obtizné méfit mechanické vlastnosti pfimymi metodami [21], a proto byly pouzity k popisu
mechanickych vlastnosti rtzné experimentalni techniky jako skenovaci -elektronova
mikroskopie (SEM), transmisni elektronové mikroskopie (TEM), mikroskopie atomarnich sil
(AFM), Ramanova spektroskopie, nanoindentace apod. [20,22,23]. Lourie a Wanger [24]
zjistili Youngtiv modul jednosténnych a mnohosténnych CNTs v rozsahu 2,8-3,6 TPaa 1,7—
2,4 TPa pomoci mikro-Ramanovy spektroskopie. Yu [22] se svym kolektivem métil pevnost

Vv tahu jednotlivych mnohosténnych CNTs Vv rozmezi 11-63 GPa pomoci SEM. Ukazalo se, Ze
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pouze vnéj$i vrstva je schopna odolat vys$Simu zatizeni, zatimco pienos zatéze mezi
jednotlivymi vrstvami je velmi slaby. Kromé mechanickych vlastnosti byly studovany také
elektrické vlastnosti. Na zaklad¢ teoretickych studii bylo zjiSténo, Ze v zavislosti na priméru
a asymetrii prostorového rozlozeni (chiralit€) nanotrubice, mize byt CNT bud’ vodiva nebo
polovodicova [25,26]. Bylo zjisténo, ze asi dvé tfetiny nanotrubic jsou polovodi¢ové a jedna
tietina nanotrubic je vodiva [27]. Ebbesen [28] a kolektiv méfili elektrickou vodivost
jednotlivych mnohosténnych CNTs v rozmezi 10°-108 S-m? &tyibodovym méfenim.
Elektricky odpor vodivé CNT [29] byl naméfen priblizng 108 az 10~ Q-m. Mozné strukturélni
vady Vv nanotrubicich a jejich vliv na odpor byly také zkoumany a bylo zjisténo, ze vady CNTS
podstatné zvysuji odpor [30]. CNTs maji také velkou tepelnou vodivost. Berber [31] a kolektiv
zméiili vysokou hodnotu tepelné vodivosti izolovanych nanotrubic, tj. 6000 W-mK™. Tato
hodnota je srovnatelna s monovrstvou grafenu a diamanty. Hone [32] a jeho kolegové méfili
tepelnou vodivost jednosténné CNT v rozsahu teplot 8-350 K a tepelna vodivost byla teplotné
zavisla a dosahovala hodnot v rozmezi 1750-5800 W-mK™,

1.1 Studie emisniho senzoru pro méreni tlaku s uhlikovymi nanotrubicemi

vvvvvv

v riznych aplikacich. Nejvyspé€lejsi aplikace snimact tlaku je mozné nalézt napf.
v automobilovém primyslu jako snimace tlaku v pneumatikach [33,34] nebo napft. v riznych
jednorazovych zdravotnickych zatizenich. Tlakovy senzor mize méfit krevni tlak, nitrodélozni
tlak béhem narozeni nebo vitalni znaky pacienta [35]. Navic jsou senzory tlaku pouzivany
v chirurgickych zatizenich, nemocni¢nich lizkach a mnoha dalSich zdravotnickych zatizenich
[36]. V tlakovych snimacich mikro-elektro-mechanickych systémi (MEMS) jsou zmény tlaku
transformovany na mechanickou deformaci a/nebo napéti, které se méti zménami kapacity,
induk¢nosti nebo odporu snimace [37,38]. Dalsi princip snimace tlaku je zalozen na zménach
emisniho proudu na senzorovych elektrodach [39].

Uhlikové materidly riznych forem pfitahuji velky zdjem v oblasti elektronové emise,
protoze mohou emitovat elektrony pii relativné malych hodnotach elektrické intenzity. Emitory
by mély mit co nejveétsi pomér délky a primér a také nizkou vystupni praci na svém povrchu.
struktury pro vyrobu. Aby se sniZily vyrobni naklady, pokracuje usili o vyvijeni plosnych
emitort ze studené katody, zejména na bazi diamantovych tenkych vrstev [40-42] a uhlikovych
nanostrukturnich materiali s vysokym pomérem stran [43]. Prvni rozsahla studie o emisich
elektrickym polem z CNTs byla publikovana Bonarem a jeho kolektivem v roce 1998 [44].
Pozdé¢ji byly CNTs vyuzivany jako emitory v displejich [45] nebo elektronovych zdrojich
Vv elektronové mikroskopii [46].



1.1.1 Navrh a princip emisniho senzoru tlaku

Snima¢ tlaku MEMS na principu elektrické emise [47] byl navrzen jako struktura diody
(obr. 3). Sklada se ze dvou silné dopovanych kiemikovych elektrod, z nichz anoda je
anizotropn¢ leptané do tenké, ohybné membrany. Emisni materidl, v tomto ptipadé¢ vertikalné
orientované CNTs, je umistén na katod€. Ob¢ elektrody jsou odd€leny dielektrickou vrstvou
s integrovanou vakuovou komorou. Dielektricka vrstva mtize byt vyrobena z pyrexového skla
s vyuzitim technologie anodické vazby nebo ze sklenénych frit.

Napéti mezi katodou a anodou tvofi extrakéni pole. Vzdalenost mezi elektrodami musi byt
odpovidajicim zplisobem upravena. Emisni proud lze regulovat bud’ regulaci napéti nebo
zménou vzdalenosti katody od anody. Regulace napéti ovlivituje energii elektrontii na anod¢ a
vyzaduje komplexni napajeci zdroje. Zména vzdalenosti katody od anody vyzaduje mechanické
ovladani. Anoda je tvofena tenkou membranou, kterd se ohyba pusobenim vngjsiho tlaku.
Pokud je ptilozené napéti mezi elektrodami fixni, zméni se intenzita elektrického pole, stejné
jako emisni proud pole. Princip je podobny snimac¢tm tlaku pracujicich na kapacitnim principu,
ve kterych je mé&fenou veli¢inou kapacita.

pusobici tlak
ﬂ B cemic
|:| dielektricka vrstva
IE uhlikové nanotrubice
|:| zlate elektrody

Obr. 3: Schematicky pohled na senzor tlaku MEMS s emitory z uhlikovych nanotrubic.

1.1.2 Charakterizace emisniho senzoru tlaku

Viechna méfeni probihala ve vakuové komote pfi tlaku niz§im nez 10 Pa. Na elektrodé
byly deponované nanotrubice pomoci plasmou posilené CVD metody na plose 16 mm?.
Vzdalenost mezi emitory z CNTs a anodou byla nastavena na 120 um za pouziti tuhé
dielektrické folie. Napéti bylo automaticky nastaveno pomoci programového vybaveni
komunikujiciho se zdroji napéti ptes rozhrani GPIB od 0 do 150 V. Hustota elektrického proudu
v zavislosti na intenzité elektrického pole (obr. 4) byla vypoétena z namétenych vysledkd.

Stejnd méteni byla provedena pro deset vzdalenosti mezi emitory a anodou v rozmezi od
84 um do 120 pm. Pro téchto deset vzdalenosti byly stejné vysledky ziskany opakované a
vSechny odpovidaly ptfepocitanym vysledkiim na proudovou hustotu v zavislosti na intenzité
elektrického pole na obr. 4.
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Obr. 4: Zavislost proudové hustoty na intenzité elektrického pole z uhlikovych nanotrubic slouZicich
jako emitory. Ve vyiezu je vynesena odpovidajici F—N zavislost.

Vyiez v obr. 4 zobrazuje odpovidajici zavislost podle Fowler—Nordheimovy (F-N) teorie
[48]. Ptimky ve F-N zavislosti oznac¢uji kvantové mechanické tunelovani charakteristické pro
emisi elektrickym polem. Pfimka ve F-N zavislosti je odvozena za pouziti F-N rovnice:

I = (AaB*V2/d?$) expl — B*/2d/(BV)], (1)

kde | je emisni proud, A=1,56-10% A-V2-eV a B=6,83-10° eV-%2-V-m™ jsou F-N konstanty,
a je emisni plocha, B je koeficient zvétSeni elektrického pole, ¢ je vystupni prace, d je vzdalenost
mezi anodou a emitory a V je prilozené elektrické napéti. Aby bylo mozné emitovat hodné
elektrond pfi nizkém napéti, je zapotiebi nizka vystupni praci (¢) a vysoky koeficient zvétseni
elektrického pole (B). Tento koeficient je moZzné zjistit jednoduse ze smérnice ptimek za pouZiti
F-N zavislosti (In(J/E?) vs. 1/E). F-N zavislost pro vzorky s uhlikovymi nanotrubicemi miize
byt rozdélena na dvé ¢asti, a to mensi a vétsi nez 0,9 pm-V?, se dvéma riiznymi koeficienty
zvétSeni elektrického pole.

Takové chovani F-N zavislosti neni neobvyklé a miize byt zplisobeno riznymi vlivy, jako
je elektricky odpor uhlikovych nantrubic [49,50], prostorovy naboj [51], absorpce plynil na
povrchu [52], zména struktury emitort [53,54], nerovnost emitora [55,56], lokalizované stavy
[57], non-Schottky-Nordheimova bariéra [58,59] nebo vzajemna interakce mezi emitory [60].

Za predpokladu, ze ¢cnt = 5 eV [61], je vypocitana smeérnice F-N zavislosti —7,4+0,2 pro
1/E < 09um-V?!, tj. oblast vysoké intenzity elektrického pole a
—27,4+1,1 pro 1/E > 0,9 um-V1, tj. oblast nizké intenzity elektrického pole. Z vypoéitanych
hodnot vyplyva, Ze narlst proudu je rychlejsi pro oblast nizkych intenzit elektrického pole, a
proto je teoreticky vyhodné&jsi pouzivat snimaé v této oblasti. Vzhledem k velmi malym

hodnotam emisniho proudu je vSak nutné pouzivat snimac v silném elektrickém poli.



Obecné plati, Ze se u aplikaci s emisi elektrickym polem stanovuje tzv. oteviraci intenzita
elektrického pole, kdy hustota emisniho proudu dosahne hodnoty 10 pA-cm™2. U vzorki
nejvyssi proudova hustota byla dosaZena jiz pii intenzité elektrického pole 1.8 V-pm™.

Namétené vysledky se podle ocekavani fidi Fowler—Nordheimovym zédkonem. Kiivky na
obr. 5 ukazuji, Ze naméfeny emisni proud zavisi na vzdalenosti elektrod a zaroven roste
s klesajici vzdalenosti elektrod, tj. zvySujici se intenzitou elektrického pole. Stejné tak pro
konstantni vzdalenost elektrod a zvysujici se napéti, roste i emisni proud. Toto potvrzuje
ofekavané chovani emisniho senzoru pro méfeni tlaku s uhlikovymi nanotrubicemi.
Z namétenych charakteristik 1ze také konstatovat, ze je vyhodné pracovat s vys§im elektrickym
polem a niz$imi vzdalenostmi elektrod. Pti téchto podminkach vede mald deformace membrany
vlivem pusobiciho tlaku k velké zméné emisniho proudu, tzn. je dosazeno vyssi citlivosti
senzoru, tj. vyssiho poméru AI/Ap pii stejné zméné vzdalenosti Ad. Tento stav muze byt jeste

vylepSen vybérem vhodného rozméru a tloustky membrany [47].

80V
0,09 = 85V
90V
0,08 = 05V
100 V
0,07+ . 105V
~—~ 0,06 - 110V
< - 115V
£

0,05 = 120V
= 125V

Vzdéalenost elektrod (um)

Obr. 5: Zavislost emisniho proudu na vzdalenosti anody od emitorti z CNTS, kde je elektrické napéti
jako parametr. Body — namétené hodnoty, ¢ary — prolozeni F-N modelem.

Jak bylo uvedeno vyse, emisni proud je siln€ ovlivnén parametry tlakového senzoru (velikost
a tloustka membrany) a intenzitou elektrického pole (pouzité napéti a vzdalenost anody a
emitortl z CNTs). Vzhledem k tomu, Ze prithyb membrany odpovidd zmén¢ vzdalenosti anody
od emitort z CNTs, mlze byt pouzita zavislost na obr. 5 jako ukazka ocekavané hodnoty
emisniho proudu pro dany tlak. V tomto pifipad¢ je vzdéalenost anody od CNTs nahrazena
tlakem a muze byt pfimo odvozena o¢ekavana hodnota emisniho proudu pro zvolené parametry
systému (pocatecni intenzita elektrického pole, tj. pouzité elektrické napéti a vzdalenost anody
od CNTs, velikost a tloustka membrany).
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Jednoduchou matematickou tvahou a porovnanim namétenych a simulovanych vysledki
prithybu membrany [47] 1ze vyvodit, Ze pokud bude pouzito pole CNTs o plose 1 cm?, podate¢ni
vzdalenost anody od emitort bude 10 um, napajeci napéti bude 12 V a membrana bude mit
velikost 10 000 pm x 10 000 pm x 100 um, bude emisni proud zpole CNTs 50 pA. Pii
pusobeni tlaku na membranu o velikosti 1 kPa a zanedbani poloméru prithybu membrany, bude
prihyb membrany zhruba 0,75 pm, a tim padem bude emisni proud z pole CNTs piiblizné
90 pA. Citlivost Ize tedy stanovit na rozsahu 0 az 1 kPa na 40 pA-kPa™. Pfi vyssich tlacich,
resp. intenzitach elektrického pole, 1ze oCekéavat vyssi citlivost. Se ztencujici se membranou se
zvysi citlivost senzoru, ale snizi se maximalni méfitelny tlak. To stejné plati i pro zvétSujici se

membranu.

1.2 Uhlikové nanotrubice pro infracervené snimani

Bolometr byl vynalezen americkym astronautem S. P. Langleyem v roce 1880 [62] a je
uréeny pro méfeni energie dopadajiciho IR zatfeni prostfednictvim ohfevu materialu S teplotné
zavislym odporem. Bolometr velice ¢asto obsahuje absorpéni vrstvu, ktera je jednim
z klicovych parametrl, protoze zvySuje Uc€innost na dopadajici zareni celého detekcniho
systému. Mezi nejvice pouzivané absorpéni materidly patii oxidy vanadu (VOx), amorfni
ktemik (a-Si) nebo kiemikové diody [63-65]. Vyzkumny tym na astavu mikroelektroniky se
zamé&fil na bolometrickych aplikace, kde slouzi CNTs jako absorp¢ni vrstva. Diky tomu je
teoreticky mozné zvysit rozsah detekovatelnych vlnovych délek a také zvysit citlivost
bolometru na dopadajici IR zéfeni.

Uhlikové nanotrubice je mozné piipravit mnoha zpisoby, a to od pfipravy pomoci
obloukového vyboje mezi uhlikovymi elektrodami pies laserovou ablaci uhlikového terce az po
CVD. Nejrozsitenéjsi technikou ptipravy je pravé zminéna chemicka depozice z plynné faze,
ktera je zalozend na dekompozici uhlovodiku v pfitomnosti katalytického materidlu, jako je
napi. Zelezo, nikl nebo kobalt. Podminky riistu jsou ovlivnény depozi¢ni teplotou, typem
pouzitého uhlovodiku a volbou katalytického materidlu. V nejpouzivanéjSich CVD procesech
se vyuziva teploty vyssi nez 700 °C. Teplota pfi ristu miize byt dale snizena pod 500 °C diky
vyuziti plasmou posilené CVD [19] metody.

Integrace vrstvy absorbujici IR zafeni na vyhodnocovaci integrované obvody (ROIC)
vyrobené pomoci techniky doplikového kov-oxid-polovodi¢e (CMOS) piredstavuje nekolik
technologickych vyzev. Ackoliv je plocha ristu uhlikovych nanotrubic jednoduse definovana
pomoci katalytické vrstvy, rist CNTs vyzaduje zvySenou teplotu substratu nad bezné
pfipustnou mez, a to pravé predstavuje nejvétsi problém pii integraci. Vyuziti plasmou
posilenych CVD metod je také problematické, protoze teplo z plazmového vyboje zptisobuje
poskozeni tepelné izolovanych membran. Plazmové procesy dale indukuji naboj v tenkych
vrstvach SiO2, coz zpiisobuje zmény v prahovych napétich tranzistori CMOS. Prebyte¢ny
naboj miize byt odstranén naslednym zihdnim, avSak tento proces je nekompatibilni s ROIC.
Konvenéni CVD procesy vyzaduji teploty hodné nad limitem, které poskodi CMOS ROIC
zatizeni. Nejvyssi teplota, které CMOS zatizeni neposkodi, je obvykle nizsi nez 475 °C.
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1.2.1 Depozice uhlikovych nanotrubic na membrany bolometri

Pro depozici uhlikovych nanotrubic na povrch membrany bolometru byl proto vynalezen
unikatni zplisob, pomoci kterého je mozné deponovat nanostruktury jen na membrané
bolometru a zaroven teplota na zbytku substratu zistava pii pokojové teploté. Vyrobeny a
podleptany Cip bolometru byl proto umistén do bezvyvodového keramického pouzdra typu
LCC68 a byl s nim propojen pomoci bondovacich dratkt. Toto pouzdro bylo poté umisténo do
vakuové komory, kterd byla vybavena sklenénym priizorem, dvéma trubi¢kami pro ptivod a
erpani plynii a také elektrickymi priichodkami (obr. 6). Komora mé objem ~100 cm®. Komora
s ¢ipem bolometru byla poté umisténa pod opticky mikroskop s objektivem se zvétSenim 50%,
pracovni vzdalenosti 9 mm a numerickou aperturou (NA) 0,55. Pfiblizn¢ 7 mm vzdalenost mezi
membranou bolometru a sklenénym oknem umoziiuje pozorovani bolometry s vysokym

rozliSenim a zaroven sledovat rist CNTs béhem procesu V realném ¢ase pomoci CMOS kamery

[66].

BS : =)L

VG

56 TP Bolometer
VBOIJ_ 'B

ol

Obr. 6: Schematicky nakres komory pro depozici uhlikovych nanotrubic. Bolometr byl umistén do
vakuové komory se vstupem pro piivod plynu a ¢erpacim otvorem. Pritok plynu byl fizen jehlovymi
ventily (NV). Cerpani komory bylo provadéno pomoci turbomolekularni vyvévy (TMP) s piedéerpanim
pomoci suché vakuové vyvévy (DP). Diky optickému mikroskopu s objektivem se zvétSenim 50x (OL)
bylo mozné monitorovani procesu ristu CNTS v realném ¢ase. Méfeni odrazu béhem ristu CNTSs bylo
provedeno pomoci wolframové lampy (TL) ve spojeni s déliGem svétla (BS) pro osvétleni membrany
bolometru. Emise a odraz pfi ristu CNTS byly méteny pouzitim kiemikové fotodiody (PD). Fotoproud
I, byl pfeveden na napéti pomoci proudového piedzesilovace (Amp), ktery byl nasledné sledovan
pomoci osciloskopu (Osc). Rozptyleny vykon v membrané bolometru P byl nastaven pomoci systému
zpétné vazby regulovanim amplitudy Veov pii méfeni lgoL a udrZzovani P pii konstantni hodnoté.

Pted samotnou depozici nanostruktur na povrch membrany bolometru byla membrana
elektricky zahtivana pomoci rozptyleného Joulova tepla o vykonu P =200 uW pfi proudéni
formovaciho plynu po dobu pfiblizné 15 minut, aby doslo ke stabilizaci teplotnich podminek
a vyzihani katalytické vrstvy. Béhem celého procesu byl udrzovan konstantni vykon P pomoci
fizeni napéti V ptilozeného na membranu bolometru a soucasného méteni proudu | tekouciho
odporem titanové vrstvy membrany bolometru. Soucin V-1 byl udrzovan konstantni diky pouZziti
systému s uzavienou zpétnovazebni smyckou. Poté byly stabilizovany podminky rustu, a to
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piedevsim tlak uvniti komory =5 Pa, iprava pritoku acetylenu na 500 cm®-min* a formovaciho
plynu na 200 cm®-mint. Béhem experimentu byl nasledné vykon zahfivajici membranu
bolometru zvySovan, dokud nebyl emitovany proud lp Z membrany zachycen na fotodiodé
uchycené k optickému mikroskopu. Tento fotoproud byl zobrazovan na osciloskopu poté, co
byl pieveden na napéti pomoci proudového piedzesilovace s aktivnim filtrem typu dolni
propust a nastaveném utlumem 20 dB na dekddu, meznim kmitoctem 20 Hz a zesilenim
10 pA-V1. Toto nastaveni umoznilo sledovat chovéani bolometru béhem rtistu CNTs. Dale byl
zvySovan vykon rozptyleny v membrané bolometru s krokem 8 uW-s? zaginajicim v ¢ase
56 s, dokud nebylo dosazeno rozptyleného vykonu v membran¢ bolometru 650 uW (dosazeno
v Case 112 s) a poté byl udrzovan konstantni vykon po dobu 700 s (obr. 7A). Fotoproud Ip jako
funkce ¢asu t mize byt prolozen exponencidlni kiivkou prvniho fadu. Z aproximace byla poté
ur¢ena ¢asova konstanta emise t1, jejiz hodnota je =35 s.

S vyuzitim podobného sestaveni byl sledovan odraz od membrany bolometru jako funkce
rustu CNTs pfi fizeni amplitudy vykonu P. V experimentu byla membrana bolometru osvétlena
halogenovou zarovkou o vykonu 100 W. Rychlost odezvy na odraz je v porovnani s méfenim
emisivity rychlejsi (obr. 7B). Jakmile zacal rtst uhlikovych nanotrubic pfi vykonu 420 uW,
klesla amplituda odrazené¢ho zéafeni z membrany bolometru s exponencidlni zavislosti prvniho
radu s casovou konstantou 12 ~13 s. Mensi ¢asova konstanta 12 ve srovnani s 11, ukazuje, Ze se
absorpce elektromagnetického zatfeni ve viditelném spektru tfikrat zrychluje neZ zafeni
emitované pii riistu uhlikovych nanotrubic.

A 0,5 B 60 T
650 pW 90 pW
0,44 i
50 420 uW i
~ 034 <
<
= < 650 pW

p

40 ]

0,14 4
30 1
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0

T T T
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Obr. 7: A) Typicka optickd emise z membrany bolometru v zavislosti na ¢ase béhem depozice CNTs.
Byl méfen fotoproud excitovany v kiemikové fotodiodé umisténé na optickém mikroskopu. Rozptylené
Joulovo teplo se postupné zvySovalo a v Case 56 S membrana bolometru zacala emitovat svétlo na
detekovatelné trovni. V Case 112 spfi nastaveném vykonu 650 pW dosdhla emise z membrany
bolometru svého maxima. V tomto Gase zafaly rast na povrchu membrany bolometru uhlikové
nanotrubice, doslo ke zvySeni emisivity z povrchu membrany a diky tomu se snizila teplota membrany
bolometru. V ¢ase 850 s byl vypnut ohiev bolometru, CNTs piestaly rust, a proto svételna emise rychle
klesla na nulovou hodnotu. B) Experiment byl proveden pii stejnych podminkach s vyjimkou casu
méfeni optického odrazu od povrchu membrany bolometru. V ¢ase 40sbyl vykon zvySovan
z ustaleného stavu 90 pW a odrazivost od membrany bolometru zacala klesat. Uhlikové nanotrubice
zacaly rlst v Case 86,5 S S rozptylenym vykonem 420 pW. Nové rostouci vrstva uhlikovych nanotrubic
dale snizovala odrazivost od membrany bolometru s ¢asovou konstantou ~13 s. Maximalni vykon
Joulova tepla 650 uW byl dosazen v Case 96 s. V Case 250 s byl ohfev bolometru vypnut, ale amplituda
odrazu se zménila jen nepatrng.
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Na obr. 8 je zobrazena analyza membrany bolometru pied a po depozici uhlikovych
nanotrubic pomoci elektronové a optické mikroskopie.

Obr. 8: Analyza pomoci skenovaciho elektronového (A, C) a optického (B, D) mikroskopu membrany
mikrobolometru s lokalné deponovanymi uhlikovymi nanotrubicemi pted (A, B) a po (C, D) depozici.

Pouzitelnost uhlikovych nanotrubic jako citlivé vrstvy pro IR zafeni byla hodnocena
prostiednictvim ftady zkouSek a také méfenim za vyuziti infracervené spektroskopie
s Fourierovou transformaci (FTIR). Vysledky vyhodnocujici absorpci uhlikovych nanotrubic
pro ruzné vinové délky jsou zobrazeny na obr. 9.

99,98

Absorpce (%)

8
2
Refl / Trans / Abs (%)

99,95 -

8 9 10 11 12 13 14 17 18 19 20 21 22 23 24 25 26 27 28 29 30
VInova délka (um) VInova délka (um)

Obr. 9: IR absorpce ve vrstvé uhlikovych nanotrubic méfena pomoci FTIR ukazujici, Ze vrstva je
vynikajici IR absorbér i v THz oblastech.

Z namétenych vysledkl vyplyva, ze uhlikové nanotrubice mohou slouzit jako vynikajici
cerné téleso s absorpci mezi 90 % a 99,9 % v Sirokém rozsahu spektra pokryvajici viditelnou
oblast az po oblast THz. Navic je jejich depozice diky CVD metod¢€ pIn¢ kompatibilni s vyrobou
MEMS a jejich rlst probihd pouze na lokalné zahiatych membranach bolometru a teplota
zbytku Cipu zlstava pii pokojové teploté. Toto umozituje kombinovat vyuziti vrstvy uhlikovych
nanotrubic spolu s bolometry zaloZenych na maticovém uspofadani véetné moznosti integrace
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vyhodnocovacich obvodii CMOS. Aplikace vyzaduje velmi dobrou kontrolu rstu absorpcni
vrstvy, coz vyvinutd metoda umoziuje, pro ziskdni dobrého soub&hu vsech parametra
bolometrd.

1.2.2 Integrovany vyhodnocovaci obvod

Signaly z bolometrt jsou dale zpracovavany pomoci ROIC, aby nakonec mohl byt vytvoien
obraz IR zéfeni. Diky integraci vystupniho signalu bolometru dochazi ke zlepseni klic¢ového
parametru - pomér odstupu signalu k Sumu (SNR). Zakladni problém u méfeni bolometrti je
praveé mald zména odporu zptisobena dopadajicim IR zéafenim, ktera je o nékolik fadu nizsi nez
jmenovita hodnota odporu R. Navic hodnota odporu R kolisd z diitvodu nejistoty v procesu

vyroby bolometrii.

ROIC zalozeny na nesaturujicim integratoru AX prvniho fadu [67] se sklada z proudového
integratoru, po kterém nasleduje komparator fizeny hodinovym signalem. Zdroj proudu Irer se
aktivuje na zaklad¢ stavu komparatoru, aby udrzel integrator mimo oblast saturace (obr. 10A).

Vystupni napéti integratoru Vear v Case t mize byt popsano rovnici:
1 t t
Vot = o (fy findt = Iner * T+ N = [, Inerdt) 2)

kde Cint je hodnota kapacity integra¢niho kapacitoru, lin je vstupni proud integratoru, T je
perioda hodinového signélu, N je pocet (kladné celé ¢islo) period hodinového signalu, kdy byl
Irer deaktivovan a t1 je Cas, kdy zacala posledni perioda a spina¢ pro Irer byl aktivni. Pokud
nebyl aktivni, posledni integral v rovnici (2) ma hodnotu 0 V.

—=— bez IR zéareni 1 2

A B —e— s IR zéfenim \S/7C|L zsch)éceno
obvoaem
VCOMP / /
IREFL :

S/ <€———————————— = %
<
CINTI I =0

VeaL ‘

- (S/H) :

. L viowr e VUV
' ) COMP vystup (N) j
integrator kompardtor Fizeny 3 cas integrace (us)

-

hodinovym signdlem
Obr. 10: A) Princip nesaturujiciho integratoru zalozeném na AX modulatoru prvniho fadu. Kdyz
napét'ova uroven vystupniho napéti z integratoru VeaL dosahne urovné nastavené Vcowmp, komparator
fizeny hodinovym signalem aktivuje Irer a tento ptfidavny elektricky proud v opacném sméru snizi
amplitudu VeaL a zaroven udrzi integrator mimo rezim saturace. B) (¢ernd) Signal VeaL bez IR zafeni.
(¢ervena) Odpor bolometru vzroste diky zahtati membrany bolometru IR zafenim, vzroste Al vstupniho
proudu lin, coZ zptisobuje zvySeni Vear.

Tento systém vytvaii vzorek dvou logickych Grovni na vystupu komparatoru fizenym
hodinovym signalem, zbytkovou hodnotu VeaL a vystup integratoru na konci pievodu. Velikost
neznamého proudu lin pak mtze byt vypocitana z hodnoty N a Irer. Jedna se o typicky ptiklad
vyuziti pfevodniku AD zalozeném na modulatoru AX, zatimco zbytkova hodnota Vear na konci
pievodu je zanedbavana.
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Bylo navrzeno vyuziti tohoto systému pro extrakci hodnoty IR zafeni z bunky bolometru.
Absolutni hodnota N piedstavuje jmenovity odpor bolometru a jeho zménu, ¢asto nazyvanou
tzv. vzor sum (FPN — fixed pattern noise). Vykon IR zafeni zvysi hodnotu amplitudy signalu
VeAL.

Systém nejprve skenuje celou matici bolometrd s uzavienou clonou a ulozi v§echny hodnoty
vystupti hodnot Vear1 a N z celé matice bolometrti do vnitini nebo vnéjsi paméti. Dale se matice
bolometrd znovu naskenuje pii oteviené cloné a zaznamenavaji se nové vystupy Vearz. Obraz
IR zafeni se pak vytvori odeétenim AVeaL = VeaL2 — VeaL1 (0br. 10B) z kazdého pixelu matice
bolometrd a zaroven se porovnaji hodnoty N s a bez IR zafeni. V idealni situaci jsou hodnoty N
z rovnice (2) pro oba signaly VeaL s IR zafenim a bez IR zafeni totozné (oblast 1 na obr. 10B).
Existuji v8ak ptipady s riznymi hodnotami N (oblast 2 na obr. 10B) s a bez IR zafeni, tj. v dobg,
kdy je VeaL1 bez aktivovaného spinace S a VeaL2 S aktivovanym piepinaéem S a naopak.
V téchto piipadech musi byt vypocitana ekvivalentni hodnota AVeaL pomoci dalsiho zpracovani
digitalniho signalu (DSP). Tento DSP modul pro konstrukci obrazu mize také napi. provadet
ulohu kalibrace Cipu a vypocet vystupu integratoru jako funkce Casu.

1.2.3 Testovani bolometru s integrovanym obvodem

Pro testovani bolometru spolu s integrovanym obvodem byl ¢ip senzoru bolometru umistén
spolu s ROIC do bezvyvodového keramického pouzdra typu LCC68 a byl s nim propojen
pomoci bondovacich dratka (obr. 11).

Obr. 11: Fotografie ROIC ¢ipu a Eipu bolometru umisténém v pouzdie LCC68, které je zasazeno
V testovaci patici. Ve vyfezu obrazku je SEM analyza vyrobeného bolometru.

Pouzdro LCC68 s osazenym ROIC a snimacim ¢ipem bolometru je pak umisténo do
vakuové komory, ktera je vybavena germaniovym priizorem. Germaniovy priazor byl zvolen
s ohledem na transparentnost pro IR zafeni. Vakuovd komora je poté cerpana pomoci
turbomolekularni vyvévy na tlak mensi nez 4-10~* Pa (obr. 12).
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kontrolér

Obr. 12: Fotografie testovaci sestavy pro méfeni bolometru s vyhodnocovacim Cipem. Sklada se
z ¢erného télesa a vakuové komory Cerpané pomoci turbomolekularni vyvévy. Déle pak z kontroléru
nastavujiciho signaly pro ROIC a osciloskopu.

Patice pro testovani byla poté propojena pomoci vakuovych priachodek s méfici
elektronikou, ktera byla umisténa mimo vakuovou komoru. Cip snimaciho bolometru byl poté
vystaven pusobeni IR zéfeni o riznych vykonech emitovanych z kalibrovaného ¢erného télesa.
Zména vykonu IR zafeni byla definovana pomoci rozdilné vzdalenosti mezi ¢ipem bolometru
a kalibrovanym ¢ernym télesem.

Vystupni signal z bolometru byl poté mé&fen pomoci ROIC. Béhem méieni bylo sledovano
zejména napéti VeaL V zavislosti na ¢ase pro riizné kompenzacni proudy lcomp, které ukazuji
pouzitelnost nesaturujiciho integratoru Vv nekonvenéni aplikaci (obr. 13). Pomoci rizné
nastaveného kompenza¢niho proudu Icomp bylo mozné napodobit variaci jmenovitého odporu
bolometru (FPN). Spinany komparator neumoziuje integratoru preteceni bez ohledu na rychlost
nabijeni Cint. Pokud vstup komparatoru piekro¢i rozhodovaci urovén, kompenzace lin je
aktivovana a kondenzator CinT je vybit.

10 20 30 40 50 60 70 80 90 100
t(ps)

Obr. 13: Casova zavislost vystupniho napéti pro rtizné hodnoty kompenzaéniho proudu lcomp, které
napodobuji rozdily v jmenovitych odporech snimaciho a referen¢niho bolometru.
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Nasledné byla nastavovdna ruzna vzdalenost mezi Cernym télesem a Cipem bolometru
pomoci kovovych kostek stejnych rozméri (12 mm). Vyzatovaci deska cerného télesa méla
prumér 28,6 mm a emisivitu 0,95 a byla nastavena na teplotu 400 °C. Pro Sest rtiznych
vzdalenosti mezi Cernym télesem a bolometru to odpovidd vykonu dopadajiciho zafeni na
membranu bolometru 0, 7,54, 10,28, 14,80, 23,18, 41,28 a 92,45 nW (obr. 14A). Na obr. 14B
je poté zobrazena zavislost VeaL zaznamenana v cCase integrace 89,5 us jako funkce
dopadajiciho vykonu IR zafeni s kompenza¢nim proudem Icomp jako parametr.

Vysledky citlivosti ROIC pro Icomp jako parameter jsou uvedeny v tabulce 1. Praimérna
citlivost systému byla stanovena (7,43 + 0,20) mV-nW ! (stfedni hodnota + smérodatna
odchylka) nezavisla na amplitud¢ Icomp, coz ukazuje na vynikajici metodu potlaceni FPN.
Hodnoty s nastavenym kompenza¢nim proudem o hodnoté 4 pA nebyly pro vypocet primérné
hodnoty citlivosti pouzity, nebot’ zde byla pravdépodobné chyba méfeni.

Avwr—r——— B ss—n+—+7 oo
—=—bez IR 10,28 n\W —&— 23,18 n\W ® (0 mA zméfené —m— 0 mA 2 mA —— 8 mA
—e— 41,28 "W 92,45 nW Vga Zachycené SH 50
, 14
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>§ >§
“l o® O
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\ 20} ’J/‘/@/®
20+ /K/""'v 15F
L L L L L L L L TR S S ST S S ST S S
82 83 84 85 86 87 88 89 90 91 <10 0 10 20 30 40 50 60 70 80 90 100
t (us) Vykon dopadajiciho IR zafeni (nW)

Obr. 14: A) Casova zavislost napéti VeaL pro rtizné hodnoty vykonu IR zafeni blizko konce integraéni
periody (od 82 ps do 91 ps). Funkce kompenzace byla vypnuta pomoci externiho signalu. B) Vear
zaznamenané v Case integrace 89,5 us jako funkce dopadajiciho vykonu IR zafeni s kompenza¢nim
proudem lcowmp jako parametr. Hodnoty oznaéené Sipkami byly piepocitany podle rovnice (2).

Tab. 1 Citlivost ROIC s Icome jako parametr

lcomp Citlivost ROIC (stfedni hodnota + smérodatna odchylka)
(HA) (mV-nW )
0 7,14 £0,32
2 7,58 £0,39
4 6,00 + 0,45
6 7,54 £ 0,51
8 7,47 £ 0,39
Primérna citlivost 7,43 +£0,20

Z tabulky 1 je zfejmé, Ze nesaturujici integrator zlepSuje citlivost vy¢itani vystupniho signalu
zpivodni odezvy Hr(7,08 + 024) kV-W! az na citlivost snimani s ROIC
(7,43+0,20) mV-nW, obé hodnoty udavany ve tvaru (stfedni hodnota =+ smérodatna
odchylka), coz je zlepSeni =1000% v amplitudé vystupniho signalu z bolometru diky integrovani
signalu, a pfi tom nezéalezi na amplitudé kompenzacniho proudu lcomp. Kompenzacni proud

Icomp byl pouzit k emulaci odchylky jmenovité hodnoty odporu bolometru, znamé jako FPN.
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Ze smérodatné odchylky lze déale odvodit limit citlivosti systému VeaL na 200uV. Toto
odpovidda vykonu IR zazeni 200 pW.Citlivost systému miize byt dale zlepSena pouzitim
bolometru s vrstvou Ti s hodnotou teplotniho soucinitele elektrického odporu (TCR) bliZsi jeho
objemovym vlastnostem, tj. 0,38-107° K. Ti vrstva u testované generace bolometru méla
zméfenou hodnotu TCR pouze 0,05-107° K™%, coz je pfiblizngé 7x méné nez jeho objemova
hodnota. Vyssi napéti na bolometrech mtize také zvysit citlivost systému, i kdyz vystupni signal
je linearné timérny napéti na bolometrech a vlastni ohfev struktury je dokonce imérné tieti
mocniné napéti na bolometrech. S pouzitim vyhodnocovaciho obvodu s nesatura¢nim

integratorem XA je vlastni ohfev struktury potlacen a viibec tak neovlivituje signal VeaL.

1.2.4 RadKkovy systém bolometri

Na zéaklad¢é piedchozich vysledkt je nyni konstruovan fadkovy systém bolometri. Bylo
vytvofeno 100 méficich membran bolometrii (pixeltl) a pouze 10 referen¢nich pouzivanych pii
kompenzaci az 10 méficich bolometri pomoci piepinact. Koncepce tak vyuziva serio-paralelni
zpusob méfeni, ktery potiebuje pouze 10 méficich obvodi (ROIC). Detektor je postaven
s vyuzitim dvou &ipti (MEMS a ROIC) vzajemné propojenych bondovacimi dratky. Cip MEMS
obsahuje membrany bolometru (jednotlivé pixely), které slouzi pro detekci IR zéfeni a jsou
snimaci ¢ast je tvofena z membrany (SiO2), uvniti které je integrovan odporovy meandr (Ti).
Pti dopadu IR zafeni na snimaci element dojde k jeho ohtati, a to vyvold zménu odporu. Tepelné
ztraty do substratu jsou minimalizovany diky tenkym zavésiim, na kterych je membrana
zav&Sena (viz snimKy z optického mikroskopu na obr. 15 a elektronového mikroskopu na
obr. 16).

Obr. 15: Snimky vyrobeného jednofadkového MEMS z optického mikroskopu pfi rizném zvétSeni.
Membrana bolometru ma velikost 40 pm x 40 pm.
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Obr. 16: Analyza SEM membran bolometru s uhlikovymi nanotrubicemi: A) Detail jedné membrany
bolometru. B) Detail na 10 referen¢nich membran bolometru s uhlikovymi nanotrubicemi.

ROIC tadkového bolometru se 110 bolometry (100 méficich + 10 referen¢nich) byl navrzen
kolegy ze skupiny navrhu integrovanych obvodu a poté v ramci projektu EUROPRACTICE byl
I tento integrovany obvod vyroben v technologii AMIS 12T100 s napajecim napétim 5V,
pracovnim kmitoctem modulatoru 1 MHz s ptedpokladanym rozsahem méfené zmény teploty
bolometru 1-256 mK. Velikost ¢ipu byla 15,13 mm?. ROIC byl integrovan spolu se 100
pixelovym MEMS bolometrem do jednoho pouzdra, které bylo poté vycerpano do vakua o tlaku
mensim nez 4-1072 Pa. Déle byl navrZen a vyroben rozsifujici ¢ip, pomoci kterého bylo mozné
propojit oba ¢ipy s ploskami uvniti jednoho vakuového pouzdra (obr. 17).

nﬂﬁ!’%

_Hmnmﬂﬂﬂﬂﬂ'«

Obr. 17: Detail ROIC tadkového bolometru (uprostied) a 100 pixelového MEMS bolometru (fialova
barva) vlozené do otvoru Vv rozsifujicim ¢ipu a vzajemné propojené mezi sebou, rozsifujicim ¢ipem a
ploskami pouzdra pomoci bondovacich dratu.
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Vakuové pouzdro ma piipajené germaniové vicko, které podle jeho parametrii umoziuje
detekci ve vinovych délkach az témer 20 um. V soucasné dob¢ probihaji jednédni se spolecnosti
TYDEX o nahrazeni germaniového okna pomoci desticky ze syntetického diamantu, ktery ma
leps$i propustnost v THz pasmu vinovych délek. Byla piipravena pouzdra, ktera budou podle
pokynli upravena pomoci Cislicové fizené frézy a pak k nim bude pfipajena diamantova
desticka. Cela sestava poté bude pfipajena nebo pfivaiena na pouzdro s ¢ipem bolometru
s ROIC.

Prosttedi okolo ¢ipu je vyCerpano pomoci trubicky, kterd je soucasti vakuového pouzdra.
Tato trubicka je zmacknuta specidlnim krimpovacim nastrojem, ktery byl vyroben na zakazku.
Konec trubicky je jesté pro jistotu uzavien vakuovym epoxidem.
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2 Grafen

Monovrstva vazanych atoma uhliku slozenych do pravidelné Sestithelnikové struktury
podobné vcelim plastvim (obr. 18) nazyvana grafen byla poprvé predikovana v roce 1946
Wallecem [68] a poprvé pripravena v roce 2004 Novoselovem a Geimem na Univerzité
Vv Manchestru. Od té doby vznikly stovky publikaci [69-71] vénujicich se unikatnim
elektronickym vlastnostem a moznym aplikacim [72]. 2D material ma dale vyjime¢né tepelné
[73], mechanické [74] a optické vlastnosti. Jako jednoatomarni vrstva ma také neobvyklou
mechanickou pruznost a ambipolarni pfenos elektrickych naboja [71].

Obr. 18: Monovrstva grafenu tvofena jednoatomarni vrstvou atomid uhliku s Sestitthelnikovou
strukturou, vytvofeno pomoci programu Nanotube Modeler.

Grafen se jako jedine¢ny material pouziva ke snimani fyzikalnich a chemickych vlastnosti
materialii. Rlizné typy nanosenzort, které pouzivaji jednu vrstvu nebo vicevrstvy grafen, byly
publikovany pro méfeni plynti a chemickych par. Nejbéznéjsimi konfiguracemi jsou odporové
snimaCe [75], struktury s tranzistory fizenymi elektrickym polem (FET) [76], snimace
povrchovych akustickych vin (SAW) [77], kiemenné krystalové mikrovahy (QCM) [78],
gravimetrické snimac¢e s MEMS nebo nano-elektro-mechanickymi systémy (NEMS) [79] a
hybridni senzory oxidu kovu [80].

Nanosenzory zalozené na grafenu jsou schopny detekovat jednotlivé molekuly, které se
ptitahuji (adsorbuji) nebo odpuzuji (desorbuje) od povrchu. Mimotadnou citlivost grafenu
komentoval Andre Geim: "Grafen ma maximalni citlivost, protoze v zasadé nemiize byt
porazen, nemuzete byt citlivéjsi nez na jednu molekulu." [81] Protoze kazdy atom grafenové
vrstvy je povrchovym atomem, existuje moznost interakce pouze s jednou molekulou
detekované latky [75]. Adsorpce a desorpce molekul méni koncentraci volnych elektront. Toto
zvySeni nebo sniZeni koncentrace volnych elektronli zavisi na detekované molekule, ktera se
chova jako donor nebo akceptor, coz vede ke zméné elektrické vodivosti nanosenzoru
zalozeného na grafenu. Detekce koncentrace adsorbovanych molekul je mozné diky této zméné
vodivosti.
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2.1 Modulace fyzikalnich vlastnosti grafenu pomoci mechanické deformace

Cilem projektu poskytnutého Grantovou agenturou Ceské republiky, jehoZ je autor této
prace fesitelem, je vyzkum nové metody pro modulovani fyzikalnich vlastnosti a charakterizaci
monovrstvy grafenu. Vlastnosti mohou byt nezavisle fizeny mechanickou deformaci
piezoelektrického rezonatoru a elektrickym polem struktury FET. Projekt je tedy zaméten na
vyzkum nové metody modulace a charakterizace fyzikalnich vlastnosti grafenu pfi presné
definovanych podminkach tak, Ze se spoji grafenova struktura FET s piezoelektrickym
rezonatorem. Vlastnosti grafenu na této struktufe jsou modulovany amplitudou a kmitoctem
rezonatoru. Tato metoda je zalozena na moznosti samostatného a presného fizeni elektrického
pole, indukovaného pnuti, kmito¢tu vibraci a vychylky rezonétoru, které ovliviiuji monovrstvu
grafenu (obr. 19).

A Hallova/FET struktura B snimaci elektrody

piezoelektricky rezonator

kifemikovy substrat elektrody
s funkénimi vrstvami source a drain

Obr. 19: Koncept a princip navrzené struktury pro modulovani fyzikalnich vlastnosti a charakterizaci
monovrstvy grafenu: A) piezoelektricky rezonator mechanicky spojeny s Hallovou/FET strukturou; B)
Detail natahované casti s Hallovou/FET strukturou s monovrstvou grafenu pro elektrickd méfeni
vlastnosti grafenu.

Toto feSeni dava moznost charakterizovat elektrické vlastnosti grafenu na zaklad¢ piesné
kontrolovatelného mechanického pnuti ve statickém i dynamickém rezimu. Tento pfistup ma
velky aplikaéni potencidl pro méfeni a sledovani bunék, enzymul, aminokyselin,
deoxyribonukleovych kyselin (DNA) a ribonukleovych kyselin (RNA) pti pokojové teploté a
dale méteni toxickych, vybusnych, sklenikovych plyni nebo chemickych zplodin.

K vyrob¢ navrhovaného feseni jsou pouzivany kiemikové substraty pokryté nizkostresovou
vrstvou SiOz. Piezoelektricky rezonator je vyroben z piezoelektrické vrstvy AIN, ktera je mezi
dvéma elektrodami. S piezoelektrickymi vrstvami z tohoto materialu jsou dobré zkusenosti a
jeho mikroobrabéni je kompatibilni s navrhovanou technologii. Jako izola¢ni vrstva slouzi SiOz,
HfO2 nebo SisNs. Na povrchu izola¢ni vrstvy jsou potom vytvaieny elektrody Hallova typu ¢i
struktury FET. V ptedposlednim kroku pifi vyrobé struktury je pienesena a vytvarovana
monovrstva grafenu na Hallovu ¢i FET strukturu. Nakonec se odstrani kiemikovy substrat pod
strukturou pomoci suchého leptani a tim se uvolni rezonator. V projektu jsou také zkoumany
polymerni materidly s vysokou elasticitou jako konstruk¢ni a izolaéni vrstvy pro ¢ast obsahujici
strukturu FET. Tyto polymery dosahuji vyssi hodnoty deformace.
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Diky navrhovanému feSeni je mozné fidit vlastnosti monovrstvy grafenu jako je vodivost,
pohyblivost a hustota nosi¢t naboje a také poloha Diracova bodu (kuzele). Tyto parametry
ovliviwuji citlivost, selektivitu a dobu odezvy a regenerace pro snimani plynti, par a biomolekul.

U navrhovaného feSeni, respektive struktury byla nejdiive provedena strukturalni simulace
pomoci metody konecnych prvkt (FEM) v simulacnim programu ANSYS. Simulace byla
provedena pro jednostranné vetknuty piezoelektricky rezonator, ktery je mechanicky spojeny
sopét jednostranné vetknutym nosnikem, ktery reprezentuje namahanou cast struktury
s grafenem na povrchu (obr. 20). Piislusné materialové vlastnosti byly nastaveny pro kazdou
¢ast modelu. Pro numerickou diskretizaci byl pouzit prvek SOLID226 (20 uzlova cihla)
podporujici piezoelektrickou analyzu.

natahovana cast

\

\

50 pm piezoelektricky rezonator

Obr. 20: Zesitovany model jednostranné vetknutého piezoelektrického rezonatoru mechanicky
pripojeného k natahované ¢asti reprezentujici grafenovou strukturu s Hallovow/FET strukturou.

K urceni prirozenych kmitocti a tvarti struktury byla pouzita modalni analyza. Pfirozené
kmitoCty a tvarové zmény V jednotlivych mddech jsou dillezitymi parametry pii navrhu rozméru
a sloZzeni struktury pifi dynamickém zatiZzeni. Pro dosazeni dobré konvergence simula¢niho
programu byl nastaven faktor tlumeni s hodnotou 0,005 [82].

Strukturni analyza FEM (obr. 21) ukazala vliv ohybani rezonatoru na indukovany stres (g)
do natahované ¢asti, ktera je mechanicky spojena s rezonatorovou ¢asti. Velikost rezonatorové
¢asti byla 600 um x 100 um a velikost natahované ¢asti byla 100 pm x 75 pm. Harmonicka
analyza byla provedena v rozsahu od 0 do 200 kHz a byly zjistény ¢tyii rezonance (obr. 21).
Tteti a Sesty rezonan¢ni kmitocet Se V modalni analyze neprojevil, protoze pii ném dochdzelo
k odlisnému sméru ohybani (torzni).

Déle bylo simulovdno rozlozeni pnuti jako funkce pfilozeného stfidavého napéti na
elektrody piezoelektrického rezonatoru az do hodnoty 20 V. Maximalni zji§téné indukované
pnuti bylo ~0,36 % Vv dynamickém rezimu v mist¢ umisténi grafenu (obr. 21C). Indukované
pnuti je nizsi, nez kterého dosahly jiné vyzkumné skupiny [83,84]. Na druhou stranu miize byt
indukované pnuti jednoduSe ménéno ladénim kmitoc¢tu rezonatoru.
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Obr. 21: Rozlozeni pnuti uvniti grafenu umisténém na natahované ¢asti. Natahovana ¢ast je mechanicky
spojena s jednostranné vetknutym piezoelektrickym rezonatorem: A) 1. rezonancni kmitocet pfi
12,96 kHz; B) 2.rezonan¢ni kmitocet pii 35,08 kHz; C) 4.rezonancni kmitoCet pii 82,04 kHz;
D) 5. rezonanéni kmitodet pti 154,1 kHz. Cerné méfitko je stejné pro viechny &asti obrazku.

100 um

Obr. 22: Vyrobena struktura pro charakterizace grafenu: A) snimek z optického mikroskopu celé
struktury; B) analyza SEM uvolnéné (podleptané) ¢asti; C) detail natahované ¢asti s elektrodami
(Hallova/FET struktura)
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Hodnota deformace miize byt dale jednoduse zvySena zménou rozméru a tvard rezonatoru.
Dlouhd a uzsi ¢ast rezonatoru spolu s krat$i natahovanou ¢asti rapidné zvySuje maximalni
indukované pnuti v grafenu. Simulované struktury byly jiz vyrobeny (obr. 22) a nyni probiha
jejich testovani s monovrstvou grafenu.

Vysledky z projektu GACR s grafenem byly jiz publikovany na prestizni konferenci
Eurosensors 2018 [85] (nova metoda pro studium 2D materialti pomoci fizeného mechanického
pnuti) a v ¢asopise Thin Solid Films [86] (pfiprava bezstresovych vrstev AIN).
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Z.avér

Prace shrnuje teoretické a experimentalni vysledky vyzkumu autora zamétené na uhlikové
materialy, které jsou vyuzivany v mikroelektronice a senzorice na Ustavu mikroelektroniky
Fakulty elektrotechniky a komunikacnich technologii, VUT v Brné.

Uhlikové nanotrubice jsou vyuzivany jako zdroje elektronti v emisnim senzoru tlaku, kde
jejich unikatnost spociva predevsim ve vyrazném zvySeni hodnoty méfeného emisniho proudu
V porovndni s emisnimi senzory zaloZzenych na mikrohrotech. V bolometrickych aplikacich pak
nanotrubice vyrazn¢ zvétSuji absorpci nejen v IR pasmu. Zpisob jejich depozice na
membranach bolometru je také unikatni diky pokojové teploté substratu a tim padem mozné

implementaci a kompatibilité s technikou vyroby integrovanych obvodi CMOS.

Vyzkum grafenu se tyka nové metody pro modulovani fyzikélnich vlastnosti a charakterizaci
monovrstvy grafenu. Toto feSeni umoziuje charakterizovat elektrické vlastnosti grafenu na
zéakladé presn¢ fizeného mechanického pnuti ve statickém i dynamickém rezimu. Tento pfistup
ma velky aplikacni potencidl pro méteni a sledovani bunék, enzymii, aminokyselin, DNA a
RNA pii pokojové teploté¢ a dile méteni toxickych, vybuSnych, sklenikovych plynii nebo
chemickych zplodin.

Prace je dale doplnéna publikacemi, které vznikly k feSenym tématiim. Jedna se o studium
vlastnosti CNTs deponovanych v plasmovém vyboji pro senzorické aplikace v ¢asopise Sensors
[19] (IF2017 = 2,475), méfeni mechanickych, elektrickych a povrchovych vlastnosti uhlikovych
nanotrubic pomoci AFM v ¢asopise Sensors and Actuators A-Physical [18] (IF2017 = 2,311) a
studii emise elektrickym polem z uhlikovych nanotrubic v ¢asopise IEEE Sensors Journal [47]
(IF2017=2,617).

Z oblasti vyuziti CNTs pro snimani IR zafeni vznikly 3 publikace, a to in situ pozorovani
unikatniho zpiisobu ristu uhlikovych nanotrubic na bolometrech se substratem pii pokojové
teploté v casopise Journal of Applied Physics [66] (IF2017 = 2,176), pfesné stanoveni teplotnich
parametri mikrobolometra v ¢asopise Infrared Physics & Technology [87] (IF2017=1,851) a
samokompenzujici metoda pro odecitani signalti z mikrobolometrti v ¢asopise Sensors and
Actuators A-Physical [67] (IF2017 = 2,311).

Ze studia grafenu vznikla publikace vénujici se stresu a pfenosu ndboje v uniaxialné
napnutém grafenu v Casopise Physica Status Solidi B-Basic Solid State Physics [88]
(IF2017=1,729) a reserSe ohledné dalsich potencialnich monoelementarnich 2D materiald
zalozenych na FET strukturach pro snimani nejen fyzikalnich veli¢in v ¢asopise TRAC-Trends
in Analytical Chemistry [89] (IF2017 = 7,030).

Vyzkum autora V oblasti vyuziti uhlikovych materiald v mikroelektronice a senzorice
pokracuje a chtél by se dale vénovat studiu i dalSich, pfedev§im novych 2D materialt, které
maji velky aplikacni potencial a kde je mozné ocekavat publikace ve vysoce hodnocenych a
citovanych Casopisech.

27



Reference

[1]

[2]

[3]

[4]
[5]
[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

HIRSCH, A. The era of carbon allotropes. Nature Materials, 2010, vol. 9, no. 11, pp.
868-871. ISSN 1476-1122.

KARFUNKEL, H. R. a DRESSLER, T. New hypothetical carbon allotropes of
remarkable stability estimated by modified neglect of diatomic overlap solid-state self-
consistent field computations. Journal of the American Chemical Society, 1992, vol.
114, no. 7, pp. 2285-2288. ISSN 0002-7863.

CATALDO, F. Polyynes: a new class of carbon allotropes. About the formation of
dicyanopolyynes from an electric arc between graphite electrodes in liquid nitrogen.
Polyhedron, 2004, vol. 23, no. 11, pp. 1889-1896. ISSN 0277-5387.

BURCHFIELD, L. A. et al. Novamene: a new class of carbon allotropes. Heliyon, 2017,
vol. 3, no. 2. ISSN 2405-8440.

VILLARREAL, C. C. et al. Carbon allotropes as sensors for environmental monitoring.
Current Opinion in Electrochemistry, 2017, vol. 3, no. 1, pp. 106-113. ISSN 2451-9103.
TIWARI, S. K. et al. Magical allotropes of carbon: prospects and applications. Critical
Reviews in Solid State and Materials Sciences, 2016, vol. 41, no. 4, pp. 257-317. ISSN
1040-8436.

KANOUN, O. et al. Potential of flexible carbon nanotube films for high performance
strain and pressure sensors. In ALIOFKHAZRAEI, M. Nanotechnology for optics and
sensors. Iran: One Central Press, 2015, pp. 148-183. ISBN 978-1-910-08609-4.
KROTO, H. W. et al. C-60 - Buckminsterfullerene. Nature, 1985, vol. 318, no. 6042,
pp. 162-163. ISSN 0028-0836.

[IJIMA, S. Helical microtubules of graphitic carbon. Nature, 1991, vol. 354, no. 6348,
pp. 56-58. ISSN 0028-0836.

NOVOSELOV, K. S. et al. Electric field effect in atomically thin carbon films. Science,
2004, vol. 306, no. 5696, pp. 666-669. ISSN 1095-9203.

GEORGAKILAS, V. et al. Broad family of carbon nanoallotropes: classification,
chemistry, and applications of fullerenes, carbon dots, nanotubes, graphene,
nanodiamonds, and combined superstructures. Chemical Reviews, 2015, vol. 115, no.
11, pp. 4744-4822. ISSN 0009-2665.

RODE, A. V. et al. Structural analysis of a carbon foam formed by high pulse-rate laser
ablation. Applied Physics a-Materials Science & Processing, 1999, vol. 69, pp. S755-
S758. ISSN 0947-8396.

ZHAO, C.-X. et al. C-57 carbon: a two-dimensional metallic carbon allotrope with
pentagonal and heptagonal rings. Computational Materials Science, 2019, vol. 160, pp.
115-119. ISSN 0927-0256.

NULAKANI, N. V. R. a SUBRAMANIAN, V. Superprismane: a porous carbon
allotrope. Chemical Physics Letters, 2019, vol. 715, pp. 29-33. ISSN 0009-2614.
RADUSHKEVICH, L. V. a LUKYANOVICH, V. M. O structure ugleroda,
obrazuyushchegosya pri termicheskom razlozhenii okisi ugleroda na zheleznom
kontakte. Zhurnal Fizicheskoi Khimii, 1952, vol. 26, pp. 88-95. ISSN 0044-4537.
MONTHIOUX, M. a KUZNETSOV, V. L. Who should be given the credit for the
discovery of carbon nanotubes? Carbon, 2006, vol. 44, no. 9, pp. 1621-1623. ISSN
0008-6223.

KRATSCHMER, W. et al. The infrared and ultraviolet absorption spectra of laboratory-
produced carbon dust: evidence for the presence of the C60 molecule. Chemical Physics
Letters, 1990, vol. 170, no. 2-3, pp. 167-170. ISSN 0009-2614.

28



[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]
[27]
[28]

[29]

[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]

[39]

SVATOS, V. et al. Single measurement determination of mechanical, electrical, and
surface properties of a single carbon nanotube via force microscopy. Sensors and
Actuators, A: Physical, 2018, vol. 271, pp. 217-222. ISSN 0924-4247.
MAJZLIKOVA, P. et al. Sensing properties of multiwalled carbon nanotubes grown in
MW plasma torch: electronic and electrochemical behavior, gas sensing, field emission,
IR absorption. Sensors (Basel), 2015, vol. 15, no. 2, pp. 2644-2661. ISSN 1424-8220.
TREACY, M. M. J. et al. Exceptionally high Young's modulus observed for individual
carbon nanotubes. Nature, 1996, vol. 381, no. 6584, pp. 678-680. ISSN 0028-0836.
THOSTENSON, E. T. et al. Advances in the science and technology of carbon
nanotubes and their composites: a review. Composites Science and Technology, 2001,
vol. 61, no. 13, pp. 1899-1912. ISSN 0266-3538.

YU, M. F. et al. Tensile loading of ropes of single wall carbon nanotubes and their
mechanical properties. Physical Review Letters, 2000, vol. 84, no. 24, pp. 5552-5555.
ISSN 0031-9007.

YU, M. F. et al. Strength and breaking mechanism of multiwalled carbon nanotubes
under tensile load. Science, 2000, vol. 287, no. 5453, pp. 637-640. ISSN 0036-8075.
LOURIE, O. a WAGNER, H. D. Evaluation of Young's modulus of carbon nanotubes
by micro-Raman spectroscopy. Journal of Materials Research, 1998, vol. 13, no. 9, pp.
2418-2422. ISSN 0884-2914.

MINTMIRE, J. W. et al. Are fullerene tubules metallic. Physical Review Letters, 1992,
vol. 68, no. 5, pp. 631-634. ISSN 0031-9007.

HAMADA, N. et al. New one-dimensional conductors - graphitic microtubules.
Physical Review Letters, 1992, vol. 68, no. 10, pp. 1579-1581. ISSN 0031-9007.
ODOM, T. W. et al. Atomic structure and electronic properties of single-walled carbon
nanotubes. Nature, 1998, vol. 391, no. 6662, pp. 62-64. ISSN 0028-0836.

EBBESEN, T. W. et al. Electrical conductivity of individual carbon nanotubes. Nature,
1996, vol. 382, no. 6586, pp. 54-56. ISSN 0028-0836.

CHARLIER, J. C. a ISSI, J. P. Electrical conductivity of novel forms of carbon. Journal
of Physics and Chemistry of Solids, 1996, vol. 57, no. 6-8, pp. 957-965. ISSN 0022-
3697.

DAI, H. J. etal. Probing electrical transport in nanomaterials: Conductivity of individual
carbon nanotubes. Science, 1996, vol. 272, no. 5261, pp. 523-526. ISSN 0036-8075.
BERBER, S. et al. Unusually high thermal conductivity of carbon nanotubes. Physical
Review Letters, 2000, vol. 84, no. 20, pp. 4613-4616. ISSN 0031-9007.

HONE, J. et al. Thermal conductivity of single-walled carbon nanotubes. Physical
Review B, 1999, vol. 59, no. 4, pp. R2514-R2516. ISSN 1098-0121.

HSU, T.-R. MEMS & microsystems: design, manufacture, and nanoscale engineering.
John Wiley & Sons, 2008. ISBN 978-0-470-08301-7.

MEMS materials and processes handbook. London: Springer, 2011. 1224 ISBN 978-0-
387-47316-1.

TAN, R. et al. Development of a fully implantable wireless pressure monitoring system.
Biomed Microdevices, 2009, vol. 11, no. 1, pp. 259-264. ISSN 1572-8781.
PONMOZHI, J. et al. Smart sensors/actuators for biomedical applications: review.
Measurement, 2012, vol. 45, no. 7, pp. 1675-1688. ISSN 0263-2241.

ESASHI, M. Revolution of sensors in micro-electromechanical systems. Japanese
Journal of Applied Physics, 2012, vol. 51, no. 8. ISSN 0021-4922.

JENSEN, K. F. Silicon-based microchemical systems: characteristics and applications.
Mrs Bulletin, 2006, vol. 31, no. 2, pp. 101-107. ISSN 0883-7694.

Carbon nanotubes: science and applications. Boca Raton, Florida: CRC Press LLC,
2005. ISBN 0-8493-2111-5.

29



[40]

[41]

[42]
[43]
[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]
[56]

[57]

[58]

JIANG, X. et al. Ultrahigh boron doping of nanocrystalline diamond films and their
electron field emission characteristics. Journal of Applied Physics, 2002, vol. 92, no. 5,
pp. 2880-2883. ISSN 0021-8979.

SUBRAMANIAN, K. et al. A review of recent results on diamond vacuum lateral field
emission device operation in radiation environments. Microelectronic Engineering,
2011, vol. 88, no. 9, pp. 2924-2929. ISSN 0167-9317.

ZOU, Y. et al. Field emission from diamond-coated multiwalled carbon nanotube
"teepee" structures. Journal of Applied Physics, 2012, vol. 112, no. 4. ISSN 0021-8979.
JOAG, D. et al. Field emission from nanowires. Rijeka, Croatia: InTech, 2011. ISBN
978-953-307-318-7.

BONARD, J. M. et al. Field emission properties of multiwalled carbon nanotubes.
Ultramicroscopy, 1998, vol. 73, no. 1-4, pp. 7-15. ISSN 0304-3991.

GUOQ, P. S. et al. Fabrication of field emission display prototype utilizing printed carbon
nanotubes/nanofibers emitters. Solid-State Electronics, 2008, vol. 52, no. 6, pp. 877-
881. ISSN 0038-1101.

NAKAHARA, H. et al. Evaluations of carbon nanotube field emitters for electron
microscopy. Applied Surface Science, 2009, vol. 256, no. 4, pp. 1214-1217. ISSN 0169-
4332.

PEKAREK, J. et al. MEMS carbon nanotubes field emission pressure sensor with
simplified design: performance and field emission properties study. IEEE Sensors
Journal, 2015, vol. 15, no. 3, pp. 1430-1436. ISSN 1530-437x.

FOWLER, R. H. a NORDHEIM, L. Electron emission in intense electric fields.
Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences,
1928, vol. 119, no. 781, pp. 173-181. ISSN 1364-5021.

CHENG, C. Y. etal. Low threshold field emission from nanocrystalline diamond/carbon
nanowall composite films. Diamond and Related Materials, 2012, vol. 27-28, pp. 40-
44. ISSN 0925-9635.

LI, Z. et al. Field electron emission of nanorods of semiconductors of wide energy band
gaps. Vacuum Nanoelectronics Conference, 2005. IVNC 2005. Technical Digest of the
18th International. 10-14 July 2005. 0-7803-9384-8.

BARBOUR, J. P. et al. Space-charge effects in field emission. Physical Review, 1953,
vol. 92, no. 1, pp. 45-51. ISSN 0031-899x.

DEAN, K. A. a CHALAMALA, B. R. Current saturation mechanisms in carbon
nanotube field emitters. Applied Physics Letters, 2000, vol. 76, no. 3, pp. 375-377. ISSN
0003-6951.

BINGQIANG, C. et al. A template-free electrochemical deposition route to ZnO
nanoneedle arrays and their optical and field emission properties. Nanotechnology,
2005, vol. 16, no. 11, pp. 2567. ISSN 0957-4484.

MAY, P. W. et al. Field emission conduction mechanisms in chemical vapor deposited
diamond and diamondlike carbon films. Applied Physics Letters, 1998, vol. 72, no. 17,
pp. 2182-2184. ISSN 0003-6951.

EDA, G. et al. Field emission from graphene based composite thin films. Applied
Physics Letters, 2008, vol. 93, no. 23, pp. 233502. ISSN 0003-6951.

OBRAZTSQV, A. N. et al. Non-classical electron field emission from carbon materials.
Diamond and Related Materials, 2003, vol. 12, no. 3-7, pp. 446-449. ISSN 0925-9635.
XU, X. a BRANDES, G. R. A method for fabricating large-area, patterned, carbon
nanotube field emitters. Applied Physics Letters, 1999, vol. 74, no. 17, pp. 2549-2551.
ISSN 1077-3118.

BULDUM, A.a LU, J. P. Electron field emission properties of closed carbon nanotubes.
Physical Review Letters, 2003, vol. 91, no. 23, pp. 236801. ISSN 1079-7114.

30



[59]

[60]

[61]

[62]
[63]

[64]
[65]

[66]

[67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]
[75]

[76]

[77]

[78]

[79]

[80]

HAN, S. et al. Dynamical simulation of field emission in nanostructures. Physical
Review B, 2002, vol. 65, no. 8, pp. 085405. ISSN 2469-9969.

COLLINS, P. G. a ZETTL, A. Unique characteristics of cold cathode carbon-nanotube-
matrix field emitters. Physical Review B, 1997, vol. 55, no. 15, pp. 9391-9399. ISSN
2469-99609.

SHIRAISHI, M. a ATA, M. Work function of carbon nanotubes. Carbon, 2001, vol. 39,
no. 12, pp. 1913-1917. ISSN 0008-6223.

LANGLEY, S. P. The Bolometer. Nature, 1881, vol. 25, pp. 14. ISSN 1476-4687.
LANG, W. et al. Absorbing layers for thermal infrared detectors. Sensors and Actuators
a-Physical, 1992, vol. 34, no. 3, pp. 243-248. ISSN 0924-4247.

MORENO, M. et al. Un-Cooled microbolometers with amorphous germanium-silicon
(a-GexSiy: H) thermo-sensing films. InTech, 2012. ISBN 953-510-235-4.

NIKLAUS, F. et al. MEMS-based uncooled infrared bolometer arrays - a review.
Mems/Moems Technologies and Applications lii, 2008, vol. 6836. ISSN 0277-786x.
SVATOS, V. et al. In situ observation of carbon nanotube layer growth on
microbolometers with substrates at ambient temperature. Journal of Applied Physics,
2018, vol. 123, no. 11. ISSN 1089-7550.

PEKAREK, J. et al. Self-compensating method for bolometer—based IR focal plane
arrays. Sensors and Actuators, A: Physical, 2017, vol. 265, pp. 40-46. ISSN 0924-4247.
WALLACE, P. R. The band theory of graphite. Physical Review, 1947, vol. 71, no. 9,
pp. 622-634. ISSN 0031-899x.

ALLEN, M. J. etal. Honeycomb carbon: a review of graphene. Chemical Reviews, 2010,
vol. 110, no. 1, pp. 132-145. ISSN 0009-2665.

FIORI, G. et al. Electronics based on two-dimensional materials. Nat Nano, 2014, vol.
9, no. 10, pp. 768-779. ISSN 1748-3387.

NOVOSELOV, K. S. et al. A roadmap for graphene. Nature, 2012, vol. 490, no. 7419,
pp. 192-200. ISSN 0028-0836.

CASTRO NETO, A. H. etal. The electronic properties of graphene. Reviews of Modern
Physics, 2009, vol. 81, no. 1, pp. 109-162. ISSN 1539-0756.

CHOI, W. a LEE, J. Graphene: synthesis and applications. Taylor & Francis, 2011.
ISBN 978-143-986-187-5.

LEE, C. et al. Measurement of the elastic properties and intrinsic strength of monolayer
graphene. Science, 2008, vol. 321, no. 5887, pp. 385-388. ISSN 1095-9203.
SCHEDIN, F. et al. Detection of individual gas molecules adsorbed on graphene. Nature
Materials, 2007, vol. 6, no. 9, pp. 652-655. ISSN 1476-1122.

OHNQO, Y. et al. Chemical and biological sensing applications based on graphene field-
effect transistors. Biosensors & Bioelectronics, 2010, vol. 26, no. 4, pp. 1727-1730.
ISSN 0956-5663.

ARASH, B. et al. Detection of gas atoms via vibration of graphenes. Physics Letters A,
2011, vol. 375, no. 24, pp. 2411-2415. ISSN 0375-9601.

YAQO, Y. etal. Graphene oxide thin film coated quartz crystal microbalance for humidity
detection. Applied Surface Science, 2011, vol. 257, no. 17, pp. 7778-7782. ISSN 0169-
4332.

BASU, S. a BHATTACHARYYA, P. Recent developments on graphene and graphene
oxide based solid state gas sensors. Sensors and Actuators B-Chemical, 2012, vol. 173,
pp. 1-21. ISSN 0925-4005.

Y1, J. etal. Vertically aligned ZnO nanorods and graphene hybrid architectures for high-
sensitive flexible gas sensors. Sensors and Actuators B-Chemical, 2011, vol. 155, no. 1,
pp. 264-269. ISSN 0925-4005.

31



[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

BOOTH, T. J. et al. Macroscopic graphene membranes and their extraordinary stiffness.
Nano Letters, 2008, vol. 8, no. 8, pp. 2442-2446. ISSN 1530-6984.

PUTNIK, M. et al. Simulation and modelling of the drive mode nonlinearity in MEMS-
gyroscopes. Proceedings of the 30th Anniversary Eurosensors Conference -
Eurosensors 2016, 2016, vol. 168, pp. 950-953. ISSN 1877-7058.

DONG, J. et al. Investigation of strain-induced modulation on electronic properties of
graphene field effect transistor. Physics Letters A, 2017, vol. 381, no. 4, pp. 292-297.
ISSN 0375-9601.

CHOI, S.-M. et al. Controlling energy gap of bilayer graphene by strain. Nano Letters,
2010, vol. 10, no. 9, pp. 3486-3489. ISSN 1530-6984.

GABLECH, I. etal. A new method for 2D materials properties modulation by controlled
induced mechanical strain. Proceedings, 2018, vol. 2, no. 13, pp. 1513. ISSN 2504-
3900.

GABLECH, I. et al. Preparation of high-quality stress-free (001) aluminum nitride thin
film using a dual Kaufman ion-beam source setup. Thin Solid Films, 2019, vol. 670, pp.
105-112. ISSN 0040-6090.

SVATOS, V. et al. Precise determination of thermal parameters of a microbolometer.
Infrared Physics and Technology, 2018, vol. 93, pp. 286-290. ISSN 1350-4495.
BOUSA, M. et al. Stress and charge transfer in uniaxially strained CVD graphene.
Physica Status Solidi B-Basic Solid State Physics, 2016, vol. 253, no. 12, pp. 2355-2361.
ISSN 0370-1972.

GABLECH, I. et al. Monoelemental 2D materials-based field effect transistors for
sensing and biosensing: Phosphorene, antimonene, arsenene, silicene, and germanene
go beyond graphene. Trac-Trends in Analytical Chemistry, 2018, vol. 105, pp. 251-262.
ISSN 0165-9936.

32



Seznam pouzitych zkratek

Zkratka Vyznam

AFM Mikroskop atomarnich sil

DSP Zpracovani digitalniho signalu

FEM Metoda koneénych prvka

FET Tranzistory fizené elektrickym polem

FPN Fixed pattern Sum

FTIR Infracervena spektroskopie s Fourierovou transformaci
CMOS Dopliikovy kov-oxid-polovodic¢

CNTs Uhlikové nanotrubice

CvD Chemicka depozice z plynné faze

DNA Deoxyribonukleova kyselina

F-N Fowler—Nordheimova teorie (model, zavislost)

GACR Grantova agentura Ceské republiky

GPIB Rozhrani pro méfici a zkuSebni pfistroje a zatizeni
H2020 Ramcovy program pro vyzkum a inovace EU Horizont 2020
IR InfraCerveny

LCC68 Bezvyvodové keramické pouzdro

MEMS Mikro-elektro-mechanické systémy

MVCR Ministerstvo vnitra Ceské republiky

NA Numericka apertura

NEMS Nano-elektro-mechanické systémy

QCM Kiemenné krystalové mikrovahy

RNA Ribonukleova kyselina

ROIC Vyhodnocovaci integrované obvody (z angl. read-out integrated circuit)
SAW Povrchové akustické viny

SEM Skenovaci elektronovy mikroskop

SNR Pomér odstupu signalu k Sumu

TCR Teplotni soucinitel elektrického odporu

TEM Transmisni elektronova mikroskopie

VUT Vysoké uceni technické v Brné

33



Vybrané publikace autora Kk tématu habilita¢ni prace jako prilohy

[18]

[19]

[47]

[66]

[67]
[87]

[88]

[89]

SVATOS, V. et al. Single measurement determination of mechanical, electrical, and
surface properties of a single carbon nanotube via force microscopy. Sensors and
Actuators, A: Physical, 2018, vol. 271, pp. 217-222. ISSN 0924-4247.
MAJZLIKOVA, P. et al. Sensing properties of multiwalled carbon nanotubes grown in
MW plasma torch: electronic and electrochemical behavior, gas sensing, field emission,
IR absorption. Sensors (Basel), 2015, vol. 15, no. 2, pp. 2644-2661. ISSN 1424-8220.
PEKAREK, J. et al. MEMS carbon nanotubes field emission pressure sensor with
simplified design: performance and field emission properties study. IEEE Sensors
Journal, 2015, vol. 15, no. 3, pp. 1430-1436. ISSN 1530-437x.

SVATOS, V. et al. In situ observation of carbon nanotube layer growth on
microbolometers with substrates at ambient temperature. Journal of Applied Physics,
2018, vol. 123, no. 11. ISSN 1089-7550.

PEKAREK, J. et al. Self-compensating method for bolometer—based IR focal plane
arrays. Sensors and Actuators, A: Physical, 2017, vol. 265, pp. 40-46. ISSN 0924-4247.
SVATOS, V. et al. Precise determination of thermal parameters of a microbolometer.
Infrared Physics and Technology, 2018, vol. 93, pp. 286-290. ISSN 1350-4495.
BOUSA, M. et al. Stress and charge transfer in uniaxially strained CVD graphene.
Physica Status Solidi B-Basic Solid State Physics, 2016, vol. 253, no. 12, pp. 2355-2361.
ISSN 0370-1972.

GABLECH, I. et al. Monoelemental 2D materials-based field effect transistors for
sensing and biosensing: Phosphorene, antimonene, arsenene, silicene, and germanene
go beyond graphene. Trac-Trends in Analytical Chemistry, 2018, vol. 105, pp. 251-262.
ISSN 0165-9936.

34



Priloha 1

SVATOS, V. etal. Single measurement determination of mechanical, electrical, and surface
properties of a single carbon nanotube via force microscopy. Sensors and Actuators, A:
Physical, 2018, vol. 271, pp. 217-222. ISSN 0924-4247.

ABSTRAKT

Uhlikové nanotrubice pfitahuji velkou pozornost kvtli svym pozoruhodnym mechanickym
jiz byly vyfeseny, opak je pravdou. CNTs maji vysokou mechanickou tuhost a elektrickou
vodivost a vzhledem k jejich malému priméru a velikosti je méfeni téchto vlastnosti na Grovni
nanometri velice naro¢né. Zde uvadime jedine¢nou metodu pro urceni jejich mechanickych a
elektrickych vlastnosti pomoci interakci mezi vertikalné orientovanymi mnohosténnymi CNTS
a pokovenym hrotem AFM. Pouzili jsme metodu méteni sily-vzdalenosti se soubéznym
sledovanim elektrického proudu. Muzeme identifikovat po¢et CNTS v kontaktu s hrotem, tuhost
jednotlivé CNT, adhezni silu mezi hrotem a jednotlivymi CNTSs a elektrickou vodivost kazdé
CNTs. Tato metoda je vhodna pro charakterizaci i jinych vertikalné uspofadanych nanostruktur
nebo nanocastic. Metoda fes$i dlouhotrvajici problém urCovani vlastnosti nanostrukturnich
materialt a je dilezitym dopliikem k metodam charakterizace v oblasti nanotechnologii.
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Carbon nanotubes (CNTs) have attracted significant attention due to their remarkable mechanical and
electrical properties. Although it is assumed that the most important questions about CNTs have been
addressed, the opposite is true. CNTs have high mechanical stiffness and electrical conductivity and, due to
their small diameter and size, the measurement of those properties at nanoscale level is challenging. Here,
we present a unique method to determine their mechanical and electrical properties by using interactions
between vertically aligned multiwall CNTs and a metal-coated tipless atomic force microscope cantilever.
We used a force-distance measurement (FDM) method with concurrent monitoring of electrical current.
We could identify the number of CNTs in contact with the cantilever, stiffness of each individual CNT, the
adhesion force between the cantilever and individual CNTs, and the electrical conductivity of each CNT.
The method is also suitable for characterizing other vertically aligned nanostructured materials, such
as nanowires. This method addresses the long-standing problem of property determination of materials
such as CNTs and nanowires and is an important addition to the toolbox of nanoscale characterization

methods.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) were first reported in 1970 [1] and
since then their remarkable properties have been discussed many
times [2,3]. The widespread interest in this material was trig-
gered by the publication of preparation methods for multiwall
CNTs (MWCNTs) and single-wall CNTs (SWCNTs) in 1991 [4] and
1993 [5], respectively. The CNTs were predicted to be a material
with an extremely high Young’s modulus (E) in the range from
hundreds of GPa (MWCNTs) to 3 TPa (SWCNTs) [6]. The experi-
mental verification of CNTs’ mechanical properties is challenging
due to their diameter in the nanometer range and difficulties in
manipulation [7]. The first experimental determination of CNTs’ E
was achieved in 1997 by measuring the amplitude of their intrin-
sic thermal vibration in the transmission electron microscope [8]
or vibrations induced by an electrostatic field [9]. Subsequently,
researchers tried to bend individual CNTs by using an atomic force

* Corresponding author at: Brno University of Technology, Technicka3058/10,616
00 Brno, Czech Republic.
E-mail address: pavel.neuzil@npwu.edu.cn (P. NeuZil).

https://doi.org/10.1016/j.sna.2018.01.014
0924-4247/© 2018 Elsevier B.V. All rights reserved.

microscope (AFM) tip [10,11] and they derived the nanotube stiff-
ness from the tip-tube interaction force curve [12]. The method
was reliable but, unfortunately, it required isolated individual CNT
and it is rather difficult to separate CNTs from each other. In 2009, a
fluorescence-based technique was used to determine the MWCNT
spring constant [13]. The nano-indentation technique was also
reported to determine the mechanical properties of CNTs [14,15].
So far, this is the only method that allows the determination of
mechanical properties of CNTs without time-consuming sample
preparation. However, the drawback was the uncertainty of the
tip—CNT contact angle, which induces measurement error [16].

The electrical properties have also been studied by using a four-
probe method [17] or AFM-based techniques [18-20]. This again
required labor intensive sample preparation as the CNTs were ran-
domly placed on the planar surface structure of the electrode. The
contactresistance between an individual nanotube and a deposited
metal film was controlled by laser ablation technique to tailor the
CNT length [21]. The CNT electrical resistance was also studied as
a function of CNT length [22]. All the above-mentioned methods
require labor intensive sample preparation such as the careful sep-
aration of an individual CNT as well as firmly anchoring it to the
substrate.
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CNTs are currently produced by several methods [6,23,24],
which results in CNTs with different properties and shapes. The
chemical vapor deposition (CVD) technique allows producing verti-
cally aligned nanotubes (VACNTSs) in the form of a nanometer-sized
bamboo-like forest. These VACNTs are closely packed and have
almost identical height. An earlier method, called “force-distance
measurement” (FDM) [25] was presented to determine the interac-
tion between an individual gecko lizard spatula and the tipless AFM
cantilever to investigate the gecko’s adhesion force [26]. The can-
tilever came into contact with individual spatulas even though they
were in close proximity to each other. Here, we present a unique
FDM as a method to determine mechanical, electrical, and surface
properties of a single CNT from a VACNTs “forest” by analyzing
the CNT-cantilever interaction. This method addresses the long-
standing problem of property determination of materials such as
CNTs and nanowires and is an important addition to the toolbox of
nanoscale characterization methods.

2. Experimental Details
2.1. CNT Growth

The vertically aligned forest of MWCNTs was fabricated using
different CVD methods. A thermally grown silicon dioxide layer
with thickness of ~500 nm on a silicon wafer with [100] crystallo-
graphic orientation was used as a starting substrate. Subsequently,
a catalytic layer of Co with a thickness of ~5 nm was deposited by
e-beam evaporation. The thickness was determined by monitoring
the change of natural frequency of quartz crystal microbalance. The
CNTs growth was conducted by decomposition of ethylene diamine
CyH4(NH>), at temperature of ~900 °C for ~600 s as described else-
where [27]. The CNTs for electrical properties measurements were
prepared by decomposition of CH4 using the plasma-enhanced
chemical deposition technique (PECVD) with Fe as catalyst at pres-
sure of ~1133 Pa (~8.5 torr) for ~120 s at temperature of ~800 °C
on an electrically conductive substrate [28].

2.2. Measurement of Mechanical Properties

The interaction between two objects, such as the AFM cantilever
and the sample, can be monitored by FDM, where the interact-
ing force (F) is a function of the cantilever displacement in the
Z-direction (AZ). The AFM cantilever is brought down (or sam-

ple is raised) until it comes into close proximity with the sample.
All surfaces are at ambient environment covered with a layer of
water with thickness of a few nanometers [29]. At close proximity
between the AFM cantilever and the sample, a spontaneous water
condensation occurs, forming a water bridge between them and
causing the cantilever to snap to the substrate, which is shown as
a little dip on the FDM curve. The dip amplitude depends on the
surface properties, relative humidity, and applied electric field, if
there is any [30]. With the cantilever further pushed against the
sample, the cantilever bends up and the sample deforms with the
force exerted by the cantilever. The cantilever-sample interaction
provides the sample stiffness as well as the sample surface proper-
ties.

A scanning electron microscope image of a typical VACNTs sam-
pleis shown in Fig. 1A and an AFM image with a line profile analysis
to determine a CNT diameter in Fig. 1B and C. The diameter, length
and spring constant will be used to determine the modulus E of the
CNTs.

The Z-direction resolution of the AFM is significantly better than
the height difference among adjacent CNTs; thus, we are able to
determine the individual events of interaction between CNTs and
the cantilever similar to the earlier reported measurement of the
gecko lizard adhesion force [26]. We assumed that the interaction
between a sample consisting of VACNTs and an AFM tipless can-
tilever will be similar to the previously measured interaction with
gecko feet covered with seta [31]. While the cantilever comes into
contact with the CNT at a typical angle of ~12° (Fig. 2A) during
FDM, it first snaps and then starts to bend itself as well as the
CNT (Fig. 2B). Further pushing cantilever against the VACNT results
in the cantilever interaction with more CNTs (Fig. 2C and D). We
derived (Supplementary Section 1) the composite spring constant
(kt) of both the cantilever and the CNT as:

kckentcosO
1= NI (1)
kCSln 0 + kCNT
where k¢ and keyr are the spring constants of cantilever and CNT,
respectively, and 0 is the angle between the cantilever and hori-
zontal plane.

2.3. Measurement of Electrical Properties

We also propose to measure the CNT electrical conductivity
from the interaction between a tipless cantilever coated at its bot-

Height (nm)
F

@ % & 70 w % w w0 w0
Lateral position (nm)

Fig. 1. (A) Scanning electron microscope image of a typical sample of VACNTs. The sample with CNTs was scratched with a needle and some CNTs were transferred onto a
freshly cleaved mica substrate. (B) Sample topography was determined by an AFM in a tapping mode. (C) CNT diameter was extracted from a single scan across the CNT and

found to be ~11 nm.
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B

Fig. 2. Schematic representation of the interaction between CNTs and the AFM cantilever using computer aided design (A) starting with no contact, (B) contact with a single
CNT, (C) two CNTs, and (D) three CNTs. CNTs in contact with the cantilever are labeled with red color. Every new interaction between the cantilever and another CNT will be

detectable at the FDM curve.

tom side with an electrically conductive material, such as metal,
and the CNTs grown on the electrically conductive substrate. Once
the cantilever is biased by a small amplitude of DC voltage Vg (such
as a few V), we can determine the total resistance (Rt) consisting
of the CNT (Rcnt), CNT-substrate contact (Rs), and the leadout (Ry)
resistance by measuring the electrical current flowing through the
CNT (Ig) as Iz = Vg/Rt. We can then perform the FDM with applied Vg
to obtain the amplitude of Iz as well as number of CNTs in contact
at any point of time.

2.4. Simulation of Force-Distance Measurement

We developed and performed simulations based on numeri-
cal solution to the differential equation for the elastic line of a
bent rod (Supplementary Section 2). In these simulations, both the
cantilever and the CNT were considered as thin elastic rods with
one end clamped and the other free. The core of the simulation
is to calculate the deformations and forces between the cantilever
and the CNT when the cantilever is pushed against the CNT. The
movement of contact point between the cantilever and CNT due
to the change of their shape under deformation was also taken
into account. As the output of the simulation, the calculated force
spectrum is represented by the force acting on the cantilever vs.
cantilever displacement (Supplementary Section 3). This simula-
tion was controlled by a program with a user-friendly interface
(Supplementary Section 4).

We set the k¢ to (0.05, 0.20, and 1.00) N-m~! by calculating it
from Eq. (S16) in Supplementary Section 2 from setting the Young’s
modulus of cantilever (E¢) and the second area moment of can-
tilever (Ic). We then simulated the FDM for various values of kenr,
determined again from CNT Young’s modulus (Ecyt) and the second
areamoment of CNT (Icn7) in a range from 1 mN-m~! to 50 mN-m~!
(Fig. 3A) with all parameters listed in Supplementary Section 5. An
average slope kr = dF/dAZ at the point of contact was extracted
from the FDM curves as a linear parameter of curve fitting with a
second order polynomial function, setting the intercept to 0 with
an adjusted R2 value of (0.99970 + 7-10~>) (mean = fitting error).
The values of kr were then plotted as function of kcyt (Fig. 3B) and
we performed curve fitting using a simplified version of Eq. (1):

a-kent
— AL 2
T b+ kCNT ’ ( )
where
a= kc-cos@andb = kc -sin®0 3)

The fitting resulted in an excellent correlation coefficient of
0.99999. Fitting parameters are shown in Table 1.

We could then solve the set of Eq. (3) to back-calculate kc and
6 (marked with “*”). There are four solutions, but only two are fully
rational and only one has both k¢ and 0 positive as shown in Table 2.

The back-calculated values of k¢ are slightly higher than the
set ones while the 0 values are practically identical as the set
ones. The change of k¢ is probably caused by the shifting of the
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Fig. 3. (A) Computer simulation of FDM curve of an AFM cantilever withkc set to 0.05 N-m~! and a CNT using the program described in Supplementary Section 3. The graphs
for k¢ set to 0.20 N-m~! and 1.00 N-m~! are not shown here. The kcyt was used as parameter with value set from 1 mN-m~! to 50 mN-m~'. (B) Extracted kr values (slope)
from (A) plotted as function of parameter of kcnt. We performed curve fitting using Eq. (2) and obtained an excellent correlation coefficient with value of ~0.9997. The red
circle marked with an arrow is the kcnt value extracted from the measurement.

Table 1

As per the hypothesis above, we only need to perform the
Extracteda and b parameters for k¢ of (0.05, 0.20 and 1.00) N-m~'.

FDM with an actual CNT. Then, we fit the FDM curve with the

ke (N-m~1) a(N-m1) b(N-m1) second-order polynomial function and from the linear coefficient
0.05 0.05042 < 0.00002 2171 < 0.005 (equivalent to k1) we can determine the kcyy value using Eq. (2) as:
0.20 0.20205 =+ 0.00014 8.741 £ 0.018
1.00 1.010 £ 0.023 435+19 ; b-kr @
K, =
ONT = = ks
Table 2

Back-calculation of k¢ values and cantilever angle 0. There are only small discrep-

ancies between set kc and back calculated values demonstrating quality of the 3. Results and Discussion

simulation.

- - - We placed the sample with VACNTSs on a sample holder of a com-
ke (N-m™") ke’ (N-m~) b (rad) b0 mercial AFM tool. We mounted a tipless cantilever with kc of ~0.05
0.05 0.05152 0.2067 11.84 N-m~! to the cantilever holder. We then used the built-in function
020 020646 0.2072 11.87 “engage” to bring the cantilever into contact with the sample the
1.00 1.03154 0.2069 11.85

same way as described before [26]. The typical FDM curve between
the CNT sample and the AFM cantilever is shown in Fig. 4A. From the
engaging curve, it can be seen that there is an interaction between

CNT-cantilever interaction point due to CNT bending. As this point
moves toward the cantilever base, the cantilever effective length
becomes shorter, resulting in a higher kc and this is presumably
the discrepancy between set and back-calculated k¢ values.

the cantilever and a single CNT occurred first after the formation
of the water bridge [29]. The cantilever was pushed against the
CNT, which started to bend until the second CNT came into contact
with the cantilever. There is also a tiny dip due to the second water

0.8
50 -
40+
30 0.6
20 - —~
=10 )
= 04~
T oF 5
10 -
20 - 0.2
-30
40 -
0.0
-50 " 1 1 " " " " " " " "
0.0 0.5 1.0 15 2.0 0.7 0.8 0.9 1.0 11 1.2 1.3 1.4 1.5
AZ (um) AZ (um)

Fig.4. (A) Typical FDM curve between relatively soft CNTs (with respect to the stiffness of the applied AFM cantilever) and the AFM cantilever. Blue and red arrows show the
direction of the curve. At point A, the cantilever snapped to a CNT in the closest proximity due to the sudden collapse of the water bridge and was then pushed against the
CNT (region B). Another water bridge collapse between the cantilever and the second CNT occurs at point C, and the cantilever was further pushed against two CNTs at a time
(region D) until the motion of the cantilever is reversed. Similar behavior of disengaging can be observed with the only difference in jump-off force amplitude (Fc). (B) FDM
(left axis) and electrical measurement (right axis). The application of Vg of ~200 mV between the cantilever and the substrate affected the force distance measurement. Due
to this interaction, the FDM and the current-distance measurement (with Vg = 0 V) cannot be performed concurrently. One can see that the snap in a location is different for
force-distance as well as for the electrical measurement due to the mentioned effect. Nevertheless, in the scanned region from AZ ~0.70 wm to ~1.55 wm there was only
interaction between a cantilever and first CNT followed by a second CNT.
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bridge formation. A similar behavior is observed in reverse order
for the disengagement of the cantilever.

We performed curve fitting using the second order polynomial
function from the first section of FDM curves where only a single
CNT is in a contact with the cantilever. The linear coefficient of the
fitting polynomial curve achieved an excellent adjusted R? value
of ~0.9998. The linear fitting coefficient (k1) had value of (47.65
+ 0.03) mN-m~! (mean =+ fitting error). Using Eq. (3), we can then
determine the kcnr value as (35.02 4 0.44) mN-m~, in the range of
(1-50) mN-m~!, which was reported earlier for different CNTs by
fluorescent method [13].

Besides kcnt determination, we can also measure the adhesion
force between the cantilever and sample of ~21.54 nN (labeled as
F in Fig. 4A) as well as identifying the number of CNTs in contact
with the cantilever at any given time.

The measurement of electrical and mechanical parameters had
to be done consequently as the applied electrical potential affected
water bridge formation and, thus the FDM curve as well [30]. The
results of the electrical measurement showed (Fig. 4B) the average
values of Iz through a single CNT and two CNTs were ~135 nA and
~299 nA, respectively, as marked by the two red lines. That cor-
responds to an Ry of ~1.430 M2 and ~672 k2 for one CNT and
two CNTs in parallel configuration, respectively, showing that two
CNTs in parallel have practically half the resistance of a single one,
which is expected. The results of the electrical measurement can
be improved by using AC methods and implementation of lock-
in amplification technique as well as the four-point measurement
technique.

4. Conclusion

We demonstrated a simple and effective method to study
mechanical and electrical properties of VACNTs using the AFM
tool. From only a single measurement, we were able to deter-
mine several parameters such as the force F- between a single
CNT and the cantilever, the value of a spring constant kc and a
resistance Rt of a single CNT as well as the number of CNTs in con-
tact with the AFM cantilever at any point of time. This method
can be extended to measure parameters of other vertically ori-
ented nanostructures as many electrical and electronic properties
can be then extracted from results of current- voltage (I-V) and
electrical conductivity-voltage (dI/dV-V) measurements, while the
cantilever is contact with the sample. The obtained experimental
data are crucial for understanding and tailoring nanomaterials for
targeted applications.

5. Methods

Appendix 1 Derivation of the total spring constant of the system
cantilever + CNT

Appendix 2 Theory of elastic bending of thin rods

Appendix 3 Simulations of the deformation of the cantilever
being pushed against a CNT

Appendix 4 Graphical user interface of the software

Appendix 5 Setting of simulation parameters
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ABSTRAKT

Vertikaln¢ uspotadané mnohosténné uhlikové nanotrubice s prumérem okolo 80 nm a vysce
vrstvy okolo 16 um byly pfipraveny v mikrovinném vyboji za atmosférického tlaku. Na
vrstvach byly testovany vybrané funkcni vlastnosti. Infracervend absorpce dilezitd pro
konstrukci bolometra byla studovana Fourierovou transformacni infracervenou spektroskopii.
Zakladni elektrochemickd charakterizace byla provedena cyklickou voltametrii. Porovnanim
ziskanych vysledkt se standardnimi elektrodami a elektrodami modifikovanymi uhlikovymi
nanotrubicemi  bylo zjist€éno, ze modifikované elektrody maji velky potencial
Vv elektrochemickych senzorech. Odporovy senzor plynu s vrstvou uhlikovych nanotrubic
ukazal dobrou citlivost viéi ¢pavku uz pii pokojové teploté. Detekovany emisni proud z pole
uhlikovych nanotrubic ukézal také moznost vyuziti uhlikovych nanotrubic pro snimani tlaku
v diodovém uspofadani S pruznou membranou. Diky vyhoddm mikrovinného plazmového
vyboje za atmosférického tlaku pii ristu uhlikovych nanotrubic, tj. rychla depozice a
univerzalnost procesu, mize byt tato metoda vyuzita pro integraci uhlikovych nanotrubic na
povrch substrat v riznych snimacich aplikacich.
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Abstract: Vertically aligned multi-walled carbon nanotubes (VA-MWCNTSs) with an
average diameter below 80 nm and a thickness of the uniform VA-MWCNT layer of about
16 um were grown in microwave plasma torch and tested for selected functional properties.
IR absorption important for a construction of bolometers was studied by Fourier transform
infrared spectroscopy. Basic electrochemical characterization was performed by cyclic
voltammetry. Comparing the obtained results with the standard or MWCNT-modified
screen-printed electrodes, the prepared VA-MWCNT electrodes indicated their high
potential for the construction of electrochemical sensors. Resistive CNT gas sensor revealed
a good sensitivity to ammonia taking into account room temperature operation. Field
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emission detected from CNTs was suitable for the pressure sensing application based on the
measurement of emission current in the diode structure with bending diaphragm. The
advantages of microwave plasma torch growth of CNTs, i.e., fast processing and versatility
of the process, can be therefore fully exploited for the integration of surface-bound grown
CNTs into various sensing structures.

Keywords: carbon nanotubes; microwave torch; plasma enhanced chemical vapor deposition;
electronic properties; electrochemical sensor; gas sensor; field emission; IR absorption

1. Introduction

Carbon nanotubes (CNTs), a synthetic carbon allotrope, are made of sp? hybridized carbon atoms.
Single-walled CNT (SWCNT) is a graphene sheet rolled-up into a seamless cylinder and multi-walled
CNT (MWCNT) is composed of several such cylinders, nested concentrically [1,2]. CNTs are often
synthesized by a chemical vapor deposition (CVD) in the presence of a catalyst, nanoparticles of
transition metals. In thermal CVD, a carbon-containing gas mixture is heated typically to 550-1100 °C
by a conventional heat source. Plasma enhanced CVD (PECVD) activates the gas mixture by ignition of
plasma discharge but a separate heating of the substrate might be required too [3]. General arguments for
the PECVD include low-temperature, easily achieved vertical alignment and large area processing [4].The
CVD methods are used for a CNT volume-synthesis and a surface-bound growth of vertically aligned
and micropatterned CNT arrays [5]. The vertically-aligned CNTs (VA-CNTs) are highly desirable for
the integration into functional devices. The aligned growth can produce CNTs free from amorphous
carbon with a very narrow range of tube lengths and diameters, which is an additional advantage for
many applications [6].

Unique physical and electrical properties of CNTs, i.e., high electrical conductivity,
remarkable mechanical strength, and thermal and chemical stability, predestinate them for many
nanotechnology-based applications in electronic, optical and biomedical devices, sensors and
composites [7,8]. The application potential of CNTs depends on their properties that are given by their
structure and the form in which they are applied. Separated MWCNTs exhibited a non-linearity in I-V
characteristics that were relatively large in case of the contacts made by underlying gold electrodes but
almost diminished if the contacts were placed on the top of partially etched nanotubes [9]. Theoretically
predicted impedance of SWCNT bundles at high frequencies is quite complex, employing resistance R,
inductance L and capacitance C, and their validation proved to be difficult [10]. The experimentally
proposed circuit model of SWCNTSs contains a parallel RC element resulting from the contacts in series
with R and L representing the SWCNT intrinsic behavior [10,11]. Similarly, an equivalent circuit model
consisting of RC networks is constructed to simulate the electrical responses of MWCNT/polymer
composites [12,13].

The optical properties of CNTs help to understand their structure [14], evaluate their purity [15] and
open new applications for optical sensing [16,17]. MWCNT-based infrared detectors have received
much attention due to MWCNT band gap of 0.4-6.0 eV and high absorption efficiency in IR [18].
A bolometer based on CNT/polymer composites was constructed for the detection of infrared radiation
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from the range 0.2-20 um [19] and it was shown that the sensitivity and response time of the CNT-based
bolometers can be substantially improved by an appropriate functionalization and selection of organic
matrix [19,20].

CNTs exhibit also a great potential for electrochemical sensing due to their unique electrical
properties, high surface area, fast heterogeneous electron transfer, and electrochemical stability [21-25].
The CNTs implemented as a VA-CNT film provide other advantages such as a controlled growth in
defined areas and an easy modification of their surface demanded for particular sensing or biosensing
applications [6]. The as-prepared VA-CNT-based sensors have been successfully applied to detect rutin [26]
and salbutamol [27], a prohibited drug in sports. The VA-CNT thin films have also been tested as
candidate platforms for DNA immobilization and detection of DNA hybridization [28]. The VA-CNT
electrode modified by gold nanoparticles has been used for non-enzymatic detection of uric acid [29]
and a platinum nanoparticle-modified VA-CNT electrode for detection of L-cysteine [30].

The CNTs belong to a group of new materials that have been extensively tested for gas sensing during
the last 10 years and much effort has been put into the development of gas sensors working at room
temperature. In spite of many papers devoted to SWCNT-based gas sensors [31-33], the MWCNTs can
be also successfully used [34—-36] and are preferable because of their low costs. The construction of room
temperature ammonia (NH3) sensors is an important task because NH3 is a dangerous gas having a
negative influence on the environment and humans. Cui et al. created a sensor with MWCNTSs decorated
by Ag nanocrystals that exhibited an enhanced response of 9% to 10,000 ppm of NH3 as well as fast
recovery [37]. A high sensitivity—6.2% to 4000 ppm of NHs—was proven for Co1-xNixFe2O4/MWCNT
composites [38]. Varghese et al. investigated sensitivity of resistive and capacitive MWCNT sensors for
different gases such as water vapors, NH3, CO2 and CO [39].

CNTs have been also considered as promising field emitters due to their low turn-on filed, long
emitter lifetime and good emission stability [40]. The field-emitter configuration should have the highest
aspect ratio and low work function at its surface. The first extensive study of field emission from CNTs
has been published by Bonard ef al. in 1998 [41]. Later on, CNTs were used as field-emitters in flat-panel
field-emission displays [42] or electron sources in electron microscopes [43].

In the present work, a promising application potential of VA-MWCNTs grown by PECVD in
microwave (MW) plasma torch [44,45] is explored in detail. Previous studies of the CNTs deposited by
the MW plasma torch revealed possible improvements of the process [46] and provided a basic structural
characterization of the CNTs using scanning and transmission electron microscopies and Raman
spectroscopy [47]. The technology based on the MW torch is a high speed process that takes only 60—120 s
including catalyst activation (restructuralization of a catalytic thin film into nanoparticles) and does not
require any external heating source of the substrate. Besides starting the CNT growth with a thin catalytic
film deposited on the substrate in a separate technological step, it offers the possibility to prepare catalytic
nanoparticles during the same process, i.e., using the MW plasma torch [48]. Another advantage is a
successful preparation of vertically aligned MWCNTs directly on Si without using a barrier SiO: layer [3].
A direct contact between the VA-CNTs and the Si substrate can be very important for some applications
and it enables the construction of a field-emission based pressure sensor [49]. Besides the field emission,
other functional properties (electrical and electrochemical, gas sensing, IR absorption) of the CNTs from
the MW plasma torch are tested. Thus, the present work investigates and summarizes the CNT properties
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directly related to particular sensing applications and in some cases (field-emission pressure sensor,
electrochemical sensor, gas sensor) describes the sensor structure and its preparation.

2. Experimental Section
2.1. CNT Deposition and Structural Characterization

The VA-MWCNT layers were deposited from Ar/CH4/H2 mixtures using the atmospheric pressure
MW plasma torch operated at the power of 210 W. The flow rates of Ar, CH4 and H> were Qar = 700 sccm,
Qcn4 = 19-38 scem and Quz = 250 scem, respectively. The substrate for the CNT growth was heated by
the interaction with plasma, and its temperature (950—-1050 K) was regulated by the distance from the
plasma torch nozzle. The CNT growth time, that included also the catalyst activation phase, varied from
60 to120 s.

The aim of the present work was to investigate functional properties of the CNTs deposited by MW
torch and, in some cases, integrate them into sensing devices. Most of the measurement structures were
based on Si due to its compatibility with microelectronic chips and microelectromechanical systems
(MEMS). CNTs were grown either on a polished single crystal silicon (c-Si) substrate, the c-Si coated
with an adhesive metallic interlayer or the c-Si coated with in a thermal silicon oxide (SiO2) film. The
latter is used if the application requires a dielectric or thermal separation of the CNTs. The thickness of
S102 film did not play a significant role and was chosen arbitrarily. The substrate details are given in the
following sections describing each particular measurement structure.

A vacuum evaporated Fe film, 5 nm in thickness, or Fe nanoparticles (NPs) deposited on the substrate
by MW torch from iron pentacarbonyl (Fe(CO)s) vapors were used as catalysts. The details of the NPs
deposition are described in previous papers [50,51]. The Ar flow through the central torch nozzle and
through the blower with liquid Fe(CO)s were 700 and 28 sccm, respectively. The Ar flow of 28 sccm
through the blower with the liquid corresponds to 0.1 sccm of Fe(CO)s. The deposition time was 10 s.

Surfaces and cross sections of the prepared CNT samples were checked by the Tescan MIRA 11 LMU
scanning electron microscope (SEM, TESCAN, Brno, Czech Republic) using 15 kV acceleration voltage.

2.2. Characterization of Electrical Behavior of CNTs

The CNTs for electrical characterization, such as I-V characteristics and sheet resistance measurements,
were grown in the MW plasma torch on p-type, boron-doped, c-Si substrates (8 mm x 8 mm, thickness
525 pm, resistivity <6 Q-cm!) coated by the SiO: film, 300 nm in thickness, and the top Fe catalytic
layer. The square chips fully covered with CNT films were finished by vacuum evaporation of gold pads
(0.5 mm % 0.5 mm) in each sample corner.

The chips were investigated at the probe station Cascade M 150 connected to the Keithley SCS-4200
semiconductor analyzer (Keithley Instruments, Inc., Cleveland, OH, USA). The I-V characteristics of
the films were measured between the opposite corners in the voltage range from —5 V to +5 V. The
specific electrical resistance was determined by Van der Pauw measurement which was carried out
automatically by the Keithley SCS-4200 analyzer.

For the impedance spectroscopy, the CNTs were grown on a SITAL glass-ceramic substrate
(10 mm % 15 mm, thickness 525 pm) using Fe catalytic layer. This substrate was chosen to suppress the
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effect of Si substrate properties during the impedance spectroscopy measurement. The VA-MWCNTs
were deposited on a central circular area, 6 mm in diameter. Two circular gold contacts of 3 mm in
diameter were prepared by vacuum evaporation. The impedance was measured using the Agilent
E4980A Precision LCR meter (Agilent Technologies, Santa Clara, CA, USA) and data acquisition by
LabView software (National Instruments, Austin, TX, USA). The measurements were performed in the
frequency range from 20 Hz to 2 MHz with the voltage level of 0.5 V.

2.3. IR Absorption

The FTIR measurement procedure is a simple way to compare samples with or without grown CNTs
in order to consider CNTs as possible IR detector. The CNTs for infrared absorption measurements were
grown on the same substrates as described in the previous Section 2.2, i.e., c-Si substrate with the
Si02/Fe double layer. In the case of the bolometer, thin SiO2 layer is needed for construction of low
thickness MEMS diaphragm to suppress thermal loses to the substrate mass [52].

The IR absorption of VA-CNTs on the Si substrate covered by 300 nm thick SiO2 film was
investigated with the Fourier transform infrared (FTIR) spectrometer Nicolet iS50 in the attenuated total
reflection (ATR) mode. The ATR crystal was pressed against the sample and the measurement was
performed in the wavelength range 2.5-22.5 um. The absorbance of the VA-CNT sample was compared
to the absorbance of Si substrate covered by 300 nm thick SiO2 film and 5 nm thick Fe film used as
catalyst of the CNT growth.

2.4. Electrochemical Characterization

The preparation of samples for the electrochemical measurements started with n-type, highly
antimony-doped, c-Si substrates (5 mm x 30 mm, thickness 525 pm, resistivity <0.02 Q-cm™") coated
by the SiOz2 film, 300 nm in thickness. The working electrode had dimensions 4.5 mm x 4.5 mm and
consisted of the CNTs deposited in the MW plasma torch (Section 2.1). Before the CNT growth, the
S102 insulating film was removed from the working electrode area by a wet chemical etching in buffered
HF and the area of the working electrode was covered by magnetron sputtered Ti (10 nm)/Ta (250 nm)
double layer and vacuum evaporated top Fe film, the catalyst for the CNT growth. The Ti/Ta coating
was necessary to ensure a good adhesion of the CNTs that otherwise peeled off the substrate when
immersed in an electrolyte. The highly doped Si substrate was needed for a good electrical connection
between the CNT layer and the contact pads which were situated on the opposite end of the substrate
with the same dimensions as the electrode.
Electrochemical response of the [Fe(CN)s]* >~ redox couple mediated by the CNT electrode was
investigated by the cyclic voltammetry (CV) with AUTOLAB PGSTAT 204 potentiostat/galvanostat
controlled by Nova 1.10 software (Metrohm Autolab B.V., Utrecht, The Netherlands). A standard
three-electrode voltammetric cell employing an Ag/AgCl reference electrode (type 6.0729.100,
Metrohm, Herisau, Switzerland) and a platinum auxiliary electrode (type 6.0343.000, Metrohm) was
used for all the experiments. The electrolyte was an equimolar solution of 2.5 mM potassium
ferrocyanide and potassium ferricyanide ([Fe(CN)s]*7*7) in 0.1 M KCI. The cyclic voltammograms were

recorded in the potential range from —1 V to +1 V with scan rates (v) from 5 to500 mV-s™".
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2.5. Gas Sensing Properties

The CNTs for testing the gas sensing properties were prepared on the p-type, boron-doped, c-Si
substrates (8 mm x 8 mm, thickness 525 pm, resistivity <6 Q-cm™') coated with the 92 nm thick SiO>
film. The catalytic Fe nanoparticles were deposited by the MW plasma torch (see Section 2.1) in the
central area, 4 mm x 4 mm, of the substrate. This form of the Fe catalyst was chosen for the growth of a
less dense CNT mesh because the gas sensing application requires a large surface area and dense CNTs
mask each other. The CNTs were grown from Fe NPs in the MW plasma torch (Ar = 700 sccm,
Hz = 250 sccm, CHa4 = 38 scem, deposition time 60 s, deposition temperature 973 K) as described in
Section 2.1. The measurement chip was finished by vacuum evaporated gold contacts (15 nm NiCr
adhesion layer with 350 nm Au layer on the top) with a size of 2 mm % 6 mm centered symmetrically to
the middle of the sensor.

The gas sensing properties were determined as a change of the sample resistance during its exposure
to a gaseous analyte, either ammonia (NH3) or isobutane (iC4H10). The measurements were performed
in a custom-built gas station equipped with two gas channels and one chamber for two sensors’
characterization at once. One gas channel is used for the synthetic air as a carrier gas. The second gas
channel supplies diluted analytes, NH3 or iC4H1o in nitrogen. The response of the sensors was determined
at different analyte concentrations, namely 100 ppm, 250 ppm and 500 ppm. Before each measurement,
a sample conditioning was carried out for 30 min at 200 °C in the air flow of 1000 sccm. The sensor
response was defined as

ARR , = ((R =R, )/R,)x100% (1)

where R is the resistance of the sensor exposed to the analyte and Ro is the sensor resistance in pure air.
The sensitivity tests were performed at two temperatures, room temperature and 200 °C. The resistance
Ro was determined from 60 min measurement in air flow of 500 sccm. The sensor response to analyte
was measured as three 10 min cycles (for 100 ppm, 250 ppm and 500 ppm of analyte) alternated with
three 10 min cycles in air flow. The total gas flow rate was kept constant at 500 sccm.

2.6. Field Emission Properties for Pressure Sensing

The MEMS field emission pressure sensor was designed as a diode structure (see Figure 1). It
consisted of two n-type, highly antimony-doped, c-Si electrodes (10 mm x 15 mm, thickness 525 pm,
resistivity <0.02 Q-cm™"). One of them was anisotropically etched to a bending diaphragm. The other
was coated by an emissive material, the VA-MWCNTs deposited in the MW plasma torch (see Section 2.1).
The highly doped Si substrate was needed for a good electrical connection between the CNT layer and
the contact pads. The Fe catalytic film, required for the growth of CNTs, was deposited in the center of
the substrate on the area of 4 mm x 4 mm. A native oxide film on Si was removed by HF prior to the
deposition of the Fe film, thus ensuring the electrical contact between CNTs and Si. The field-emission
pressure sensor is proposed to be constructed by the separation of the electrodes with a dielectric layer
creating an integrated evacuated volume. The dielectric layer can be made of Pyrex or Simax glass using
anodic bonding technology or made of glass frit using a screen printing process.
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Figure 1. Schematic view of the MEMS pressure sensor with carbon nanotubes emitters.

The measurements of the field emission properties were carried out in a vacuum chamber at pressure
lower than 10 Pa. A diaphragm bending was simulated by the linear nano-motion drive SmarAct
enabling precise changes of the distance between the two electrodes inside the vacuum chamber with
the step from 50 nm to1000 nm. The initial distance of 120 pm was established using a solid dielectric
foil that was then removed and the emitter-to-anode distance was set up with the SmarAct drive from
84 um to120 pum. The measurement voltage from 0 to150 V was automatically applied using software
communicating via GPIB with the voltage supply.

3. Results and Discussion
3.1. SEM of CNTs

A fast growth of VA-MWCNT films on the c-Si and ¢-Si/SiO: substrates has been achieved in MW
plasma torch operated at atmospheric pressure without an external heating source [44,45]. The
characterization of the VA-MWCNT films by SEM, transmission electron microscopy (TEM), Raman
spectroscopy and the influence of process parameters on the CNT growth were discussed in detail in our
previous publications [3,46,47]. Typical SEM images of prepared VA-MWCNT film are shown in
Figure 2. Although the cross-sectional view in Figure 2b confirms the vertical alignment of the CNT
film, the top view (Figure 2a) reveals that the alignment at the end of nanotubes is not perfect. The CNTs
having a high aspect ratio, less than 80 nm in the diameter and a length of about 16 pm, are curled at the
top end due to different heights. Therefore, top view micrographs cannot provide sufficient information
about the structure of all the CNT film.

Figure 2. Typical SEM micrographs of the silicon substrate covered with VA-MWCNTs
prepared in MW plasma torch (Ar = 700 sccm, H2 = 250 scem, CH4 = 25 sccm, deposition
time 60 s, deposition temperature 973 K): (a) top view of VA-MWCNTs and
(b) cross-sectional view of the VA-MWCNT film.
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3.2. Electrical Properties of CNTs

The measured I-V characteristics of the VA-MWCNT samples were nearly linear as documented in
Figure 3a for the sample shown in Figure 2. The resistance was in the range of 1-1.3 kQ. The specific
electrical resistance was about 0.5 Q-cm as calculated from Van der Pauw measurement and the film
thickness of 16 um determined by SEM. A small nonlinearity was revealed when the difference of the
sample resistance and its linear approximation was plotted (Figure 3b). The deviation from linear
behavior was governed by an exponential growth with a small exponent. The nonlinearity of the CNT
resistance did not exceed 6 Q which corresponded to 0.5% of the film resistance.
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Figure 3. (a) I-V characteristic and (b) deviation of measured resistance from linear regression.

Fitting of the impedance measurements confirmed a simple RC model of two resistances and
capacitances in parallel (Figure 4). According to Plombon et al. [10], the contact pads added a significant
part of the RC circuit element. The Rc/Cc circuit represents the contact impedance, and Rent/Cenr stands
for the impedance of the vertically aligned CNT film. The resistances of the contact and the CNT films
were 500 and 700 Q, respectively. The capacitance of the contacts was much higher, about 15 nF, than
the capacitance of the CNT film, 3.5 nF. It means that the surface of nanotubes is not pure enough to
create a good contact. Adsorbed molecules such as water, CO2 and O: can create a dielectric film that
contributes to its high capacitance.
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Figure 4. Impedance characteristics, crossed markers are measured data, dashed line is
simulated according the inset equivalent circuit.
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3.3. IR Absorption

The results of the ATR-FTIR study are shown in Figure 5. They indicate that the VA-MWCNTs can
be affectionately applied as a possible absorption layer for IR detection. The mean absorbance value of
nearly 80% was obtained. In Figure 5, the interval from 2.5 um to 7.5 um represents the absorbance of
substrate. The local low points of the curve at approximately 9.0 um show the typical progression for the
atmospheric humidity. The absorbance of the CNTs is mostly seen in the interval from 8 um to 22 pm which
therefore includes the atmospheric window for IR detection.
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Figure 5. ATR-FTIR spectra obtained for the substrate with the catalytic layer (red line),
and the CNT structure (black line).

From the physical principle of the material absorption, it has been well known the particle dipole
moment is necessary. No modification is required for CNTs to create the dipole moment according to
this measurement. The absorption in the IR region causes changes of vibrational and rotational status of
the molecules. The absorption intensity depends on the IR photon energy which can be transferred to the
molecule and this depends on the change of the dipole moment that occurs as a result of molecular
vibration. As a consequence, a particle will absorb the IR light only if the absorption causes a change in
the dipole moment. The absorption frequency is dependent on the vibrational frequency of the molecule.

3.4. Electrochemical Properties

A representative cyclic voltammogram recorded at 50 mV-s™! with the VA-MWCNT electrode and
2.5 mM [Fe(CN)s]*"*" (1:1) solution in 0.1 M KCl is shown in Figure 6a. Two well-defined symmetric
redox peaks separated by AEp = (Epa — Epc) = 83 mV were observed. The ratio of the anodic and cathodic
peak currents reached unity (/pa/lpc = 1.01). The results indicated that the VA-MWCNT electrode
promote electron transfer quite well.

The effect of varying scan rates was studied for the scan rate range 5-500 mV-s . The corresponding
cyclic voltammograms are given in Figure 6b. The anodic (/pa) and cathodic (/pc) peak currents varied
linearly with the square root of the scan rate (v'?), as shown in Figure 6c. It demonstrates that the
electrode process is controlled by a diffusion. The stability of the VA-MWCNT electrode was studied
for the [Fe(CN)s]**~ in 0.1 M KCl at 50 mV-s ! using 10 cycles of CV. The results, depicted in Figure 6d,
revealed that both, the oxidative and reductive, peak currents of the studied redox couple remained
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practically constant throughout all 10 potential cycles and, therefore, the CNT-based working electrodes
with the Ti/Ta adhesive interlayers are suitable for repeated measurements.
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Figure 6. (a) Cyclic voltammograms obtained for 0.1 M KCl and 2.5 mM [Fe(CN)6]* "% in
0.1 M KCI at » = 50 mV-s ' using VAMWCNT-based working electrode; (b) Cyclic
voltammograms obtained for 2.5 mM [Fe(CN)6]*”*~ in 0.1 M KCI at various scan rates
(v =5, 10, 25, 50, 100, 200, 300, 400 and 500 mV-s!) using VAMWCNT-based working
electrode; (¢) Ipa vs. v and Iye vs. v'? curves; (d) 10 cycles of CV obtained in 2.5 mM
[Fe(CN)6]** in 0.1 M KCl at v = 50 mV-s ! using VAMWCNT-based working electrode.

Comparing the obtained results with the standard or MWOCNT-modified screen-printed
electrodes [53], the prepared VA-MWCNT electrodes indicate their high potential for construction of
electrochemical sensors or biosensors detecting substances in aqueous solutions.

3.5. Gas Sensing Properties

The results of the CNT sensor response to NH3 at room temperatures and 200 °C are shown in Figure 7a.
Since the sensor resistance increased during ammonia exposure, it is concluded that free carriers—the
holes—in MWCNTs were neutralized by electrons coming from adsorbed NH3 and, therefore,
MWCNTs exhibited p-type nature. This phenomenon has been already described in previous studies.
Hoa et al. supposed that MWCNT is a p-type semiconductor and the adsorption of electron donor
compound such as NHs decreases the charge carrier concentration, thus inducing an increase of the
resistance [54]. The same mechanism of interaction of adsorbed electron-donor compound with
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p-type CNTs was also described in [34,55-57]. The main interaction mechanism of ammonia with CNTs
is a reversible adsorption. Vikramaditya et al. assume that NH3 is physisorbed on non-doped CNTs [58].
Thus, the sensing mechanism of ammonia with CNTs consists of two main steps, (i) physical adsorption
of gas molecules and (ii) a charge transfer between adsorbed molecules and CNTs [59,60]. Testing of
the sensor sensitivity to isobutane was carried out at room temperature (Figure 8) and revealed that the
sensor is insensitive to a non-polar molecule such as iC4Hio.
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Figure 7. (a) Time dependent response of the CNT sensor to NH3 at room temperature and
at 200 °C and (b) the response of the sensor determined after 10 min of the exposure as a
function of NH3 concentration.
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Figure 8. Time dependent response of the CNT sensor to NH3 and iC4H10 at room temperature.

According to the data presented in Figure 7b, the sensor exhibited higher response to NH3 at the room
temperature than at 200 °C. Since the adsorption is an exothermal process, it is enhanced with the
decreasing temperature. The response AR/Ro ranged from 0.87% to 1.9%. The dependence of the sensor
response AR/Ro determined after 10 min of the exposure on the concentration of NH3 was almost linear
at 200 °C whereas the relation became strongly nonlinear at room temperature. It can be linked to an
incomplete desorption of NH3 at room temperature.

The obtained response of the sensors to NHs was quite high taking into account that MWCNTs were
not treated or modified for sensing. The highest response, 1.9%, was achieved at room temperature for
500 ppm of NHs. For comparison, Hoa ef al. [54] achieved 8% response for 6% of NH3 in Na, i.e., for
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60,000 ppm. Here, the reported sensor was not tested for such a high concentration of NHs but its
response to a 120x lower concentration was only four times lower. A response of 9%, but to a lower
concentration of 1% (10,000 ppm), was reported by Cui et al. for Ag-decorated MWCNTs [37].

In conclusion, the described sensor preparation technique is quite simple and allows achieving a
sufficiently high response. The direct nanotube growth on the substrate allows managing the response
by synthesis conditions that is critical for a scale-up production. The present CNT sensor can be further
improved by a suitable functionalization and/or a decoration of the CNTs with metallic nanoparticles
using the same set-up or a different procedure.

3.6. Field Emission Properties for Pressure Sensing

The measurements of field emission current were carried out multiple times at 10 emitter-to-anode
distances from 84 pm tol120 um. The current density in dependence on the electric field intensity
calculated from measured results is shown in Figure 9a and the corresponding Fowler-Nordheim (F-N)
plot is in Figure 9b. Straight lines in the F-N plot indicates the quantum mechanical tunneling
characteristic of the electron field emission and are based on the F-N equation

I=(AaBV?/x*¢)exp[-Bo* *x /(BV)] )

where [ is the emission current, A=1.56 x 10 ® A-V2-¢V,B=6.83 x 10° eV 32> V-m !, a is the emission
area, S is the field enhancement factor, ¢ is the work function, x is the distance between the anode and
the emitter, and V' is the applied voltage. Emission of many electrons at a low applied voltage requires a
low work function (¢) and a high field enhancement factor (B). Using the F-N plot, In(J/E?) vs. 1/E, the
field enhancement factor can be determined from the slope of the straight line. The measured data can
be divided into two sections, below and above 0.9 um-V~!, that have different enhancement factors.
Such behavior of the plot is not unusual and can be caused by various reasons, such as resistance, gas
absorption, localized states or interaction between emitters [61,62].

700 -6

(a) (b)
600 - :f sl
— 4
£ 500 ° -10 -
2 [ 4
[ d
3 400 > 121
> é u
‘D =2
S 300+ € 14}
2 4
g 200} 161
5
o
100 - 18+
0 L 1 _20 1 1 1 L L 1
0.0 0.4 0.8 1.2 1.6 2.0 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
electric field (V/um) 1/E

Figure 9. (a) Current density in dependence on field intensity for the CNT array field
emitters; (b) The relevant Fowler-Nordheim curve.

The turn-on field, defined as the field intensity enabling the emission current density of 10 pA-cm™2,
was determined to be below 1 V-um™. The current density of hundreds of pA was achieved already at
1.8 V-um™!. The measured data follow the Fowler-Nordheim law in Equation (2) concerning the
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dependence of the emission current on the electrode distance when the applied voltage is fixed. Similarly,
for the fixed distance between the electrodes, the emission current increases with increasing voltage.
This confirms the expected behavior of our field emission electrode as proposed in the pressure sensor
design. From the measured characteristics, one could also conclude that it is of advantage to operate at
a higher electric field and shorter distances. In these conditions, a bigger change of the emission current
with changing diaphragm deformation (pressure) leads to the higher sensitivity of the sensor, i.e., higher
Al/Ap with the identical Ad. This effect can be strengthened with the proper choice of diaphragm [49].

4. Conclusions

Selected functional properties of VA-MWCNT films were investigated in different types of
measurement devices that integrated CNTs prepared in a microwave plasma torch. The average diameter
of prepared MWCNTs was lower than 80 nm and the thickness of uniform VA-MWCNT layers was
about 16 um. Electrical measurements of CNTs showed their resistive behavior with a low resistance of
0.5 Q-cm, and non-linearity of about 0.5%. A parallel capacitance proposed in previously published
papers was confirmed by dynamic measurements. The FTIR analysis demonstrated a high absorption in
the IR range of 822 pum allowing VA-MWCNT application in IR thermometers such as bolometers
usually used in thermo-vision. Cyclic voltammetry using redox couple of [Fe(CN)s]* ">~ were used to
investigate the electrochemical response of the working electrodes coated by plasma grown VA-MWCNTs.
The obtained results indicated good electrochemical properties (Ipa/Ipc = 1.01, AE, = 83 mV) and
confirmed that studied VA-MWCNT working electrodes can be successfully used in the construction of
electrochemical sensors.

The constructed resistive sensor based on VA-MWCNTs exhibited increasing resistance of the
VA-MWCNT layer when exposed to NH3 that must be explained by the p-type semiconducting behavior
of CNTs when adsorbed ammonia gas molecules donate electrons to CNTs. The field emission properties
of the electrode with VA-MWCNTs grown directly on silicon were investigated with the aim to use the
electrode in pressure sensing applications. The measured dependencies showed that emission current
from the CNTs is stable, and a relatively low noise can be achieved for smaller electrode distances and
higher voltage between the electrodes. The characteristics were reversible, with low turn-on field (1 V-um™),
and current of hundreds of pA for the electric field was around 1.8 V-pum™. It indicated that plasma-grown
VA-MWCNTs are well suited for pressure sensing.
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ABSTRAKT

Tlakové snimace se V poslednich letech objevily v mnoha oblastech zakladniho a
aplikovaného vyzkumu. V tomto ¢lanku obsahuje snimac¢ tlaku zalozeny na mikro-elektro-
mechanickém systému (MEMS) nanostrukturni elektrodu sestavajici z pole uhlikovych
nanotrubic. Tyto nanotrubice jsou piimo rostlé na elektrodé Vv plazmovém vyboji za
atmosférického tlaku. Tato metoda riistu nam umoziuje pouzit jednoduchou strukturu elektrody
bez potieby bariérové vrstvy a ¢asové naro¢ného litografického procesu. Kombinaci emise
elektrickym polem z pole uhlikovych nanotrubic a vynikajicich mechanickych vlastnosti
MEMS je umoznéno zvysit citlivost snimace. Emisni vlastnosti uhlikovych nanotrubic jsou
méfeny nové vyvinutym systémem umoziujicim ptresné méfeni vlastnosti, jako je zavislost na
vzdalenosti membrany (horni elektrody), pouzitém napéti a ur€it stabilitu snimace. Naméfené
hodnoty jsou porovnany s numerickym modelem membranového systému v softwaru
CoventorWare pomoci metody kone¢nych prvki. Je navrzeno také zapouzdieni snimace
pomoci skelnych frit, protoze tato metoda je vhodna i pro vysoké naroky na vakuum pti emisi
elektrickym polem.
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MEMS Carbon Nanotubes Field Emission Pressure
Sensor With Simplified Design: Performance and
Field Emission Properties Study

Jan Pekarek, Radimir Vrba, Jan Prasek, Ondrej Jasek, Petra Majzlikova, Jana Pekarkova, and Lenka Zajickova

Abstract—The pressure sensor application gained recently
substantial interest in many fields of basic and applied
research and applications. In this paper, microelectromechanical
system (MEMS)-based pressure sensor contains nanostructured
electrode consisting of carbon nanotube (CNT) array. CNTs are
directly grown on such electrode by plasma-enhanced chemical
vapor deposition method using microwave plasma torch at
atmospheric pressure. This growth method enables us to use a
simple electrode structure without need of buffer layer and time-
consuming lithography process. Combination of CNTs field emis-
sion and MEMS membrane mechanical properties make possible
to enhance sensitivity of the sensor. Field emission properties of
CNTs are measured by newly developed system enabling us pre-
cise measurement of expecting properties, such as dependence on
diaphragm (upper electrode) distance, applied voltage, and stabil-
ity of the sensor. Measured values are compared with a numerical
modeling of the membrane system in CoventorWare software by
finite-element method. We also suggest encapsulating the sensor
using glass frit bonding because such method is more suitable
for high vacuum requirements of the field emission operation.

Index Terms—Carbon nanotubes, field emitter arrays,
microelectromechanical systems, microwave torch.

I. INTRODUCTION

ICROELECTROMECHANICAL SYSTEMS (MEMS)

have gained increased interests during the last 10 years
because of their distinct advantages such as miniaturized size,
light weight, low power consumption, and extremely low cost
due to a potential batch fabrication capability. A large field
of potential applications of MEMS devices is in the area of
sensing. Pressure, together with temperature, is one of the
most important physical quantities that has to be measured
in various applications.
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The most progressive application of pressure sensor is in
car industry as tire pressure sensors with automatic built-in
tire pumps [1], [2] or application in a variety of disposable
medical devices. The pressure sensor can measure blood
pressure, intrauterine pressure during birth and patient’s
vital signs [3]. Moreover, pressure sensors are used in
surgery devices, hospital beds and many other medical
devices [4].

In MEMS pressure sensors the pressure variations are
transformed into a mechanical deformation and/or stress
that are measured via changes of capacitance, inductance, or
resistance of the sensor [5], [6].

Another principle of the pressure sensor is based on
the changes of field emission current from on the sensor
electrodes [7], [8].

The voltage applied between the cathode and the anode
provides the extraction field. The distance between the elec-
trodes has to be adapted accordingly. The emission current can
be controlled either by regulating the voltage or by changing
the emitter-to-anode distance. The voltage regulation affects
the energy of the electrons at the anode and requires com-
plex power supplies. Changing the emitter-to-anode distance
requires mechanical controls. The anode is formed by a thin
diaphragm that bends due to external pressure. If the applied
voltage between electrodes is fixed, then the electrical field
intensity is changing as well as the field emission current. The
principle is similar to capacitive pressure sensors in which the
measured quantity is the capacity.

Carbon materials of various kinds have attracted great
interest in the field of electron emission because of their
properties to emit electrons at relatively low applied electric
fields. The field-emitter configuration should have the highest
aspect ratio and low work function at its surface. Even
though microtips are ideal for field enhancement, they are
also the most difficult and costly structures to manufacture.
To reduce manufacturing costs, there is an ongoing effort to
develop planar cold-cathode field emitters, particularly based
on diamond thin films [9]-[11] and high aspect ratio carbon
nanostructured materials [12]. The first extensive study of
field emission from CNTs has been published by Bonard et al.
in 1998 [13]. Later on, CNTs were used as field-emitters in
flat-panel field-emission displays [14] or electron sources in
electron microscopy [15].

Taak et al introduced field emission pressure sensor
with fully embedded carbon nanotubes [16]. In this study,

1530-437X © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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anode/cathode spacing was set up to 1.3 um and 60-100 V
was used as operating voltage range.

The most similar approach to our sensor has been described
by Qian et al [17]-[19]. In his studies, higher distances and
higher applied voltages were used. The field emission was then
operated in the vacuum cavity with the pressure 103 Pa. This
pressure is surprising, because of the field emission cannot be
operated under pressure lower than 10~* Pa [12], [13], [20].
Therefore it’s very important to obtain properly encapsulated
sensor for its reliable operation. Besides the usual method to
insulate upper and lower electrode in the field emission system,
dielectric tape, it is also possible to use glass frit bonding.
This technology is widely used in industrial microsystems
applications where fully processed silicon wafers have to be
bonded [21]. This end-of-process-line bonding has to achieve
some very specific requirements, such as: process temperature
limited to 450 °C to prevent any temperature-related damage
to wafers or carbon nanotubes, no aggressive cleaning to avoid
metal corrosion, high process yield since wafer processing
to this stage is expensive, bonding of wafers with certain
surface roughness or even surface steps resulting from metal
lines electrically running at the bonding interface to enable
electrical connections into the cavity sealed by the bonding,
as well as a mechanically strong, hermetically sealed, reliable
bond [22], [23]. All of these requirements are fulfilled by
the glass frit bonding process, which in addition can be
very universally applied since it can be used to bond almost
all surfaces common in microelectronics and microsystem
technologies. In our previous work we have suggested the
pressure sensor based on the measurement of emission current
from carbon nanotubes that are grown on the cathode of
the sensor using innovative plasma technique, mw plasma
torch [24]-[27].

Our sensor was designed to reduce the power, complexity,
and cost of the gate drive/modulation circuitry by reducing the
emitter-to-anode distance which also allows the reduction of
the voltage required for controlling electron emission to few
units or tens of volts. In this work, detailed study of the field
emission from CNTs grown in mw torch has been performed.
In the current set up, the study could be first time performed
extensively for different distances between CNTs on cathode
and the anode. This study is unique due to usage of linear
nano-motion drive in the vacuum chamber that simulated the
diaphragm bending. Carbon nanotubes were deposited using
innovative plasma technique, mw plasma torch. This method
is very fast (tents of seconds) in comparison to standard
CVD methods (units of hours). During the CVD growth the
interaction with the material under the catalyst is of importance
especially in the case of integration on the Si substrates.
At temperatures of CNT growth, the metal catalyst can react
with the Si substrate and the catalytic particles change from
pure metal to metal silicide. It was found that application
of a buffer layer between the Si-supporting substrate and
metal catalyst significantly improves the catalytic function
of the created particles and consequently the CNT growth
because the formation of metal silicides is suppressed [28].
The material of the buffer layer varied from the frequently
used SiO; [29] to TiN [28]. The influence of several different
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Schematic view of the MEMS pressure sensor with carbon nanotubes

buffer layers was compared by Arcos et al. [30]. In the
microwave (mw) torch deposition, the silicon substrate without
the silicon dioxide barrier can be used and carbon nanotubes
grow without any problem as described [31].

II. EXPERIMENTAL

A. Design and Fabrication of CNTs Based MEMS Field
Emission Pressure Sensor

The MEMS field emission pressure sensor was designed
as a diode structure (see Fig. 1). It consisted of two highly
doped silicon electrodes, one of them anisotropically etched
to a bending diaphragm. Emissive material, in our case the
vertically aligned CNTs, is deposited on the cathode as
described below. Both electrodes are separated by dielectric
layer with integrated vacuum chamber. The dielectric layer
can be made of pyrex glass using anodic bonding technology
or made of glass frit using screen printing process.

The silicon material can be etched using several techniques.
Anisotropic wet chemical etching of silicon is frequently
used for shaping quite intricate three-dimensional structures.
An easy technique is to use KOH-water solution. This solution
etches the silicon anisotropically and the angle between the
sidewalls and the <100> plane is 54.7 degrees.

The etching mask for KOH etching was made from
patterned SiO, as hardmask using standard lithography
technique. Such a mask has a good etch selectivity toward
Si and SiO;. The KOH-water solution was prepared by
diluting commercially available KOH pellets (p.a. pure, Merci,
Czech Republic). All etching experiments were carried out in
a closed Teflon container with a constant temperature bath.
The external mechanical stirring was used in etch bath of KOH
during experiments to obtain the uniform etching. The KOH
concentration varied from 20 to 50 wt% and temperature
of the etch bath from 50 to 80 °C in steps of 10 °C. The
best results were obtained with concentration 30 wt% of
KOH-water solution and temperature of the etch bath 80 °C.
The etching rate was set to 1 gm per minute. The potassium
hydroxide causes that the small crystals are created on the
surface. Therefore the substrate was polished in nitrogen acid
mixed with Buffer-oxide-etchant to obtain a smooth surface.

B. Deposition and Analysis of Carbon Nanotubes

For this experiment, multiwalled carbon nanotubes
(MWCNTs) were deposited using a mw torch at atmospheric
pressure. The typical deposition conditions in torch were:
flow rates of argon, methane and hydrogen Qs = 700 sccm,
Qcasa = 40 scecm and Qg = 250 sccm, respectively,
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Fig. 2. Vacuum chamber for I-V characteristics measurement.

mw power of 210 W, substrate temperature 900 to
1100 K, deposition time 90 seconds. The substrates
for CNTs growth were 10 mm x 15 mm conductive
Si wafers (n-type, antimony, resistivity <0.02 Q-cm™!,
orientation <100>) without barrier layer with 4 mm x 4 mm
Fe catalyst layer (5 nm) prepared by vacuum evaporation.
A detailed study of the microwave torch for deposition of
MWCNTs and their characterization were published in [31]
and [32].

Electrode surface was characterized optically using
scanning electron microscope (SEM) MIRA II (TESCAN,
Czech Republic).

C. Measurement Method

The measurements were carried out in vacuum chamber
(see Fig 2). For the simulation of diaphragm bending, the
chamber was equipped with linear nano-motion drive SmarAct
that enables precise changes of the distance between two
electrodes inside the vacuum chamber with step width from
50 nm to 1000 nm. A special software, enabling to set up the
step size, number of the steps and speed of the motion, was
developed for its control. Additionally, a measurement control
unit and the software were prepared for an automatic electrical
measurement.

III. RESULTS AND DISCUSSION
A. Simulation of Diaphragm Bending

The performance of the bending diaphragm, that is the part
of the sensor anode, was simulated before the sensor fabri-
cation in order to find its structural parameters for the given
pressure range. The model assumed a diaphragm with clamped
edges and a constant residual stress. The latter assumption
is justified by the fact that the material of diaphragm and
the anode are the same. The simulations were performed
with CoventorWare simulation tool using Finite Elements
Analysis (FEA). The goal of the simulations was to find
optimum diaphragm area and thickness.

The diaphragm bending was simulated for square and
circular diaphragms with the dimensions from 100 gm X
100 gm to 5000 gm x 5000 um and diameter of
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Fig. 3.
100, 150 and 200 kPa with exaggeration displacement 10: (a) diaphragm
dimension: 500 g4m x 500 um x 10 um; (b) diaphragm dimension:
500 um x 500 um x 1 um; and (c) diaphragm dimension: 1000 xm X
1000 #m x 10 pm.

Simulation of silicon diaphragm deflection for pressures 0, 50,

100-5000 pm, respectively. Its thickness was varied from
100 nm to 100 um. The examples of the simulations
for square shapes and the pressure range 0-200 kPa
are shown in Fig. 3. The maximum displacement of the
500 gm x 500 gm x 10 gm membrane was about 1.3 xm
for 200 kPa as demonstrated in Fig. 3a. If the diaphragm
was thinner, e.g. 1 xm, the maximum displacement increased
for the same pressure to 13 um (see Fig. 3b). An enlarge-
ment of the maximum displacement can be achieved also by
changing the diaphragm dimensions. The maximum displace-
ment of the 1000 gm x 1000 gm x 10 um diaphragm
was about 12 um under the pressure of 200 kPa (see
Fig. 3c). The summary of maximum deflection results for the
1000 ym x 1000 gum diaphragm with varied thickness and
the pressure 0—100 kPa is given in Fig. 4.

As discussed above the sensor sensitivity can be enhanced
by a reduction of the diaphragm thickness and enlargement
of its area but it is necessary to avoid a diaphragm damage,
i.e., to take care of maximum stress induced in the mate-
rial. Therefore, the maximum inertia load that the device
can withstand before it fails by yielding was also studied.
The maximum misses stress of 400 MPa that occurred at the
edges of the 1000 gm x 1000 gm x 10 um diaphragm at
200 kPa pressure load (see Fig. 5a,) is still acceptable because
it is less than the yield strength of the silicon, i.e. 7 GPa [33].
The detail of stress distribution in the diaphragm is shown in
the Fig. 5b.
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Fig. 4. Simulation of deflection for square shape silicon diaphragm for
its thickness from 5 to 10 um in the pressure range from O to 100 kPa.
The dimension of diaphragm was 1000 gm x 1000 gm.
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Fig. 5. (a) Von Misses stress distribution for diaphragm dimension:
1000 #m x 1000 #m x 10 gm for pressures 0, 50, 100, 150 and 200 kPa with
exaggeration displacement 10. (b) Detail of stress distribution for diaphragm
dimension: 1000 gm x 1000 gm x10 um for pressure 200 kPa.

B. MWCNTs Based Electrode Analysis

Successfully fabricated MWCNTs based electrodes were
systematically characterized by scanning electron microscopy.
Although the CNTs were vertically aligned on the substrate
by the crowding effect, as revealed by any side view into an
artificially made scratch of the CNTs forest, a magnified top
view showed their mutual interconnection (Fig. 6). The height
of the CNTs forest was around 10 gm and nanotubes diameter
was around 20 nm. The CNTs forest covered the whole area
(4 mm x 4 mm) with prepared Fe catalyst.

C. Measurement Results

Measurements were performed in the vacuum chamber at
pressure lower than 10~* Pa for the electrode with CNTSs
array with dimension of 4 mm x 4 mm. The emitter-to-anode
distance was set up for 120 um using solid dielectric foil.
The applied voltage was automatically set up using software
communicating with sources via GPIB from 0 to 150 V.
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Fig. 6. SEM micrographs of CNTs in the scratch with magnification of 5 kx
and the detailed image with magnification of 217 kx.
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Fig. 7. Current density in dependence on field intensity for the CNT array
field-emission. The inset is the relevant F-N curve.

The current density in dependence on field intensity (see
Fig. 7) was calculated from measured results. The same mea-
surements were made for ten emitter-to-anode distances—from
84 um to 120 um. For these ten distances, the same results
were obtained for multiple times and all were corresponding
with converted results for current density in dependence on
field intensity in Fig. 7.

The inset in Fig. 7 shows the corresponding
Fowler—Nordheim (F-N) plot. The straight line(s) in the
F-N plot indicates the quantum mechanical tunneling
characteristic of the electron field emission. The straight line
in F-N plot is derived using the F-N equation:

I = (Aap?V?/x*p) exp[-Bp™/2d/(BV)], (1)

where [ is the emission current, A = 1.56 x 107% A.V—2.¢V,
B= 6.83 x 10° eV=3/2.V.m~!, ¢ is the emission area,
p is the field enhancement factor, ¢ is the work function,
x 1is the distance between the anode and the emitter, and
V is the applied voltage. To emit many electrons at a
low applied voltage, a low work function (p) and a high
field enhancement factor (f) are needed. Using F-N plot
(In(I/V*) vs. 1/V) the field enhancement factor can be deter-
mined from the slope of the straight line. Our sample F-N
plot can be divided into the two sections, below and above
0.9 um-V~!, with two different enhancement factors. Such
behavior of the plot is not unusual and can be caused by
various reasons such as resistance [34], [35], space charge
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Fig. 8.  The current dependence on anode-emitter distance for different
applied voltage. Points — measured values, lines - model fit.

effect [36], gas absorption [37], structure change of emission
site [38], [39], non-uniformity of emission sites [40], [41],
localized states [42], non-Schottky-Nordheim barrier [43], [44]
or interaction between emitters [45].

Assuming the work function of the CNTs to be 5.0 eV [46],
the F-N plot slope of the array of our carbon nanotubes
emitters can be calculated as —7.4 £ 0.2 for I/E below
0.9 um-V~! (higher electric field) and —27.4 £ 1.1 (lower
electric field) for 1/E above 0.9 um-V~!. From these values
one could assume that it would be of advantage to operate the
sensor in lower electric field regime because of faster current
rise. Unfortunately, due to the very low emission current in this
region it is not possible and also other parameters of the sensor
suggest operation in high electric field is more advantageous.

Generally, in the carbon nanotube field emitter, the turn-on
field is referred as the field intensity value when emission
current density reaches the value of 10 xA-cm™2. In our
samples the low turn-on field (smaller than 1 V.zm~!) and
high current density at 1.8 V-um™! are achieved.

The measured results follow the Fowler-Nordheim law
as expected. The curves in Fig. 8 show that the measured
emission current depends on electrode distance when the
applied voltage is fixed and growths with decreasing distance,
increasing electric field intensity. Similarly, for the fixed dis-
tance between the electrodes, the emission current is increasing
with increasing voltage. This confirms the expected behavior
of our field emission electrode as proposed in the pressure
sensor design. From the measured characteristics one could
also conclude that it is of advantage to operate at higher
electric field and lower distances. At these conditions the
bigger change of the emission current with changing mem-
brane deformation (pressure) leads to the higher sensitivity of
the sensor, higher 41/ 4p with the identical Ad. This effect
can be strengthened with the proper choice of the membrane
parameters as discussed in section of the diaphragm bending
simulation.

As discussed above the emission current is strongly
influenced by the pressure sensor parameters (diaphragm size
and thickness) and electric field intensity (applied voltage and
electrode anode-emitter distance). As the diaphragm deflection
corresponds to anode-emitter distance change we can use
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Fig. 9. Field emission stability test for 6 h. The distance between electrodes
from 120 um to 100 #m and back was changed during the test.

dependence in Fig. 8 to show expected emission current value
for given pressure. In this case anode-emitter distance is
substituted by pressure and we can directly derive expected
value of emission current for chosen system parameters (initial
field intensity i.e. applied voltage and anode-emitter distance,
diaphragm size and thickness).

Field emission stability is one of the most important
parameters for the real application of CNT-based field emitters
and the pressure sensor itself. In our sample we applied
constant voltage to the field emission electrode and kept it
for 6 h. We monitored the change of the emission current
to investigate the field emission stability (see Fig. 9). During
the test, we moved the electrode with the nano-motion drive
and changed the distance between electrodes from 120 um to
100 um and back.

The electrode exhibited a stable emission current during the
stability test. The emission current from the carbon nanotubes
electrode gradually decreased from an initial current of about
12 uA to around 10 gA during the 6 hour test. There was
no rapid degradation of the emission current from the carbon
nanotubes electrode during the stability test. We attribute the
good field emission stability of our carbon nanotubes emitters
to the good sample morphology and the strong adhesion
between CNTs and the silicon substrate. The emission
current variability (difference between the average and bound-
ary values of the emission current) was around 20 percent.
This values also leads to conclusion that it is of advantage to
work in the regime with the higher electric field intensity to
credibly distinguish between the various pressure changes.

D. Packaging

A method for packaging emission pressure sensor was
also tested so the emission could exist outside the laboratory
vacuum chamber. The entire sensor could be encapsulated
using glass frit bonding. Our first successfully encapsulated
wafer is shown in Fig. 10. The cavities in the bond region
were created purposely to monitor and evaluate the optimal
parameters of the glass frit layer.

For evaluating the bonding strength, the bonded substrates
were glued on holders for tensile testing. The measured
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silicon

glass frit

Fig. 10. SEM analysis of the cross section of glass frit bonding.

bonding strength was over 15 MPa and the cracks occur
on the glass, i.e. the bonding strength of the bond is over
the mechanical strength of the glass. Glass frit bonding is
a suitable method for packaging of the emission pressure
sensor due to its very good reliability, very low mechanical
stress on bonded mechanical components. Glass frit bonding
is a very safe and reproducible process.

IV. CONCLUSION

We studied operational characteristics of simplified
micromechanical pressure sensor based on the field emission
of CNTs. We performed detailed simulation study of silicon
diaphragm bending to investigate the influence of the pressure
difference on mechanical properties of such membrane.
We conclude that even very thin membrane below 10 um,
with area of 1000 gum x 1000 um is suitable for this type of
sensor. Therefore this type of electrode could be used as the
anode in our sensor. For the cathode operation we use direct
growth of vertically aligned carbon nanotubes on conductive
silicon wafer without barrier layer using microwave plasma
torch at atmospheric pressure. Such electrode is prepared
without any lithography steps and CNTs arrays are deposited
on the electrode with good uniformity and in short deposition
time. We have in detail investigated field emission properties
of such prepared electrode. The measured dependencies show
that emission current from the CNTs is stable and of low
noise. The characteristics are reversible, with low turn-on field
(1 V-um™") and current of hundreds of xA for fields around
1.8 V-um™!. To suppress the noise influence on the sensor
operation we suggest to use operational parameters with lower
electrode distances and higher voltage between electrodes.
This leads us to the conclusion that our simplified preparation
process of cathode electrode can be used for enhanced
pressure sensing. We also introduced, glass frit bonding, as
suitable method for the packaging of the emission pressure
sensor for application outside the laboratory vacuum chamber.

We conclude that the desirable pressure sensor with the
broad measurement range and sensitivity can be obtained
by changing the thickness of the flexible diaphragm and the
distance between the anode and the cathode. The experimental
results show that our sensor structure is fully functional and
presents a new path in the fabrication of the field emission
pressure Sensor.
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ABSTRAKT

Uhlikové nanotrubice maji téméf 100% absorpci v infraervené oblasti spektra, coz je ¢ini
extrémné atraktivni pro infraCervené zobrazovaci zafizeni. Vzhledem k tomu, ze rust
uhlikovych nanotrubic nastava pii vysokych teplotach, je jejich integrace s infradervenymi
zobrazovacimi zafizenimi narocnd a dosud nebyla dosazena. Predstavujeme metodu
implementace uhlikovych nanotrubic jako infrac¢erveného absorbéru za pouZiti ohfevu tepelné
izolovanych mikrobolometrickych membran v prostiedi C2H.. Béhem procesu byly katalyticky
deponovany uhlikové nanotrubice na povrchu lokalné vyhtivané membrany, zatimco substrat
zustal pti pokojové teploté. Riist uhlikovych nanotrubic byl monitorovan v redlném case za
pouziti optické mikroskopie. B€hem rustu jsme zméfili intenzitu emise svétla a odrazené¢ho
svétla ze zahtfatého mikrobolometru. NaSe méteni vykonu mikrobolometru ukazuje, Ze vrstva
uhlikovych nanotrubic na povrchu membrany mikrobolometru zvysuje odezvu na infraervené
zateni zhruba 2,3x. Tato prace otevira moznosti integrace uhlikovych nanotrubic jako
vynikajiciho absorbéru v infracervené oblasti i v zafizenich, ktera jsou vyrobena v technologii
komplementarni kov-0xid-polovodi¢ (CMOS).
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Carbon nanotubes (CNTs) have near unity infrared (IR) absorption efficiency, making them
extremely attractive for IR imaging devices. Since CNT growth occurs at elevated temperatures,
the integration of CNTs with IR imaging devices is challenging and has not yet been achieved.
Here, we show a strategy for implementing CNTs as IR absorbers using differential heating of
thermally isolated microbolometer membranes in a C,H, environment. During the process, CNTs
were catalytically grown on the surface of a locally heated membrane, while the substrate was
maintained at an ambient temperature. CNT growth was monitored iz sifu in real time using optical
microscopy. During growth, we measured the intensity of light emission and the reflected light
from the heated microbolometer. Our measurements of bolometer performance show that the CNT
layer on the surface of the microbolometer membrane increases the IR response by a factor of
(2.3 =0.1) (mean * one standard deviation of the least-squares fit parameters). This work opens
the door to integrating near unity IR absorption, CNT-based, IR absorbers with hybrid complemen-
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In situ observation of carbon nanotube layer growth on microbolometers

tary metal-oxide-semiconductor focal plane array architectures. Published by AIP Publishing.
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INTRODUCTION

Infrared (IR) imaging in the wavelength range from
8 um to 14 um, also known as thermal imaging, has found
widespread applications spanning disparate fields of engi-
neering and life and physical sciences. Room-temperature
and cooled thermal imagers have been used in preventive
maintenance, night vision, medical imaging, security, and
space applications." Heat sensing, uncooled microbolome-
ters” in the form of focal plane arrays (FPAs) represent a
class of integrated, two-dimensional ensemble thermal detec-
tor arrays with multiplexed readout. In contrast to cryogeni-
cally cooled devices, uncooled IR microbolometers have
numerous advantages including higher reliability, reduced
power consumption and smaller physical dimensions.
Modern microbolometer devices, operating at room tempera-
ture, are based on thermally isolated membrane architectures
with integrated temperature sensors. The incident radiation,
absorbed as heat, increases the temperature of the microbol-
ometer membrane. The temperature change (AT1r), propor-
tional to the power of incident radiation (Pr), is given by

PR
? )
where G is the thermal conductance of the microbolometer.
The FPA imagers are mass produced using Si-based
complementary metal-oxide-semiconductor (CMOS) archi-
tectures. The imager consists of an array of pixels, with each
pixel connected to a read-out integrated circuit. The micro-
bolometer pixels are created using microelectromechanical
system (MEMS) technology. The microbolometer mem-
branes are typically made from various CMOS-compatible

AT = )]
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materials such as silicon dioxide (SiO,), silicon nitride,
amorphous Si and SiGe. Mid-IR absorption (7), in the range
of interest from 8 um to 14 um of these materials, depends
on the film thickness and composition. For instance, 1 for
SiO, with a thickness of ~0.6 um ranges from ~35% (Ref.
3) to ~48%.* The key challenge is then to maximize #, while
using a CMOS compatible process. Several developed strate-
gies to increase # suffer from a significant increase in proc-
essing costs and complexity.

The first reported IR absorbing carbon nanotube (CNT)
layer was implemented on the surface of a pyroelectric detec-
tor’ sparking an interest in CNTs as an electromagnetic radia-
tion absorber.®” Controlled placement of vertically aligned
CNT layers requires growth in a chemical vapor deposition
(CVD) reactor at elevated temperatures above 550°C}2 using
lithographically patterned catalytic materials.” The highest
temperature that CMOS devices can withstand is typically
below 475°C. This value represents the eutectic temperature
of the commonly used Al-Si contacts in CMOS chips. Modern
CMOS devices with titanium silicide, tantalum nitride, nickel
silicide'® and other barrier materials between aluminum and
silicon can be heated to higher temperatures. Nevertheless,
exposing the CMOS chips to a temperature of 550 °C required
for CNT growth is undesirable, thereby making the CNT
growth on the surface of CMOS chips a major integration
challenge. Shulaker er al.'' showed a complex, thermal
release tape process for transferring CNTs from one substrate
to another. This method is not suitable for mechanically sus-
pended devices such as MEMS-based microbolometer FPAs.

Here, we demonstrate a spatially localized Joule heating
technique, warming up only the bolometer membrane, for

Published by AIP Publishing.
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Fe-based catalytic CNT growth on the surface of the bolome-
ter membrane, while the rest of the substrate remains at
room temperature. This method enables the integration of a
highly efficient, IR-absorbing CNT layer into existing mono-
lithic CMOS FPA imagers.

RESULTS AND DISCUSSION
Microbolometer design and fabrication

Using the Nanolithography Toolbox,'? we designed
40 um x 40 um microbolometer membranes* using a fabrica-
tion flow outlined in Fig. 1. Microbolometers, with an
embedded Ti resistive temperature detector (RTD) and a Fe
layer for catalytic CNT growth, were fabricated using con-
ventional Si bulk-micromachining techniques. Prior to mem-
brane release, we measured the RTD resistance and the
temperature coefficient of resistance («) using a probe station
with a heated wafer chuck. The corresponding measured
ambient temperature resistance (R;) and o values were
(7.726 £ 0.250) kQ and (0.53 = 0.01) m K™!, both represent-
ing the measured mean = standard deviation, respectively.
The experimental procedure and uncertainties are described

4
<&
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in the supplementary material section 1. Membranes were
then released by removing the underlying Si using XeF,
vapors. Subsequently, CNT growth was carried out on indi-
vidual chips.

Microbolometer characterization

Following membrane release, microbolometer chips
were mounted onto a leadless chip carrier with 68 pads and
electrically connected with gold wires using wire-bonding.
Packaged bolometer devices were then placed into a vacuum
chamber with a Ge window. Using a method described by
Gu er al.,"? at a pressure of ~7.7 x 10~*Pa and an applied
voltage amplitude (V},) of ~0.6 V with known values of R
and o, we determined the thermal capacitance (H), G and the
thermal time constant (t=H/G). Our measurements over
three sets of bolometer devices show H = (3.113 = 0.009)
nJ K™, G=(160.9 +2.7) nW-K™' and 7=(19.35 + 0.34)
ms (mean * standard deviation). The experimental proce-
dure and uncertainties are described in the supplementary
material section 2. At a constant pressure of <5 Pa and ambi-
ent temperature of ~25 °C, the convective heat transfer and

FIG. 1. Fabrication process flow of the MEMS based microbolometer. (a) Deposition of ~0.25 um plasma enhanced CVD (PECVD) SiO, on the Si substrate.
(b) Lithographic definition of ~0.9 um thick Al bond pads. (c) ~30 nm sputter deposited Ti temperature sensor definition using optical lithography and reactive
ion etching. (d) Deposition of ~0.25 um PECVD SiO, for the protection of metal layers. (e) SiO, patterning to create access to bonding pads and etch holes
for the microbolometer membrane release. (f) Deposition of the catalytic Fe layer using a photoresist lift-off process. (g) Cross-section of a microbolometer
chip following microbolometer membrane release using XeF, vapors. (h) Catalytic CNT growth on the surface of the membrane.
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radiation loss are negligible and consequently, G is solely
determined by the thermal conduction of the microbolometer
legs (PC).14 Once the microbolometer membrane warms up
by the dissipated Joule heat (Py), the radiation heat loss (Pr),
based on the Stefan-Boltzmann law, cannot be neglected. The
amplitude of Pj, distributed between Pr and Pc, is given by

Py=Pr+Pc=A-¢-6-T*+G-AT, )

where A=2-a” is the top and bottom areas of the square
microbolometer membrane of length a, ¢ is the emissivity of
the microbolometer membrane, ¢ is the Stefan-Boltzmann
constant, T is the thermodynamic temperature, and AT is the
temperature difference between the microbolometer mem-
brane and the substrate chip. We measured the bolometer
response to a square wave pulse'> over a range of V;, values
[Fig. S4(a) in supplementary material section 3]. In the vicin-
ity of V,=0, where self-heating effects are neglected, our
calculations show G =(180.4 * 1.2) nW-K !, H=(3.602
+0.024)nJ-K' and 1=(19.96*+0.02)ms (all are mean
* fitting error). Here and below, the fitting error corresponds
to one standard deviation of the least-squares fit parameters.
The values are in good agreement with the ones determined at
Vb~ 0.6 V. Collectively, these data show that self-heating
plays a minor role in the bolometer performance.

Monitoring of CNT growth

The packaged bolometer devices were then placed into a
vacuum chamber equipped with a glass window, tubes for
gas and vacuum connections, and an electrical feedthrough,
as schematically shown in Fig. 2(a). The chamber was then
placed under an optical microscope equipped with ~9 mm
working distance, 50x objective with a numerical aperture
(NA) of 0.55. The ~7mm distance between the bolometer
membrane and the glass window allowed for high-
resolution, in situ observation of the subsequent CNT growth

Bolometer

VBoI J_ I B
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processes. Thermal conditioning of the catalytic layer was
accomplished by heating the microbolometer using Py
~200 uW in the 5% H, +95% N, forming gas (FG) envi-
ronment for ~15 min. To determine the Joule heat threshold
required for growth, we increased P; until the onset of CNT
growth. Further increase in P, revealed an upper limit of
750 uW above which the bolometer membrane was physi-
cally damaged from the excessive power dissipation. To
circumvent the membrane damage, P, was set to 650 uW.
Using a closed-loop feedback configuration, Py was main-
tained by the controlling voltage Vpor, while measuring the
current Igop through the microbolometer resistor. During
CNT growth, we maintained a chamber pressure of ~5 Pa by
adjusting the partial pressures of individual gases at ~1.5 Pa
and ~3.5 Pa for FG and C,H,, respectively. Under the above
conditions, the CNT thickness was controlled by growth
time. Following CNT growth, surface passivation was not
carried out. Figures 2(b) and 2(c) show optical micrographs
of the microbolometer membrane before and after growth, at
~65% of the field of view, respectively. A typical microbol-
ometer membrane with grown CNTs is shown in Figs. 3(a)
and 3(b). A video [Fig. 2(d)] (Multimedia view) shows
real time CNT growth on the surface of the bolometer
membrane.

We used finite element modelling (FEM) to show the
temperature distribution within the thermally isolated mem-
brane and the surrounding substrate. For the computation, we
considered a silicon volume of 160 um x 180 um x 75 um
with a suspended bolometer membrane and materials of
dimensions resembling the fabricated devices. We used 20-
node thermal solid elements for the Si substrate and 10-node
tetrahedral thermal solid elements for Ti and SiO, layers. The
initial boundary condition for the Si substrate was set to
25°C. Directly following this, we applied a voltage of 0.8 V
between the ends of the two Ti metal traces. The FEM results
[Figs. 3(c) and 3(d)] show heat concentration within the

FIG. 2. (a) Schematic illustration of the experimental setup. The microbolometer was placed into a vacuum chamber with an inlet for gas delivery and a pump-
ing port. Gas flow was controlled by needle valves (NV). Chamber evacuation was accomplished using a combination of a turbo molecular pump (TMP) with
a backing dry vacuum pump (DP). Using an optical microscope with a 50x objective lens (OL), the optical window flange allowed for real-time monitoring of
the CNT growth process. Reflectance measurements during CNT growth were accomplished using a tungsten lamp (TL) in conjunction with a beam splitter
(BS) to illuminate the microbolometer membrane. Emission and reflection during CNT growth were measured using a silicon photodiode (PD). The I, was
converted to a voltage using a current preamplifier (Amp) that was monitored using an oscilloscope (Osc). The Py amplitude dissipated in the microbolometer
membrane was set using a closed-loop feedback system by controlling the amplitude of Vgop while measuring /gop. and keeping the Py at a predetermined
value. Optical micrographs of a microbolometer (b) before and (c) after the CNT growth. The scale bars in (b), (c) and (d) represent a length of ~40 um. (d) A
video showing the real-time CNT growth at the bolometer membrane captured with a microscope equipped with a 50x objective lens. Multimedia view:
https://doi.org/10.1063/1.5016465.1
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FIG. 3. Scanning electron micrographs of a fabricated microbolometer showing (a) a thermally isolated, undercut microbolometer membrane following CNT
layer growth. (b) Zoomed-in view of the CNTs near the membrane edge. The scale bars in (a) and (b) represent the lengths of ~20 um and ~5 um, respectively.
FEM analysis with (c) perspective and (d) top-down views of the temperature distribution within the structure. The heat is localized within the suspended,
membrane region with the surrounding Si substrate at 25 °C. The scale bars in (c) and (d) represent lengths of ~40 um. The annotations in (D) represent tem-
peratures at various locations, denoted by the corresponding arrows, along the structure.

suspended membrane with the substrate at approximately
room temperature.

The measured photocurrent (/) from the silicon photo-
diode during the CNT growth was related to the emitted radi-
ation from the heated membrane [Fig. 4(a), supplementary
material section 5]. During the measurements, the micro-
scope light source was turned off. I, was converted into a
voltage (V,,) using a current preamplifier with an active low-
pass filter. The amplitude of V,, was monitored using an
oscilloscope. I, as a function of time (#) during the growth
phase, initiating at 1~ 112 s, can be approximated by a first
order exponential decay in combination with a linear decay

L=Ih+I-e % +L-1, 3)

where [ is the steady state photocurrent offset, /; is the max-
imum photocurrent, f, is the time at the onset of amplitude
decay [~112 s in Fig. 4(a)], 1. is the emission time constant,
and /5 is the coefficient of linear I, decay. Our measurements
show values of 7.=(34.91*+1.26)s and I,=(—1594
+2.02) fA-s~!, both values are mean = one standard devia-
tion measured from 3 devices [Fig. 4(a)]. The uncertainties
are calculated from the functional fitting error using Eq. (3).
Details of the measurement results are in the supplementary
material section 4. The value of 7, can serve as a guide to
minimize the CNT growth time with a saturated absorbance
value.

Since the amplitude of /,, is proportional to Py, the expo-
nential decay of the I, as a function of ¢ can be derived from

Eq. (2), while accounting for the geometric change of the
radiation emitting area during CNT growth. The G value of a
microbolometer is determined by the cross-sectional areas,
length and thermal conductivity of the two microbolometer
legs. Since the CNT layer was grown from the lithographi-
cally defined catalyst spanning the square shaped microbol-
ometer membrane with an area of A [see Figs. 1(g) and 1(h)],
the value of G remains constant during CNT growth.

During the growth, since P; was held constant at
~650 uW, the terms A and G in Eq. (2) can be also consid-
ered as constant. Consequently, the CNT layer on the surface
of the membrane increased ¢ and decreased 7. With increas-
ing ¢, the membrane emits radiation in all directions thereby
lowering the temperature. Consequently, the power emitted
per unit area of the microbolometer membrane decreases
(supplementary material section 5). Measured resistance dur-
ing the CNT growth allowed a qualitative determination of
the microbolometer temperature change AT

V
Ry =22 Ry=Ro(l+a-AT); and

IsoL

1/ V2 @
AT:—(&—I)

o P_]'R()

where R, and o are the corresponding ambient resistance at
T~298K and the temperature coefficient of resistance of
the temperature sensor, respectively. The AT amplitude
dropped once Pj reached an amplitude of ~650 uW at the
onset of CNT growth.
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FIG. 4. (a) Typical optical emission from the microbolometer membrane as a function of ¢ during CNT growth. Py was gradually increased at a rate
of ~8 uW-s~! up to 650 uW. At 153 s, we observed light emission from the membrane. CNT growth, initiating at 1~ 112 s with Py~ 650 uW, increased
the microbolometer emissivity and thereby lowered the microbolometer membrane temperature. At r~ 850 s, heating was switched off (Py=0) and the
CNT growth ceased. Directly following this, the light emission quickly decayed to zero. We determined the value of 7. using Eq. (3) as (32.03 = 0.82) s (mean
* fitting error). The solid line represents a first-order exponential decay functional fit. (b) Under similar conditions, we measured the optical reflection
from the microbolometer. At 1~ 40 s, an increase from a steady state of Py~ 90 uW caused the membrane reflectivity to drop. The CNT growth initiated at
t~86.5s with Py~ 420 uW. The newly grown CNT layer lowered the membrane reflection with a time constant 7, = (13.44 = 0.07) s (mean = fitting error).
The maximum Py~ 650 uW occurred at t~ 96 s. At t~250 s, the heating was switched off, following which the reflection amplitude changed marginally. The

solid line represents a first-order exponential decay functional fit.

Above, we assumed a negligible emission contribution
from the membrane sidewalls and considered the source of
emission solely from A. However, during CNT growth, the
total surface area as a function of the CNT layer thickness
(t.) increases by a factor of 4-a-t. (supplementary material
section 6), while the sidewall emission increases with 7.
This increase is not negligible and consequently, results in
a decrease of I, at a rate of (—15.70 = 1.38) fA-s™' (mean
* fitting error) [Fig. 4(a)].

Using a~ 100 W tungsten lamp, we illuminated the
bolometer membrane and measured the reflectance during
CNT growth [Fig. 4(b) and supplementary material section
7]. The dynamics of the reflection-based experiment differed
from the emissivity measurement. Once the CNT growth is
initiated at P;~420 uW, the amplitude of light reflected
from the membrane decreased following an exponential
decay of the first order with time constant 7, = (13.44 = 0.07)
s (mean * one standard deviation from 3 devices). The faster
T, in comparison with 7., shows that the related reflection
from the membrane in the visible spectrum of electromag-
netic radiation is sensitive to small changes in surface prop-
erties, whereas a much thicker layer of CNTs is required to
cause significant changes to 7..°

Inserting the parameters obtained from the above micro-
bolometer characterization into Eq. (2) allowed us to calcu-
late the amplitude of P; as a function temperature, without
the CNT layer and for various CNT thickness values of up to
30 um [Fig. 5(a)]. In our calculations, we used &sjop=0.48
and ecnt =1 for the emissivity of membranes without* and
with!b13 CNTs, respectively. Furthermore, the area of the
CNT membrane was A =2-a> +4-a-t. (see supplemen-
tary material section 6). The results in Fig. 5(a) show that the
Py amplitude required to heat up the bolometer membrane

without and with the CNT layer to the same value of T
increases with increasing thickness of the CNT layer.

We then calculated the power of emitted radiation
Per =b-g-0-T* from a 1,um2 area (b) of the bolometer
membrane without CNTs and for various CNT layer thick-
nesses. Figure 5(b) shows a significant emission dependence
with respect to the CNT layer thickness.

Experimental data in Fig. 6 show that membranes with
CNTs are cooler and emit ~0.23 of the power emitted by
membranes without CNTs. Our results further show that the
CNT layers increased the value of thermal capacitance H by
a factor &5, to (14.83 = 0.53) nJ-K! (mean * standard devi-
ation, 3 measurements).

CNT layer performance

We placed the bolometer, connected in a balanced
Wheatstone bridge configuration, into a vacuum chamber and
evaluated the P response. The amplitude of Pz was controlled
by the distance (D) between the black body at T~ 673.15K and
the bolometer from D ~(59.5, 74.5, 89.5, 104.5, and 119.5)
mm. The Pig was estimated using the equation®

)
_\2)
2 )
d

D2 -z

i (2)
where &, is the emission of the black body with an amplitude
of ~0.95 (manufacturer’s datasheet value), 7 is the average
experimentally determined transmittance of the Ge window

with a value of 1~ (.76, M is the integrated radiant exitance
of the black body (supplementary material section 8)
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P[R :a2'sbb - TF -M



114503-6 Svatos et al.

T v T ¥ T T 4 T T % T b T Ll
600 1
| 30 pm|
25 um
5001 - 20 pum|
15 um|
. 400 10
= 5 umH
= 300 B
200 - no CNT |
100+ 1
0 4

T T T T T T T . T x
300 400 500 600 700 800 900 1000
T (K)

J. Appl. Phys. 123, 114503 (2018)

50 T T T T T T 1 T T T v
B / Sum
40 4 10 pum|
no CNT 15 um
— 20 um
= 304 %25 um
e 30 um

o /
Q" 20- i
- ’

10 .
0 i

— T T T T T T T T T T T

0 50 100 150 200 250 300
P, (kW)

FIG. 5. (a) Calculated values of dissipated Joule heat Py as a function of T for microbolometers without CNTs (thick black line) and for various CNT thickness
values. The CNT membranes require a larger Py to remain at a distinct 7. (b) Calculated values of Pggr as a function of P; for microbolometers without CNTs

(thick black line) and for various ¢, values.

according to Planck’s radiation law with an amplitude of
~2588 W-m 2 and d ~ 10.5mm is the diameter of the black
body radiation source. The value of 7 was determined by a
ratio of an output signal of a commercial microbolometer
based IR camera with and without the Ge window. The micro-
bolometer responsivity to IR radiation (Rg) is defined as

AVou
Rp = —=

6
Pr (6)

Our results show that by adding the CNT absorbing
layer, the Rz increased by a factor of (2.3 £0.1) (mean
¥ fitting error) (Fig. 7).

CONCLUSIONS

Our work presented here for the first time demonstrates
CNT growth on the surface of suspended microbolometer
membranes while keeping the device substrate at room tem-
perature. By taking advantage of the thermally isolated
nature of the released microbolometer membrane, the devel-
oped CMOS fabrication compatible method allows for the
integration of IR absorbing CNTs with a variety of active
device architectures including FPAs. Our results show /2.3-
fold IR responsivity increase with grown CNT absorbers and
reached a Rig of (16.35 = 0.48) kV-W~!. Furthermore, the
IR absorption near unity is determined solely by the CNT

Wi
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FIG. 6. (a) Measured light emission amplitude from bare (black squares) and CNT covered (red circles) microbolometer membrane as a function of dissipated
Pj. The two insets are scanning electron micrographs of microbolometers with and without the CNT layer. Scale bars represent 40 um. Solid lines represent a
4th order polynomial curve fitting with the cubic coefficient set to zero. The radiation power amplitude of the microbolometer with the CNT is ~0.23 of the
one without. Filled in markers are average values and vertical bars represent one standard deviation resulting from repeated measurements across a device. (b)
Optical micrograph showing light emission from the membrane at P; ~ 650 uW. The scale bar represents 40 um.
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FIG. 7. Wheatstone bridge output voltage change AVoyr as a function of
incident Pjr for microbolometers with (red circles) and without (black
squares) a CNT layer. The amplitude of Pig was calculated from the black
body bolometer distance as per Eq. (5) and supplementary material section
8. The bridge was biased with a square wave pulse of amplitude ~0.6 V and
duration 2200 ms. The AVqyr amplitude was captured at £ ~ 200 ms. Using
linear regression, the microbolometer fjgx with and without CNTs is
(16.35+0.48) kV-W~" and (7.08 = 0.24) kV-W™', both (mean * standard
deviation, across 3 measurements), respectively. Filled-in markers are aver-
age values and vertical bars represent one standard deviation resulting from
repeated measurements across three devices. Overall, with CNTs, Rz
increases by a factor of (2.3 = 0.1) (mean = fitting error).

layer, regardless of the membrane material and thickness,
the cavity and the underlying IR reflector. The promising
growth technique of highly absorbing CNT layers using spa-
tially localized heating on the surface of suspended mem-
branes opens opportunities for complex integration of these
absorbing layers for efficient IR imaging and FPA emission
applications.

SUPPLEMENTARY MATERIAL

See supplementary material for microbolometer resis-
tance and temperature coefficient of resistance measurement,
evaluation of microbolometer thermal parameters, microbol-
ometer response to varying V, details of emission measure-
ment during CNT growth, resistance measurement during
CNT growth, emission measurement from the microbolome-
ter with CNTs, reflection measurement from bolometer

J. Appl. Phys. 123, 114503 (2018)

membrane during CNT growth, and calculation of blackbody
radiant exitance.

ACKNOWLEDGMENTS

V. Svatos, I. Gablech, J. Pekdrek, and P. Neuzil
acknowledge the financial support by the Ministry of the
Interior of the Czech Republic under VI20152019043
project. We also acknowledge the support of CEITEC Nano
Research Infrastructure (ID LM2015041, MEYS CR,
2016-2019) and the SIX Center of Brno University of
Technology, where measurements were conducted. The
authors would also like to acknowledge great help from Mr.
Jaroslav Klempa for performing the FEM of temperature
distribution in the bolometer and the staff of the Center for
Nanoscale Science and Technology facility at the National
Institute of Standards and Technology, Gaithersburg, USA,
where these devices were fabricated.

'A. Rogalski, Infrared Phys. Technol. 54, 136 (2011).

’K. C. Liddiard, Infrared Phys. 24, 57 (1984).

3P. Neuzil, Y. Liu, H. H. Feng, and W. J. Zeng, IEEE Electron Device Lett.
26, 320 (2005).

“T. Mei, P. Neuzil, G. Karunasiri, and W. Zeng, Appl. Phys. Lett. 80, 2183
(2002).

5] H. Lehman, C. Engtrakul, T. Gennett, and A. C. Dillon, Appl. Opt. 44,
483 (2005).

7.-P. Yang, L. Ci, J. A. Bur, S.-Y. Lin, and P. M. Ajayan, Nano Lett. 8,
446 (2008).

7]. Lehman, A. Sanders, L. Hanssen, B. Wilthan, J. Zeng, and C. Jensen,
Nano Lett. 10, 3261 (2010).

ML Meyyappan, D. Lance, C. Alan, and H. David, Plasma Sources Sci.
Technol. 12, 205 (2003).

°S. M. Huang, L. M. Dai, and A. W. H. Mau, Adv. Mater. 14, 1140 (2002).

105 1. Zhang and M. Ostling, Crit. Rev. Solid State Mater. Sci. 28, 1
(2003).

M. M. Shulaker, G. Hills, N. Patil, H. Wei, H.-Y. Chen, H. S. P.Wong, and
S. Mitra, Nature 501, 526 (2013).

2k, c. Balram, D. A. Westly, M. Davanco, K. Grutter, Q. Li, T. Michels, C.
H. Ray, L. Yu, R. Kasica, C. B. Wallin, 1. Gilbert, B. A. Bryce, G.
Simelgor, J. Topolancik, N. Lobontiu, Y. Liu, P. Neuzil, V. Svatos, K. A.
Dill, N. A. Bertrand, M. Metzler, G. Lopez, D. A. Czaplewski, L. Ocola,
K. Srinivasan, S. Stavis, V. Aksyuk, J. A. Liddle, S. Krylov, and B. R. Ilic,
J. Res. Natl. Inst. Stand. 121, 464 (2016).

¥X. Gu, G. Karunasiri, G. Chen, U. Sridhar, and B. Xu, Appl. Phys. Lett.
72, 1881 (1998).

¥X. He, G. Karunasiri, T. Mei, W. J. Zeng, P. Neuzil, and U. Sridhar, IEEE
Electron Device Lett. 21, 233 (2000).

15K, Mizuno, J. Ishii, H. Kishida, Y. Hayamizu, S. Yasuda, D. N. Futaba, M.
Yumura, and K. Hata, Proc. Natl. Acad. Sci. U.S.A. 106, 6044 (2009).



Priloha 5

PEKAREK, J. et al. Self-compensating method for bolometer-based IR focal plane arrays.
Sensors and Actuators, A: Physical, 2017, vol. 265, pp. 40-46. ISSN 0924-4247.

ABSTRAKT

V ¢lanku je predstaven samocinné kompenzujici systém pro redukci Sumu z pevnych
obrazci (FPNR) vV ohniskovych polich (FPA) pro infratervené snimani pomoci
mikrobolometrii. Je zaloZzen na sigma delta modulatoru prvniho fadu, ktery slouzi jako
nesaturujici integrator signali. Bylo dok4zéano, Ze navrhovand metoda potlacuje jak ucinek
bolometrického odporu vici nerovnomérnosti napiic FPA, tak vlastni ohfev struktur.
Navrhovany systém nevyzaduje zadnou vné&j$i nebo vnitini zpétnou vazbu pro FPNR. Tento
pristup Ize pouzit i pro jiné aplikace, kde je vyzadovana kompenzace signalu.
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We present a self-compensating system for fixed pattern noise reduction (FPNR) of focal plane arrays
(FPAs) of infrared bolometer detectors. It is based on a first-order A¥X modulator serving as a non-
saturating signal integrator. The demonstrated method suppresses both the effect of bolometer resistance
due to non-uniformity across the FPA as well as the self-heating effect. The proposed system does
not require any external or internal feedback loop for FPNR. This approach can be also used for other
applications where a signal compensation is required.
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1. Introduction

Infrared (IR) radiation in the wavelength range from 8 um
to14 pm is used in many applications such as astronomy, thermal
scanning to search for people or animals, and recently very popular
the preventive maintenance of electrical appliances and monitor-
ing the thermal isolation of buildings. The emission of IR radiation
can be detected by numerous methods. One of the early IR detec-
tors was the Golay cell [1], where the incident IR radiation heated
a medium inside its cavity, thus increasing its pressure. A flexi-
ble membrane expanded with the pressure and its expansion was
monitored. It was an extremely sensitive IR detector, but unsuit-
able for integration into an array necessary for IR imaging. Later on,
there was developed a photon detecting device based on large band
gap semiconductors, such as HgCdTe [2]. This device is an excellent
imager, but it requires cooling by the liquid nitrogen. Bolometers
comprise a thermally isolated membrane integrated together with
a temperature-sensitive device, most often a resistive tempera-
ture detector (RTD). The membrane warms up due to the incident
radiation and the corresponding temperature change is then mon-
itored. The first bolometer was developed in 1878 by astronomer

* Corresponding author at: Northwestern Polytechnical University,127 West
Youyi Road, 710072, Xi’an, Shaanxi, PR China.
E-mail addresses: pekarek@feec.vutbr.cz (J. Pekarek),
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imrich.gablech@ceitec.vutbr.cz (I. Gablech), hubalek@feec.vutbr.cz (J. Hubalek),
pavel.neuzil@ceitec.vutbr.cz, pavel.neuzil@nwpu.edu.cn (P. NeuZil).
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0924-4247/© 2017 Elsevier B.V. All rights reserved.

S. P. Langley [3]. With the advent of integrated circuit technology
and microelectromechanical systems (MEMS), focal plane arrays
(FPAs) based on microbolometers were developed. The tempera-
ture sensing devices are typically RTDs composed of material with
a high temperature coefficient of resistance (TCR). The resistors are
typically made of metal, such as titanium [4], nickel [5], and plat-
inum [6] or semiconductors, such as silicon, germanium [7], and
vanadium oxide [8,9].

The MEMS based bolometers are used as the uncooled sen-
sors for IR detection either for astronomy or night imaging. In the
past three decades of development, uncooled infrared FPA imagers
based on the surface micromachined bolometers have been suc-
cessfully developed and found to have many applications in areas
such as surveillance, night vision, firefighter’s aids, and military
[10,11].

The size of a contemporary imager with 17 pm pixel-pitch form-
ing the FPAis 1024 x 768 pixels[12,13], with a total number of ~786
thousands of pixels. Considering typical PAL or NTSC frame rates of
25s~1 and 30s~1, respectively, there are only ~0.04 s available
to process data from a single pixel using the serial data processing
scheme. Parallel processing of the signal in each column increases
the time available for each pixel to ~32 s.

There are two fundamental problems of bolometer-based FPAs.
First, the bolometer resistance R is measured by passing electri-
cal current I through the bolometer. Its membrane warms up by
dissipated Joule Pj heat as Eq. (1):

2
pJ:v.Iz‘%, (1)
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where V is the voltage across the bolometer resistor. The bolome-
ter’s temperature can raise ~100 K per ~100 s of integration time,
which is several orders of magnitude higher than the temperature
change due to IR radiation. This self-heating effect on the bolome-
ter readout can be suppressed by common mode rejection using
either a thermally shorted bolometer [14], a bolometer with inhib-
ited sensitivity for IR radiation, a bolometer shielded from incident
IR radiation, or by injecting a current ramp into the bolometer
[15] or skimming technique [16]. The second fundamental prob-
lem of bolometer-based FPAs is their nominal value in the range of
a few k€2 and the incident IR radiation can cause its change by less
than ~1 2. The FPA fabrication process results in variation of both
pixel nominal values and their TCR, which produces fixed pattern
noise (FPN). There are several known methods of bolometer signal
readout to suppress FPN [17-21].

The readout integrated circuit (ROIC) as shown earlier [14] can-
notintegrate for unlimited time and it also needs a digital-to-analog
converter (DAC) with off-chip memory for correction of pixel non-
uniformity, i.e., fixed pattern noise reduction (FPNR). Amodern A X
principle was used in bolometer-based FPAs. Researchers massively
used parallel A analog-to-digital converters (ADC) together with
multiplexing principle to process the bolometer-FPA data [22].
Another principle of data processing with A3 modulator was
shown with a heat balanced bolometer operating in a closed-loop
mode [23].

The bolometer-based FPA is illuminated by a source of IR radi-
ation with known intensity producing an image FPN. The digital
processing unit (or analog circuit) introduces correction coeffi-
cients to get identical signals from all pixels [24].

In this contribution, we propose a signal processing system
using a non-saturating integrator. This integrator was achieved
using the first-order A¥ modulator combined with a sample and
hold circuit (S/H). It does not require a DAC and/or any extra off-chip
circuits to perform FPNR. It can be combined with a self-heating
correction technique to improve the performance of the proposed
system.

2. Theory-principle of non-saturating integrator (A X) for
FPNR

The signals from the bolometers forming the FPA are processed
by ROIC to eventually form an image of IR radiation. Integrating the
bolometer output signal improves the signal-to-noise (SNR) ratio, a
key performance parameter of circuit processing such minute elec-
trical signals. As mentioned above, the fundamental problem with
bolometer measurement is its small AR due to incident IR radiation
and a few orders of magnitude smaller than the nominal value of R.
In addition, the actual R value fluctuates due to uncertainty in the
FPA fabrication process.

First-order A¥ modulation consists of a current integrator fol-
lowed by a clocked comparator. The current source Iggg is activated
from time to time based on clocked comparator status to keep the
integrator out of saturation (Fig. 1A).

The integrator output voltage Vga at time t can be described as
Eq. (2):

t t
1

VBAL:7C (/ Iindt—IREF-TW—/ IRgrdt), (2)
INT o

where Cinr is the capacitance value of an integrating capacitor, [,
is an integrator input current, T is clock period, N the number (pos-
itive integer) of clock periods the Iggr switch was closed, and t; is
the time when the last period started and the switch for Iggr was
activated. If not, the last integral in Eq. (2) has value of 0 V.

This system produces a pattern of two logical levels at the
clocked comparator output and a residual value of Vga, and the

integrator output at the end of the conversion. The magnitude of
unknown current [;; can be then calculated from N value and Iggg.
It is typical cooperation of a AX-based AD conversion while the
residual value of Vgay at the end of the conversion is dumped.

We propose an employment of this scheme for extraction value
of IR radiation from bolometer-based FPAs. The absolute value of
N will represent a nominal bolometer resistance and its variation
(FPN). The power of incident IR radiation will contribute to an
amplitude of Vgay signal.

The system first scans the entire FPA with the shutter closed
and stores all the outputs values of Vgar 1 and N value from the
entire FPA, in an internal or external memory. Next, the FPA is
scanned again with the shutter open and the new outputs of Vgai»
are recorded. The image of IR radiation is then formed by subtract-
ing AVgar =Vgar2 — Vear1 (Fig. 1B) from each pixel of the FPA as well
as comparing the N value with and without the applied IR radiation.

In the ideal situation, N values Eq. (2) for both Vga signals with
and without IR radiation are identical (labeled as 1 in Fig. 1B). There
are special conditions with different values of N (labeled as 2 in
Fig. 1B), with and without IR, such as Vg1 1 without activated switch
S and Va1, with activated switch S and vice versa, and then the
equivalent value of the AVga has to be calculated.

The signal from DFF during SH activation shows the comparator
status and will determine further digital signal processing (DSP)
of AVgay signals. This DSP module for image construction can also
perform a task to calibrate the chip and calculate the integrator’s
output as a function of time.

3. Application-specific integrated circuit (ASIC) design

The proposed ASIC ROIC circuit based on a A¥ non-saturating
integrator was designed to evaluate bolometer sensors with nom-
inal resistance and changes of >4k2 and <20 €2, respectively. Its
simplified transistor-level schematic in 0.7 wm complementary
metal oxide semiconductor (CMOS) 5V technology is shown as
Fig. 2.

The NMOS cascode mirror (My3, My4) was designed with 3%
asymmetry adding to FPN. This allows to compensate the mea-
sured and reference bolometer mismatch using unipolar system
of clocked Iggr regardless of which bolometer nominal resistance
is greater. Further compensation can be conducted by the Vomp
signal as described in detail at the end of this chapter.

The NMOS cascode mirror was designed with large transis-
tors with proportion of the channel width/length of 150/2 and
155/2 wm, respectively, to minimize their noise level. Long chan-
nel length of 2 pm having small transconductance also results in
improve accuracy and low level of white and 1/f noise. The system
is based on an integrator leading to further suppressing the noise
from the signal. Only the equivalent input noise of the integrator
as well as voltage reference noise affect the integrator’s output and
can further be processed via S/H by the ADC.

The Vpay is affected by the triggering of the clocked comparator.
We selected the S/H activation in the middle of the clock signal
pulse to suppress this effect.

We selected a clock signal frequency of ~1MHz. With an
assumption that the bolometer has similar properties as deter-
mined previously [25] and the power supply voltage Vppa ~5V,
this circuit should have a dynamic range of bolometer temperature
excursion of up to ~256 mK with a resolution of 8 bits.

The proposed system consists of two bolometers: the firstis sen-
sitive and the second one is insensitive to the incident IR radiation
with resistance Rig and Rggf, respectively. We used a cascode cur-
rent mirror composed of transistors My;, M3 and My, Mg, the
first connected to the sensing Rggr, the second to Rig bolometer. The
electrical currents flowing through both branches of the mirror are
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Fig. 2. Simplified electrical schematic of non-saturating integrator for FPNR for IR bolometer detectors in FPAs. The Vcomp Voltage input is used to inject additional current

into the integrator, thus emulating the nominal bolometer resistance mismatch.

ideally identical. Nevertheless, the electrical currents in bolome-
ters differ by Al due to their differences in resistance AR caused
by incident IR radiation and manufacturing process fluctuations
(FPN). This Al is then integrated using an operational amplifier
with capacitor Gyt in its feedback loop, resulting in voltage change
AVgay at the integrator output. The self-heating effect occurs in
both bolometers simultaneously and rejected as common mode
[15].

3.1. Simple operation

The current mirror is equipped with a power-down function
made with the two P-channel switches, Mgy and Mgy, both con-
trolled by the digital signal SWCTRL. The digital control signal CRES
allows to discharge Cnt by activating another MOS switch. In nor-
mal operation, when the AR is relatively small, Vcomp is set to ~0V
and Vsgr, buffered by Mgy and Mgg, controls the required voltage

drop across the bolometers. The signal SWCTRL is changed from
logical “1” to logical “0” at t ~0 s and both bolometers are then pow-
ered. Signal CRES releases the switch with a delay of ~3 s and the
integrator starts to integrate Al from the bolometers at the iyt and
increasing the integrator output voltage Vga;. This delay of ~3 s
was chosen to eliminate the effect of current mirror propagation
delay avoiding to integrate a spurious transient.

The Alis then processed by the A ¥ modulator for a chosen inte-
gration period, which is usually determined by the time available
for signal processing from a single line of the FPA and also to avoid
excessive bolometer self-heating. Typically, this can be as long as
100 ws or even a bit longer, depending on bolometer nominal resis-
tance and, thus, self-heating as well as FPA frame rate. Here, we
proposed an integration period in the range of ~(80-90) s. The
integrator output voltage Vga, was monitored by an oscilloscope
for system optimization during the development. Once the inte-
gration is completed, the signal SWCTRL is changed into logical “1”
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Fig. 3. (A) Layout of an ROIC chip in 0.7 wm CMOS 5 V technology with highlighted two versions of readout circuits. (B) Optical image of a fabricated ROIC chip in 0.7 pm
CMOS 5V technology with located main elements of A¥ modulators (COM — clocked comparator, INT — integrator OPAMP, Cjnt — integrating capacitor, SWM — switches
and main mirror, SWMA — switches, main mirror including voltage follower, Icomp — fixed pattern compensating current circuit).

resulting in bolometers losing power and cooling down; then, CRES
activates the switch, discharges Cyt, and the ASIC is ready for a new
readout period once the bolometer cools down completely, which
is determined by its thermal properties especially the thermal time
constant T.

3.2. Additional compensation

The mismatch between the reference and the sensing bolometer
can be so large that the AX feedback loop system is not capa-
ble of FPNR at the maximum power supply voltage of the ASIC.
For this reason, we chose another option to compensate excessive
Al by injecting constant current from an additional current source
formed by a gm stage, controlled by Vomp Voltage as Eq. (3):

Icomp = gm - (Vcomp — Vagnp)s (3)

where gm is ~40 wAV-1 and Icopp is limited to the range of ~—30
to 30 pA. If not needed, this compensating current can be inhibited
by an external digital signal. Icopp can be also used to emulate a
bolometer resistance mismatch (FPN). This compensating feature
is expected to be implemented only for the development phase of
this system.

4. ASIC simulation

The preliminary results using the simulation program with inte-
grated circuit emphasis (SPICE) at transistor level were presented
in detail in a published paper [26]. The ASIC circuit was simulated
using transistor models supplied with 0.7 wum CMOS 5V process
design kit in Cadence Design Environment. The bolometer was
represented as a sub-circuit emulating temperature dependent
resistor with a nominal value of ~10kS2, TCR of 3-10~3 K-, and
7 of ~7 ms [27]. This sub-circuit was equipped with the feature to
emulate the self-heating effect and to respond to an external power
of IR radiation. We considered an incident IR radiation with power
of 1.61 nW which increased the bolometer temperature AT by only
~10mK to demonstrate the sensitivity of the proposed method.
This AT causes a bolometer resistance change of only ~0.3 2. The
simulation results suggested that this A X-based method repre-
sents a viable technique to suppress both resistors’ non-uniformity
as well as self-heating effect for FPA ROIC for IR imaging as we will
be showing later in IR measurement section.

5. ASIC verification

Once the transistor-level simulation program with integrated
circuit emphasis (SPICE) simulation of the system was completed,
we designed the layout of the ROIC (Fig. 3A) in 0.7 wm double metal
CMOS technology following the conventional rules of layout, such
as East-West North-South transistor topography to suppress the
influence of thermal gradient and also considering the matching
and the noise effects. The chip was fabricated in 0.7 pm CMOS 5V
technology with a size of ~ (2 x 2)mm (Fig. 3B) containing two
versions of AX modulators.

It was then packaged into a dual-in-line 40 (DIL40) socket. The
test printed circuit board (PCB) was designed and fabricated for the
basic verification of this ROIC chip. The signals needed to control
and set up the ROIC chip (i.e., SWCTRL, CRES, CLK, and Vagnp, VseT,
Vcomp Voltages) were generated externally at the PCB.

The bolometer behavior was emulated by a fixed resistor with
values of ~10KkS2 in series with a precise variable resistor Ry with
values between 02 and ~202. Let’s assume that the bolome-
ter nominal resistor value is ~10kS2 and its TCR is 3.1073 K1,
then the temperature change of ~10 mK will cause the bolome-
ter resistance change of ~0.3 2. The system has a sensitivity of
(-65.6+1.6) mV Q! (mean +standard deviation). The prelimi-
nary results of AX system tested with external nominal resistors
were published earlier [28]. AVpa of 1 mV corresponds to ~15 mQ2
resistance change corresponding to the bolometer membrane tem-
perature change of the ~0.5 mK.

6. Bolometer fabrication

The bolometer chip layout was generated using a recently devel-
oped method [29]. First we coated a silicon substrate with a SiO,
layer with thickness of ~250 nm. We subsequently deposited a
~300 nm thick Au layer with ~20 nm thin Cr adhesion layer. This
metal sandwich was lithographically patterned followed by an ion
milling process forming the electrical paths and bonding pads. A
Ti layer with a thickness of ~30 nm was deposited and patterned
by reactive ion etching to serve as RTDs at membranes of bolome-
ters. We again deposited a layer of SiO, with thickness of ~250 nm
to cover all metals. We subsequently deposited a layer of Al with
thickness of ~50 nm on areas with reference bolometers to serve as
reflectors of IR radiation to suppress their response to IR radiation.
We used an additional lithography step to open etching holes in
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Fig. 4. Photograph of ASIC and bolometer chips mounted in an LCC 68 package and
placed into a testing socket. (inset) SEM image of fabricated bolometer.

SiO, as well as to open access to bonding pads. Wafers were diced
into individual chips by a diamond blade dicing saw.

We then measured the nominal Rg at a probe station and, in com-
bination with a temperature controlled hotplate, also its amplitude
of TCR. We determined that the ambient resistance of the bolome-
terswas(7.735 £ 0.254) k2 and its TCR value was (0.53 £ 0.01) 103
K1, both values were identified with (mean =+ standard deviation).
The last fabrication step was removal of silicon underneath the
membrane to release them with XeF, vapors (see SEM image in
inset of Fig. 4). The chips were electrically connected by the wire
bonding method into lead less chip carrier 68 (LCC68) and placed
into a vacuum chamber where the bolometer thermal properties
were determined. The bolometer was connected into a balanced
Wheatstone bridge and we evaluated the values of bolometer ther-
mal capacitance H and thermal conductance G, and extracted t
according the equation T=H/G by the method described earlier
[25]. The thermal capacitance H was (3.113 £0.009) nJ K1, ther-
mal conductance G was (160.9 +2.7) nW K1, and extracted T was
(19.354+0.34) ms. All values were identified with (mean + standard
deviation). Finally, the bolometer responsivity %jg was determined
to be (7.08+£0.24) wVnW-! (mean+standard deviation) by the
method as before [30].

7. ASIC testing with bolometers

Both the chips, ASIC as well as bolometers, were placed into the
same leadless chip carrier LCC 68 and connected either to a socket
or to each other by wire bonding method (Fig. 4).

The LCC 68 with the devices was then placed into a vacuum
chamber equipped with transparent window for IR radiation made
of germanium. The chamber was then pumped into pressure of
<4.10~4 Pa using a turbomolecular pump backed by a scroll pump.
The LCC 68 socket was connected with external electronics outside
of the chamber via vacuum feed-through. We exposed the bolome-
ter to different powers of IR radiation using a calibrated blackbody
source and measured the output signal of the ASIC. The power of
IR radiation was set by changing distance between the bolometer
and the blackbody (see testing setup in Fig. 5) and calculated by the
method described earlier [30].

We then monitored Vga voltage as a function of compen-
sating current Icopmp Showing performance of AX serving as
non-saturating integrator (Fig. 6). The clocked comparator did not
allow the integrator to overflow regardless of the charging rate
of Cint. Once the comparator input exceeded the decision level, a
compensation I;;, was activated and the Gyt was discharged.

We used this Icgpp to emulate variation of nominal resistance
of a bolometer, typically FPN. Subsequently, we used six different
distances between the blackbody source and the bolometer cor-
responding to the following amplitude of incident IR radiation at
the bolometer membrane: 0, 7.54, 10.28, 14.80, 23.18, 41.28, and

urbomolecwar
pump

ROIC
controller

blackbody \

source

vacuum
chamber

Fig. 5. Photograph of a testing setup for bolometer and ROIC chip measurement.
It consists of a blackbody source and a vacuum chamber evacuated by a vacuum
system employing a turbomolecular pump backed by a scroll pump.
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Fig. 6. Time dependency of output voltage for different values of Icomp here emu-
lating differences in nominal resistance of the sensing and reference bolometers.

Table 1
The ROIC sensitivity with Icomp as a parameter.

ROIC sensitivity (mean value + standard
deviation) (mVnW-1)

Icomp (LA)

0 7.14+0.32
2 7.58+0.39
4 6.00+0.45
6 7.54+0.51
3 7.47+0.39
A

verage sensitivity 7.43+0.20

92.45nW (Fig. 7A). We plotted the Vg1 voltage as function of dis-
sipated power with Icomp as a parameter (Fig. 7B).

The results of the ROIC sensitivity for Icomp as a parameter
are shown in Table 1. The system average sensitivity was deter-
mined to be (7.43+0.20) mVnW~! (mean = standard deviation)
independent of Icopmp amplitude demonstrating the method excel-
lent suppression of FPN. Data with applied Icomp of 4 LA were not
considered for average calculation as there was a measurement
error.

The integrator improves the bolometer readout from its original
responsivity fijg of (7.08 +£0.24) wVnW-! to ROIC readout sensi-
tivity of (7.43 £0.20) mV nW~-1, both (mean + standard deviation),
which is ~1000 x improvement due to the integration, regardless
of Icomp amplitude. The Icomp is used here to emulate variations in
amplitude of nominal bolometer resistance, also known as FPN. We
then demonstrated that the non-saturating integrator can be used
as the basis of an ROIC system for FPAs.

We can derive the limit of system sensitivity of Vga; at 200 wV
based on the standard deviation. This corresponds to a power level
of IR radiation of ~200 pW. The sensitivity can be further improved
using a bolometer with a Ti layer and with its TCR closer to bulk
properties of 0.38.10~3 K~1. Ti layer used in this work had TCR
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with a value of ~0.05-10~3 K-1, which is more than ~7 x lower
than a bulk value and ~6 x lower than the one we used during
previously performed experiments [25]. The higher voltage bias-
ing the bolometers can further increase the sensitivity. The output
signal is linearly proportional to the voltage at bolometers. Even
the self-heating effect is proportional to the cube of voltage at the
bolometers. Nevertheless, here the self-heating effect is rejected as
common mode so that should not influence the Vga; signal.
Current AY chip requires an area of ~ (2 x 2) mm including all
bond pads and areas around. The chip layout also contained two
types of AX modulators with different mode of the offset compen-
sation. For all measurements, we used the A¥ modulator which
occupies area of ~0.4 mm?Z. This circuit is too large to make it prac-
tical for the FPA as each column requires its own A3 modulator.
Nevertheless, the current IC design was not optimized and it was
meant to operate at one chip connected to the bolometer via wire-
bonding. This setup caused additional parasitic capacitances and
resistances which the IC chip had to compensate. Furthermore, the
integrating capacitor occupied 15% of total chip area. Once this AX
modulator is used in an actual FPA chip, the Cint would be smaller
as well as other blocks shrinking the total circuit area by more than
50%. Finally, it will be necessary to use technology with smaller
critical dimensions making the circuit area significantly smaller.

8. Conclusion

The fabricated ROIC was tested with variable resistors to emu-
late the change of the bolometer resistance due to the IR incident
radiation and, thus, demonstrated viability of the proposed solu-
tion. The mean values of output voltage were recorded at time
close to the end of the integration period. The measured sensitivity
is ~65.6mV Q~1; thus, we concluded that the ROIC is conceptu-
ally appropriate for the readout of the relatively small changes of
temperature (resistivity) in the IR applications.

The AY system was demonstrated to determine the IR signal
from a bolometer using a reference bolometer for the common
mode rejection. The measurements of a bolometer chip with ROIC
were performed for the different dissipated power by the black-
body calibrator using the variable distances between the bolometer
detector and the blackbody source.

The system average sensitivity was determined to be
(7.434+0.20) mVnW~! (mean + standard deviation) independent
of Icomp amplitude demonstrating the method excellent suppres-
sion of FPN.

In actual serial-parallel configurations of an ROIC for FPA there
would be only a single reference bolometer for an entire row of
sensing bolometers. The majority of future A ¥ circuits would be
part of a column amplifier. The proposed system based on the
first-order AY modulator is well suited as a core of the ROIC for
bolometer-based FPAs.
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ABSTRAKT

Vyhodnoceni tepelnych vlastnosti mikrobolometra, jako jsou tepelna kapacita, tepelna
vodivost, ¢asova konstanta a odezva na infraCervené zafeni, je nesmirné dulezité, nebot’ tyto
vlastnosti pfimo ovliviiuji vykon mikrobolometru. Zde uvadime techniku jejich méfeni pomoci
minimalizace vlastniho ohfevu, coz vede k jejich pfesnému stanoveni pomoci méfeni
zalozeném na Wheatstoneoveé miustku, ktery obsahoval mikrobolometr. Vystupy mustku byly
od sebe oddéleny diferencnim napétovym piedzesilovacem, jehoz vystup byl zpracovan lock-
in zesilovacem. Vystup z lock-in zesilovace jako funkce amplitudy stiidavého signalu poskytuje
amplitudu tepelné vodivosti mikrobolometru. Teplotni odezva mikrobolometru na pulzni signal
poskytla hodnotu ¢asové konstanty a tim i jeji tepelnou kapacitu. Na zavér jsme extrahovali
odezvu mikrobolometru na infradervené zafeni pouzitim kalibrovaného zdroje infracerveného
zafeni. Metoda byla experimentdlné ovéfena pomoci vyrobeného mikrobolometru, ktery
vykazoval vynikajici shodu s analytickym feSenim.

86



Infrared Physics and Technology 93 (2018) 286-290

journal homepage: www.elsevier.com/locate/infrared

Contents lists available at ScienceDirect

Infrared Physics & Technology

INFRARED PHYSICS
& TECHNOLOGY

Regular article

Precise determination of thermal parameters of a microbolometer )

Vojtéch Svatos™, Imrich Gablech™”, Jan Pekarek™”, Jaroslav Klempa®™", Pavel Neuzil™>%*

Check for
updates

2 Central European Institute of Technology, Brno University of Technology, Purkyriova 123, 61200 Brno, Czech Republic

® Brno University of Technology, Faculty of Electrical Engi
Czech Republic
€ Northwestern Polytechnical University, 127 West Youyi Road, Xi’an, Shaanxi, PR China

ing and Co

ication, SIX Centre, Department of Microelectronics, Technickd 3058/10, 61600 Brno,

ARTICLE INFO ABSTRACT

Keywords:
Microbolometer
MEMS

Thermal parameters
Lock-in amplifier
IR response

Determination of microbolometer thermal properties such as thermal capacitance, conductance, time constant,
and IR responsivity is of the utmost importance as they directly influence microbolometer performance. Here we
show a technique to measure them by using a minimized self-heating effect, thus leading to their precise de-
termination via measurements based on an AC-biased Wheatstone bridge containing a microbolometer. The
bridge outputs were subtracted from each other by a differential voltage preamplifier with its output processed
by a lock-in amplifier. The lock-in amplifier output as a function of the amplitude of AC bias provided an

amplitude of microbolometer thermal conductivity. A microbolometer temperature response to pulse irradiation
of its membrane provided the value of its thermal time constant and, thus, its thermal capacitance. Finally, we
also extracted microbolometer responsivity using a blackbody IR source. The method was experimentally ver-
ified using a micromachined bolometer, which showed excellent agreement with the analytical solution.

1. Introduction

Midrange infrared (IR) with a wavelength range from (=8 to
~14) um has a wide range of applications such as security and com-
mercial uses. Among security applications, IR surveillance can help
firefighters look for people in dense smoke or to identify fire hot spots
to extinguish. IR devices can also help police identify cars recently ar-
rived in a parking area. Typical commercial applications are as an aid
for driving in poor visibility, looking for hot spots in an electrical power
distribution system, finding heat leakages from buildings to conserve
energy, precise tumor identification during surgery, and many others.
The development of midrange IR detectors dates back to 1947 with the
invention of a pneumatic IR detector, called the “Golay cell [1]”. In
1984 [2], and following an improvement in 1986 [3], a new concept of
a microbolometer as part of a microelectromechanical system (MEMS)
device was introduced. This allowed the integration of an array of
microbolometers with read-out integrated circuits into a focal plane
array, i.e., a true IR imager. The microbolometer, operating in a va-
cuum, consists of an IR-absorbing thermally isolated membrane in-
tegrated with an embedded temperature sensor. Most commonly, the
resistive temperature detector (RTD) is made of metal such as Ti [2],
phase transition materials such as VO, [4], or semiconductors such as
amorphous Si [5]. Their resistance amplitude R changes with tem-
perature change AT as per the equation

R =Ry(1 + a-AT) 1)

where R, is sensor resistance at ambient temperature T, and a is its
temperature coefficient of resistance. Microbolometer membrane AT
expressed as change of sensor resistance change (AR) is:

AR = R—Ry = Ry-a-AT )

The AT value is linearly proportional to the amplitude of absorbed
IR radiation (P;r) and inverse to the value of the microbolometer
thermal conductance (G) [6], making the G amplitude the parameter of
utmost importance

Pr
G 3
Other important parameters are thermal capacitance (H) and the

thermal time constant (t), which determine the rate of the micro-
bolometer response as

AT =

e “@
Thus, all three parameters G, H, and t have to be determined to
optimize the microbolometer performance.
A well-established technique to determine specific heat and thermal
conductivity of thin film materials and structures based on 3w method
were proposed earlier [7,8]. The structures were thermally modulated
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making this method especially suitable for thin film materials, less for
slow MEMS devices such as IR microbolometers. A single measurement-
based method to determine parameters G, H, and t was proposed and
demonstrated by biasing an unbalanced Wheatstone bridge, including a
microbolometer with an RTD sensor made of Ti, by a single voltage
pulse with a bias amplitude (V) with time period <t at a pressure of
~7.7 x 10" *Pa [9]. The microbolometer behavior is governed by a
differential heat balance equation

V2
3L | T = P—Py = — 2P,
dt 4R, 5)
Vi

where P; = K}%O is dissipated joule heat in the microbolometer resistor
with an actual value of Ry. At a constant pressure of <5 Pa, heat con-
vection due to energy transfer by the movement of gas molecules sur-
rounding the membrane and radiation losses Pr at ambient temperature
of 25 °C are also negligible [10]. The Eq. (5) with neglected amplitude

of P can be solved as

2
AT = B [l—exp(—i)],
4GRO T (6)

where t is time. The researchers expressed the Wheatstone bridge
output in simplified form as function of time [9]

3
AV = Vs [l—exp(—i)]

16G-R, T @

With knowledge of Vi, Ry and a of =1V, =39kQ, and

~0.0025 K™, respectively, researchers extracted the value of G from
Eq. (7) at steady-state and the value of H from the pulse response slope
for t = 0s. The thermal time constant was calculated using Eq. (4). The
proposed method was simple; however, during the measurement the Py
amplitude was =64.1 uW causing the microbolometer membrane with
calculated G value of =7.8 x 10~7 WK™~ ! warming by the excessive
value of AT = 82.2 K affecting the R, value, which was considered to be
constant. The modulated amplitude of Ry value due to AT resulted in a
measurement error as Eq. (7) assumes R, to be constant. Lowering the
Vg amplitude does lower the error due to smaller variation of R am-
plitude, but the measurement precision suffered due to the low output
voltage of the system and signal-to-noise ratio (SNR) because the
system response is linearly proportional to the amplitude of V.

In addition, at ambient temperature, the radiation determined by
the Stefan-Boltzmann law can no longer be neglected. The amplitude of
P; is then split between power loss due to thermal conduction (Pc) and
amplitude of Pg:

Pp=Pc+ P =G-AT + A-c-0-T* ®

where A = 242 is the total area of a microbolometer membrane with
square shape and side length of a with neglecting its sidewalls area, ¢ is
the emissivity of the microbolometer membrane material, o is the
Stefan-Boltzmann constant with value of o = 5.6704 x 10”8 Wm™?2
K™%, and T is the thermodynamic temperature. This situation becomes
even worse once the microbolometer membrane is heated up by
AT = 82.2K as the Py amplitude increases by a factor of =2.7.

A method to determine all thermal parameters, such as G, H, and t,
based on a short voltage pulse with duration of =60 us was proposed
[11]. This technique allowed employment of Vp with amplitude up to
=5V, resulting in an improved SNR. Due to short pulse duration, the
self-heating effect was negligible as it resulted in minimal influence by
variation of R. Modern microbolometers use two [12,13] or three-level
membrane configurations or carbon nanotubes as IR-sensitive materials
[14] and their responses to the Py are more complicated. Therefore the
short pulse technique [11] cannot be utilized and the long pulse method
[9] does not provide results with sufficient precision.

Here we show a technique of precise determination of G, H, and t of
an AC-powered Wheatstone bridge containing a microbolometer device
with the bridge output signal processed by lock-in amplification

Infrared Physics and Technology 93 (2018) 286-290
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Fig. 1. Schematic of the system used for microbolometer testing. The micro-
bolometer was connected into a Wheatstone bridge powered by an AC signal
supplied by a lock-in amplifier. The balancing resistor Rp represents two po-
tentiometers with maximum resistance value of 20 kQ and 100 Q, respectively,
each with 20 turns for fine-tuning of the bridge balance. The R, represents two
resistors with the fixed value of 20kQ and R stands for microbolometer re-
sistance. The voltage difference of the bridge outputs was amplified by a dif-
ferential voltage preamplifier with gain B set to 1000, its output voltage pro-
cessed by a lock-in amplifier, and its output recorded by an oscilloscope.

technique. The colossal SNR of a lock-in amplifier allowed us to per-
form the microbolometer testing using a Vp value as low as =10 mV
root mean square (RMS). This low amplitude of Vj resulted in P; of
=26 nW, leading to marginal microbolometer membrane temperature
increase of =59 mK and allowing precise determination of the value of
G with Pg having a minimized effect on the measurement. The value of
t was then extracted by observing the transient response of the mi-
crobolometer output to modulated external power supply and calcu-
lated H using Eq. (4) as H=1 G.

2. Results and discussion
2.1. Theory and analytical solution

Let us consider the microbolometer connected to a Wheatstone
bridge powered by an AC voltage with an amplitude of Vg RMS with its
outputs processed by a differential amplifier with a gain factor of B and
its output signal processed by a lock-in amplifier with gain of S (Fig. 1).
The lock-in amplifier output voltage (V1) can be expressed as function
of AT and Vj (see Supplementary S1 for derivation of the equation) as

Ro(1+aAT) 1
Ro(1+aAT)+Ro 2

S

Jis

Vi =10

)

defining transfer function of entire system. For small values of AT the
value of aAT <« 1 the Eq. (9) can be simplified as

aAT-
=10 VB
t 45 " (10)
The bridge was power by an AC voltage frequency > than the one
corresponding to the t of the microbolometer. As the microbolometer
membrane cannot be modulated by the AC, the total P; can be con-

2

v _
sidered as P = 47}:0 warming up the membrane by AT = PJGPR.

Assuming the microbolometer membrane had the size of (25 X 25) umz
and ¢ of 0.48 (as per Ref. [15]), the amplitude of Py at Ty would be
=~ 251 nW. This Pz would cause the microbolometer membrane with G
value of 180.4nWK™! (in Ref. [16]) to increase its membrane tem-
perature only by =1.39 K. Nevertheless, as the AT during the micro-
bolometer measurement is minimal, the Pr does not significantly
change; thus, Eq. (8) can be simplified to G = Pc/AT as the Pr only
causes an offset of the AV. We can then express V;, as function of G
(Supplementary S1) as



V. Svatos et al.

a-V3-B
16-S-G-Ry

1D

2.2. Microbolometer design and fabrication

With an assumption of a microbolometer membrane with size of
(25 x 25)um?, its legs made of SiO, and with width, thickness, and
length of 1.2 um, 0.424 pm, and 62 um, respectively, we calculated the
predicted microbolometer parameters G, H, and t using the analytical
model described in Supplementary S2 as G =57.8nWK™ !,
H=0.55nJK™ !, and ©=9.6ms. We also performed an electro-
thermal simulation for the model using the identical dimension for Vj
of 100mV RMS. The resulted temperature distribution of the final
element modeling is shown in Fig. 2A and B and the temperature in-
crease is estimated to be =1.5°C.

The actual device layout was generated by a script-based
Nanolithography Toolbox [16]. The chip with microbolometers was
fabricated using Ti RTDs [17,18] embedded in a SiO, layer using the
conventional Si bulk-micromachining techniques shown earlier [14].
Once the fabrication was almost completed and with the membrane still
firmly attached to the substrate, we measured the Ry and a values using
a probe station with a temperature-controlled wafer holder (Supple-
mentary Section 1 in Ref. [14]). The corresponding measured values of
Ro and o were =~9.58kQ and =~0.0023 K™, respectively. The wafer
was then diced into individual chips by a diamond blade dicing saw and
individual chips were exposed to vapors of XeF, until the membranes
were completely released as schematically shown by three dimensional
drawing (Fig. 2C) and fabricated device in the microphotograph in
Fig. 2D. The chips were mounted onto a leadless chip carrier with 68
pads and electrically connected with Al wires using an ultrasonic wire-
bonding. The packaged microbolometer devices were subsequently
placed into a vacuum chamber with either glass or a Ge window and
evacuated to pressure of 4.3 x 102 Pa, well below the limiting pres-
sure of 5 Pa, thus eliminating the thermal convection as well as thermal
conduction of the surrounding environment [10].
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Fig. 2. Finite element modeling of the micro-
bolometer membrane temperature using an AC-

26.5 powered microbolometer with 100mV RMS
26.4  with (A) isometric and (B) top view. The tem-
26.2  perature values are depicted in units of °C. First,
26.1 we created the 3D model according to the actual
device to be fabricated. The metal trace made of

258
’ titanium with thickness of 80 nm and width of

25.7
’ 0.8 was sandwiched between two layers of

pm y

254 SiO, with same thickness of 0.25 pm. The mi-
25.3  crobolometer legs had width of 1.2pm and
251 length of 62 um, and the membrane had size of
25.0 (25 x 25) mm?. The silicon substrate had size of

(160 x 180) um2 and thickness of 75um (for
simulation purpose only). The membrane was
undercut by 25 pm both vertically and laterally.
We set the temperature at the chip bottom to a
fixed value of 25°C. The electro-thermal simu-
lation was performed for Vg = 100 mV RMS,
showing the temperature distribution and the
minimal temperature increase of =1.5°C. (C)
3D model of microbolometer structure and (D)
optical micrographs of an actual fabricated mi-
crobolometer. The bar represent length of
25 um.

2.3. Measurement and discussion

The microbolometer with parameters described in previous para-
graph was then connected into a Wheatstone bridge as per Fig. 1 and
balanced by two adjustable resistors, one with maximum resistance of
=~20kQ for a rough balance of the bridge and a second one with
maximum resistance of =100 Q for bridge fine-tuning: both were types
with 20 turns. The bridge was powered by a sine wave generator with
an adjustable amplitude of Vg RMS provided by a lock-in amplifier.
Both bridge outputs were connected to two inputs of a differential
voltage preamplifier with gain set to 1000. We also activated an in-
ternal band pass filter set to 10 dB/decade with low and high cut-off
frequencies set to 300 Hz and 3 kHz, respectively, to further improve
the SNR. The AV signal was processed by a lock-in amplifier with S
value set to 0.1 V. We numerically determined the Eq. (9) as function of
Vg and AT (Supplementary S3):

W, = 57.44-AT- 3 12)

We measured an amplitude of the V;, as a function of the Vj in a set
range from 10 mV RMS to 100 mV RMS with a set step of 10 mV RMS.
This experiment was repeated three times and we plotted the V; as a
function of Vg (Fig. 3) and performed the curve-fitting using a poly-
nomial function of third order with first and second coefficients set to
zero based on Eq. (11) as

Vi = As-Vi + Ao, a3

with A; = 1016;%120 and Ay is the bridge offset due to its imbalance,
which is always presented. The Aj fitting coefficient had value of
(3633.1 = 4.7) V™2, resulting in a G value of (41.23 + 0.05)nWK™?,
both (mean =+ fitting error).

A vacuum chamber equipped with a glass window was placed under
an optical microscope with an objective lens magnification of 50 X and
numerical aperture of 0.55. We then monitored the Wheatstone bridge
response once the microbolometer was exposed to the blue light with
principal wavelength of 470 nm from the microscope. Even though the
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Fig. 3. Microbolometer response at the lock-in amplifier output as a function
of Vg RMS, measured three times (black squares). We performed a function
curve fit (red line) wusing polynomial function of third order
VL = Ag + A-Vp + Ay-V2 + Ay-V3 setting values of linear and parabolic coeffi-
cient A; an A, to zero. The fitting value of A; = (3633.0 = 4.7)V ™2
(mean = fitting error) resulted in a G value of (41.23 + 0.05)nWK™'. The
nearly perfect fitting R* value of 0.99999 suggests that the fitting model is
correct.

microbolometer membrane absorption at the light emitting diode (LED)
wavelength is rather limited, the heating the microbolometer by a LED
with Vp set to 0.1 V caused the change of Vi (AVy) of (783.31 = 0.65)
mV (mean =+ standard deviation). We applied Eq. (12) and we found
corresponding AT value as (136.47 + 0.11) mK (mean + standard
deviation). As we already determined value of G to be
(41.23 + 0.05)nWK™! (mean + fitting error), we can now calculate
dissipated power in the membrane due incident light from a blue LED as
~5.63nW.

We performed the experiment of detecting the amplitude of AV,
with blue light off and on with different value of Vy value from 20 mV
RMS to 100 mV RMS with a step of 20 mV (Fig. 4). We did the curve-
fitting using an exponential function of first-order to the AV, signal

t—to
AVL = Vi + (Vi—Via)-em v 14

where V1, and V;, are the lock-in amplifier output voltages without and
with irradiation by an LED, respectively and ¢, is time when the light
was switched on. The value of t was determined as t = (15.46 *
0.56) ms (mean = standard deviation from 30 measurements) and,
with modified Eq. (4) (H = t-G), we also calculated the value of
H=(0.637 + 0.34)nJK™ !, (mean * standard deviation) and as
predicted due to small amplitude of AT the value of V had no influence
on the t amplitude.

We also used this measurement to determine the system power re-
solution. The Vi amplitude with V3 = 100 mV RMS had a value of
(783.31 = 0.65) mV (mean * standard deviation) and the sensitivity
can be defined as 3 X standard deviation value, which is 1.95 mV. With
the system transfer function of ~57.44VV~'K™! (Supplementary
Section 3) and G value of (41.23 + 0.05)nWK™!, both (mean *+
fitting error), the 1.95mV of 3 x standard deviation corresponded to
the AT value of =340 pK resulting in system power resolution (AP) of
~14 pW. This AP value could be further lowered by increase of the
lock-in amplifier sensitivity, which would require thermal shield of the
its vacuum chamber to suppress its temperature fluctuation.

Finally, we replaced the glass window of the vacuum chamber with
a window made of Ge and exposed the microbolometer to IR radiation
from a blackbody with an aperture d of =10.5 mm and temperature set
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Fig. 4. Microbolometer response at the lock-in amplifier output V;, as a function
of time with microbolometer on/off illuminated by a LED dissipated power in
the microbolometer of =~5.63 nW. We set the Vz amplitude as (20, 40, 60, 80,
and 100) mV RMS marked by black squares, red circles, green up triangles,
dark-blue down triangles, and light-blue rotated squares, respectively. We
performed function curve-fitting using Eq. (12) and extracted value of
T =(15.46 * 0.56)ms (mean = standard deviation from 30 measurements),
exhibiting no influence of Vp on the t value in the entire range of used Vg
values. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

to 200 °C, 300 °C, and 400 °C, respectively. The Wheatstone bridge was
biased with Vy set to 50 mV RMS warming up the microbolometer
membrane only by =160 mK. We monitored the AV} amplitude while
the microbolometer was irradiated by a blackbody with different set
temperatures and distances (D). The distance was modulated by the
number (n) of spacers with identical thickness w of =15.2 mm placed
between the chamber and the blackbody from n =1 to n = 8, which
varied the distance change from D = Dy to D = Dy + nw. Dy is minimal
distance between the blackbody and the microbolometer membrane
and estimated to be =30 mm (Fig. 5A). We calculated the amplitude of
incident IR power radiation absorbed by the microbolometer membrane
as was done previously [14]:

6
>+

where &y, is the emission of blackbody radiation (=0.95 as per man-
ufacturer’s datasheet), tp is the average experimentally determined
transmittance of the Ge window (tr = 0.95), and M is the integrated
radiant excitance of the blackbody according to Planck’s radiation law
(=2588Wm ™ 2) [15]. We plotted the microbolometer system response
as a function of the number of spacers of the function of P (Fig. 5B)
and the linear curve-fitting slope

PR = a*gpp M
(15)

Rir = —

Pr (16)

which provided us with system responsivity Rz of (5.55 = 0.38)
MVW™! (7.42 + 0.21)MVW™!, and (7.94 = 0.11)MVW™! for
blackbody temperatures of 200 °C, 300 °C, and 400 °C, respectively, all
(mean =+ fitting error).

3. Conclusion

We demonstrated a method to extract thermal parameters such as G,
H, and 7 as well as Rz from the microbolometer using the lock-in
amplification technique. The proposed method is applicable with a
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Fig. 5. Microbolometer response to the IR radiation (A) as a function of the distance with black body temperature as parameter. (B) Microbolometer response at the

lock-in amplifier output as a function of incident IR radiation power.

biasing microbolometer with small voltage that causes negligible
warming of its membranes during the measurement. This suppresses
the self-heating effect and loses due to radiation change during the
measurement and, thus, provides a precise value of the G parameter.
With intentionally increased power dissipated in the microbolometer
membrane by a step function, the transient analysis of the system
output provided the t value as well as H. Finally, the microbolometer
response to irradiation with IR from a black body source provided the
IR responsivity in a range from (5.55 * 0.38)MVW ™!,
(7.42 = 0.21)MVW ™" to (7.94 = 0.11)MV W', This measurement
demonstrated that the proposed method is suitable for applications
where extreme sensitivity is required. We also determined the system
having an excellent power resolution of =14 pW. This could be in-
creased further by lock-in amplifier setting, making this one of the most
sensitive calorimeters.
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ABSTRAKT

Mechanické vlastnosti grafenu pripraveného metodou chemické depozice z plynné faze
(CVD) nejsou snadno srovnatelné s vlastnostmi téméi dokonalého grafenu ptipraveného
mechanickym $tépenim. V této praci provétujeme mechanickou odolnost CVD grafenu
(Jednoduse naneseného nebo zabudovaného v polymerni matrici), pienaSeného dvéma riznymi
technikami, pii zatizeni v jedné ose se simultannim monitorovanim Ramanovou mikroskopii.
Mnozstvi pienosu dopovaného naboje a deformace je vyhodnocena za pouziti vektorové
analyzy modifikované pro zatizeni v jedné ose. Distribuce pnuti ve vzorcich se vyrazné lisi
v disledku procesu ristu a ptenosu, ktery zpusobuje vrasky a vady v CVD grafenu.
U jednoduse podeptenych vzorkl je efektivita prenosu napéti obecné velmi nizka a zmény
v Ramanovych spektrech jsou dominantni diky zménam v pfenosu naboje, které vznikaji pfi
preméné domén pii zatizeni. Naproti tomu vzorky pokryté dodatecnou vrstvou polymeru
vykazuji lepsi ucinnost pfenosu napéti a zmeény trovni dopovaného naboje jsou zanedbatelné.
U plné integrovanych vzorkl jsou zmény v efektivité pienosu napéti zplsobeny velikosti
grafenovych domén definovanych prasklinami, zahyby a/nebo vraskami.
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Mechanical properties of graphene prepared by chemical
vapour deposition (CVD) are not easily comparable to the
properties of nearly perfect graphene prepared by mechanical
cleavage. In this work, we attempt to investigate the
mechanical performance of CVD graphene (simply supported
or embedded in polymer matrix), transferred by two different
techniques, under uniaxial loading with simultaneous in situ
monitoring by Raman microspectroscopy. The level of charge
transfer doping and strain is assessed using the vector analysis
modified for uniaxial strain. The strain distribution across the
samples varies significantly, owing to the growth and transfer
process, which induces wrinkles and faults in the CVD

1 Introduction The presence of strain [1] and
substrate-induced charge transfer doping [2] in graphene
requires reliable methods for their monitoring and correct
evaluation. Both strain and doping are known to alter the
electronic structure of graphene, intentionally [3] as well as
accidentally [4]. Hence, the ability to correctly assess and
discriminate strain and doping in graphene and graphene-
based devices is of utmost importance.

Raman spectroscopy has been established as a work
horse for a swift and non-destructive analysis of graphene-
related materials, providing not only basic characterisation
in terms of the layer number or disorder in the samples,
but also a more detailed information about the levels
of doping or strain [5, 6]. Nevertheless, when these two

Wiley Online Library

graphene. In simply supported specimens, the stress transfer
efficiency is generally very low and the changes in Raman
spectra are dominated by variations in the charge transfer
originating from the realignment of the domains on the
substrate upon the application of strain. In contrast, samples
covered with an additional polymer layer exhibit an improved
stress transfer efficiency, and the alterations of charge doping
levels are negligible. In fully embedded specimens, the
variations in stress transfer efficiencies are caused by the size
of the effective graphene domains defined by cracks, folds and/
or wrinkles.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

effects intermix, such an analysis can become very difficult.
A method using the correlation of the G and 2D peak
frequencies (Pos(G) and Pos(2D), respectively) has been
introduced [7] and successfully tested recently [8-11] to
separate biaxial strain from charge doping in various
graphene samples. This approach, based on a vector analysis
of the data points in the Pos(G)-Pos(2D) space, is relatively
simple to conduct in certain well-defined cases, but the
interpretation of the results has to be performed carefully
when the experimental conditions deviate from the above
mentioned biaxial strain—uniform doping situation. In that
case, to monitor the changes in the system, other parameters
of the G and 2D peaks have to be analysed, such as their
widths (further defined as full width at half-maxima,

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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FWHM), or their intensity ratio [8]. Alternatively, another
Raman feature, such as the 2D’ peak can be included to
provide more accuracy in the analysis [12].

The G peak corresponds to a first order Raman
scattering process with a phonon of almost zero momentum.
It is associated with the in-plane, doubly degenerate phonon
from the transverse optical (TO) and longitudinal optical
(LO) branches with E,, symmetry at the Brillouin zone (BZ)
centre (I point) [13]. Both frequency and width of the G
mode are strongly influenced by the presence of doping
[14, 15] and the application of stress [1, 16]. The increase of
Pos(G) in both electron- and hole-doped graphene is caused
by a non-adiabatic removal of the Kohn anomaly at I
point [17], and the simultaneous decrease of FWHM(G)
is caused by the Pauli blocking of phonon decay into
electron—hole pairs. In general, strain causes G peak
downshift under tension and upshift under compression
with a rate of ~62cm™ /% for biaxial tension [18]. Under
uniaxial strain the G peak splits into two components, G~
and GT, with the shift rates of ~—31 and —10 cm™ /%,
respectively, for graphene on polymer substrates [19, 20], or
of ~—37 and —19cm™'/%, respectively, for suspended
graphene [21].

The 2D mode originates from a second-order triple
resonant process between non-equivalent K points in
graphene BZ, involving two zone-boundary, TO-derived
phonons with opposite momenta [22, 23]. As shown recently,
the 2D peak in suspended graphene is not fully symmetri-
cal [24], which is even more pronounced in strained
samples [25-28]. In a simplified one-dimensional picture
of the 2D mode origin there are two dominant directions of the
contributing phonon wavevectors — along K-I" (so called
inner) or K-M (outer) symmetry lines. Recent studies show a
greater contribution of the inner processes [22, 25, 26, 29].
Nevertheless, a full two-dimensional description of the
electronic peaks, phonon dispersion and matrix elements [22]
has shown that the notation of inner or outer phonons is of a
weaker relevance [28]. The 2D mode is dispersive, and its
frequency changes with the excitation energy (Ep) with the
slope OPos(2DY/OE; ~100cm ' eV ™' [6]. The 2D peak is
also sensitive to doping and mechanical stress but these effects
manifest themselves differently from those of the G peak [1].
Strain causes the 2D peak shift in the same direction as the G
peak, with the shift rates for biaxial strain larger by a factor of
~2.2-2.5[18,30,31]. Broadening and splitting of the 2D peak
under uniaxial strain is very different to that of the G peak [25],
but no such effects are observed for biaxial deformation [31].
Hole doping causes increase of Pos(2D) with a JPos(2D)/
0Pos(G) ~0.5-0.7[7, 14, 32], whereas electron doping causes
only a negligible Pos(2D) change for n <2 x 10" cm™>
followed by a non-linear Pos(2D) decrease for higher n-
doping levels [14, 32]. FWHM(2D) increases upon both p-
and n-doping mainly due to electron—electron interactions,
and also electron—phonon coupling strength [22, 33].

The effect of the grain size on the stress transfer was
reported for mechanically exfoliated graphene, showing that a
critical dimension of approximately 4 wm (parallel with the

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

strain axis), is needed to achieve a full transfer of the applied
strain from the substrate to the interior of the flake [34-36].
The strain-induced behaviour of CVD graphene is much less
explored [37, 38], and the influence of absolute grain sizes is
taken over by the wrinkles, which effectively rule the stress
transfer, or rather the lack thereof, in this case [37]. The shift
rate of 2D peak with strain was less than 25% of the shift
rate corresponding to a full stress transfer (~60 cm™'/%), in
spite of the flake being covered by an additional polymer
layer [37]. The analysis of the G peak was not possible due to
intense overlapping peaks originating from the poly(ethylene
terephthalate) (PET) substrate.

In the present work, we have focused on the separation
of the effects of strain and doping in the Raman spectra of
uniaxially strained CVD graphene prepared by two different
transfer methods: (i) with separated grains introduced
intentionally using an elastomer sacrificial layer (polyisobu-
tylene, PIB) and (ii) the standard poly(methyl-methacrylate)
(PMMA) technique. Apart from confirming the influence
of grain sizes, both absolute and ‘wrinkle-limited’, we have
shown the applicability of the strain-doping separation
method also for uniaxially strained graphene samples.

2 Methods Graphene was grown on copper foils by
low-pressure CVD as detailed in Ref. [39]. Alternatively,
single layer graphene produced by CVD method and grown
on copper foil supplied by AIXTRON Ltd. was used in the
experiments.

The samples were transferred either by the dry transfer
method using PIB as support polymer [40] or the standard
PMMA method [41]. Scanning Electron Microscopy (SEM)
images of the samples transferred by the two methods are
shown in Fig. 1. The images were acquired using a HR-SEM
Hitachi S4800 and a LEO SUPRA 35 VP scanning electron
microscopes. In the case of PIB-assisted transfer, the SEM
images were obtained in samples transferred to Si substrate
due to a lower conductivity of the monolayer caused by the
fragmentation during transfer.

As the target substrate for tensile experiments, clean and
flexible PMMA beams of 3 mm thickness were used. They
were previously spin coated with different polymers, SU8
photoresist (SU8 2000.5, MicroChem) or PMMA (3% in
anisole, MicroChem). After the graphene transfer, some of
the samples were covered by parylene C (120 nm thickness)
or PMMA, in order to improve the strain transfer efficiency
from the flexible substrate to the graphene flake. Further in
text, the uncovered samples are denoted as simply supported
and the covered ones as fully supported. Tensile strain in
the graphene was imposed through a cantilever beam [19]
or a four-point bending device [36]. In both cases, the
strain response was monitored in situ using a micro-Raman
setup with a 100x objective (N.A.=0.9) (InVia Reflex,
Renishaw or LabRAM HR, Horiba), and 514.5 nm (2.41 eV)
or 632.8 nm (1.96 eV) excitation laser. The laser power was
kept below 1.5 mW to avoid laser-induced heating. Typical
spectra of single layer CVD graphene, as transferred onto
SU8 and strained, are plotted in Fig. 2.
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Figure 1 SEM images of the CVD graphene samples transferred
by PIB (A; on Si) and PMMA (B; on SUS). The scale bar is 1 pm.

3 Results Figures 2 and 3 show the evolution of the
monolayer graphene flake covered by parylene under
uniaxial strain. In the Raman spectra (Fig. 2), downshifts
of both the G and 2D peaks of graphene are visible in the
spectrum strained to ¢, =0.5%. The Raman peaks of the
polymers do not shift with strain. The measurement was
done using incident laser polarisation parallel to the strain

*

2D

Intensity, a.u.

[

#

1800 2500 2600 2700 2800 2900
Raman shift, cm™

1500 1600 1700

Figure 2 Raman spectra of CVD graphene embedded between
two polymer layers (SUS at the bottom, parylene C on top) at O (red
line) and 0.5% (black line) of nominal strain. Raman peaks of the
polymer are marked by asterisks. Laser excitation energy was
1.96eV.
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Figure 3 Evolution of G and 2D peaks in the PIB-transferred,
fully supported sample: (A) data points from large area mapping
(0% —blue, 0.5% — green) with stars as their medians and full lines
as least-squares line fits, black points follow the evolution on a
single spot with 0.05% step, which is then detailed individually in
(B) and (C) for the evolution of 2D and G peaks with strain. Laser
excitation energy was 1.96eV.

axis; no selection of the scattered light polarisation (via an
‘analyzer’) was employed. The graphene Raman peaks
thus correspond to a sum of signals from all scattered
polarisation directions and the shift rates can be taken from
single Lorentzian shapes fitted to the Raman peaks. The
evolution of the Raman shifts of the G and 2D peaks with
strain is plotted in Fig. 3c and b, with their shift rates being
12.7 and 19.4 cm™'/%, respectively. In the case of the 2D
peak (Fig. 3b), the data points lie on a line, whereas the G
peak data points are markedly more scattered and its
position at 0.5% strain is even increased compared to the
previous step (note, the shift rate is, therefore, calculated
only between 0 and 0.45% of strain). The erratic behaviour
of the G peak compared to the smooth evolution of the 2D
peak is a first indication of another influence on the Raman
spectra apart from the strain. A second indication comes
from the shift rates. Compared to the theoretical peak shifts
(~65cm™'/% for the 2D peak and ~21.5cm™'/% for the
G peak), we can see a serious discrepancy in the ratios
between the measured and theoretical values: a factor of
~0.33 and 0.59 for the 2D and G peaks, respectively. Note
that the theoretical G band shift is the average of the shift
rates for Gt and G~ [1].

Both above mentioned observations — the discrepancy
between the measured and theoretical values of the G and
2D peaks and the scatter of the G peak Raman shifts — can be
explained by doping. The variations in the G peak position
can be rationalised by the presence of spatial fluctuations of
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carrier concentrations, sometimes termed as charge pud-
dles [42], and by their fluctuation caused by the strain-
induced changes in the graphene—substrate interactions. The
different ratios of the G and 2D peak shifts with respect to
the theoretical values can reflect a continuous change in the
doping level, which influences more the G peak shift.
Hence, the strain shift rates should be checked and adjusted
(if needed) using the vector separation method to account for
the different shifts caused by strain and doping (Fig. 3a).
Apart from the point at ¢, = 0.5% strain, the evolution of the
G and 2D Raman shifts at the single-spot (Fig. 3a) can be
fitted by a line with the slope of ~1.5. This value indicates a
substantial influence from changes in doping. We apply the
vector analysis using the slope for strain (i.e. iso-doping)
line of three obtained from the average peak shifts for
uniaxial strain in fully supported graphene [1] and the
slope for hole doping of 0.7 [7] and subsequently quantify
the data using the above mentioned shift rates for strain
and a simplified formula for doping estimation APos(G) =
—0.986n° +9.847n (1013cm72 [8], where n is the carrier
concentration. We obtain An ~—0.37 x 10"*cm ™2 The
corresponding adjusted G peak strain shift rate is 4.3 cm ™ /%,
amounting to ~0.2 of the theoretical shift rates.

As can be seen, even a small change in the doping level
can lead to considerable changes in the quantified strain.
The decrease in carrier concentration (dedoping) observed
during the single-spot measurement is, however, counterin-
tuitive. In general, such lower carrier concentration should
be accompanied also by a loss of adhesion to the substrate,
which in turn would be reflected in smaller Raman shifts
of both G and 2D peak per strain step. Nevertheless, the
Raman shifts — especially of the 2D peak — show a linear
evolution in the whole experiment (Fig. 3b and c). It can be
hypothesised that the laser spot was located in a graphene
grain (charge puddle) with a higher p-doping level than
the rest of sample and by flattening out the graphene’s
surface during the tensile test, the charge has been
distributed along the neighbouring grains. Indeed, the data
points acquired in maps taken at 0% and 0.5% of nominal
strain (Fig. 3b) clearly evidence that the behaviour in the one
spot randomly selected to follow the stretching experiment
shows an anomalous evolution compared to the bulk of the
data. The medians of the distributions lie on a line with a
slope of ~3.6, indicating that even a minor overall increase
in the net doping took place. The increased doping level is
expected due to an increasing contact between graphene and
the substrate. The vector analysis performed on the medians
yields the strain G peak shift rate of ~8.9 cm™'/% and An of
~0.10 x 10" cm ™, giving the ratio to the theoretical strain
shift rate of 0.44. The ratio is higher than the one previously
measured for CVD graphene on a different system with a
PET as the bottom and PMMA as the top substrate [37]. If
the 2D peak shift would be compared without adjusting for
the doping effects, the ratio to the theoretical shift rate would
give 0.38 in our case. We can also see that the distributions
of the map points in Fig. 3a changed their orientation: from
1.5 at 0% to 2.2 at 0.5% indicating again that upon tension
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Figure 4 Evolution of G and 2D peaks in the PMMA-transferred,
fully supported sample: (A) data points from large area mapping
(0% — blue, 0.5% — green, 0.8% — red) with stars as their medians
and full lines as least-squares line fits; (B) and (C) show the
evolution of 2D and G peaks with strain. Laser excitation energy
was 2.41eV.

the doping levels are equalised, whereas the differences
between the points are dominated by strain.

The case of the fully supported CVD monolayer
transferred by PMMA is depicted in Fig. 4. The distribution
of the mapping points changes its orientation from 1.9 to
almost 2.6 at 0.8% of nominal strain (Fig. 4a), indicating the
increased domination of strain. The average shift rates of the
2D and G peaks (Fig. 4b and c) are 10.4 and 3.4cm™'/%,
respectively, and their ratio ~3.1 showing a minor increase
in net doping level. After an adjustment of those doping
effects, the G peak shift rate increases to 3.6cm™ '/% and
the overall ratio to the theoretical shift rate is 0.17.

The reasons for difference in the shift rates between the
PIB- and PMMA-transferred samples can be attributed to
the effective grain sizes. The polymer-assisted transfer
induces all kinds of disorder and inhomogeneities to the
sample, mostly due to a larger area of the graphene film
compared to the copper surface, and large surface tension
when dissolving the polymer. The most common features
thus formed are tears or cracks, individual folds or periodic
wrinkles. In Fig. 1, we can see a marked difference between
the two samples. While the PIB-transferred one shows
predominantly cracks and folds, the PMMA transfer retains
a much better continuity of the film, but induces many
wrinkles. When we measure the mean sizes of individual
graphene domains separated by either of those disconti-
nuities, we get ~2um for PIB transfer and less than
~0.5 wm for PMMA transfer. The larger effective domain
size of the PIB-transferred samples is then reflected in the
higher strain transfer efficiency.
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Table 1 Raman peak widths for PIB- and PMMA-transferred,
fully supported samples.

strain® (%) FWHM(G)® (cm™') FWHM@2D)® (cm™ ')

PIB 0.00 89+0.8 312+09
0.22 11.6+£1.2 33.8+1.5
PMMA 0.00 15.7£0.9 302+0.7
0.14 18.6 £0.8 33.8+2.4

“The real strain, calculated by multiplying the stress transfer efficiency and
the maximum achieved nominal strain ¢,, [12].
Average values + standard deviation obtained from Raman maps.

Let us now discuss the differences between the two
above mentioned cases from the viewpoint of Raman peak
widths. The mean values of FWHMs of the G and 2D peaks
at zero and maximum achieved strain for both the PIB- and
PMMA-transferred samples are given in Table 1.

In general, three major effects are responsible for
changes in the Raman peak widths in monolayer graphene.
Both G and 2D peaks broaden and eventually split into two
(G peak) or more (2D peak) components with increasing
uniaxial strain due to symmetry lowering [1]. The G peak
broadening (splitting) follows a monotonic trend (in the
case when scattered light with all polarisation directions is
registered), whereas the evolution of the 2D peak width
with uniaxial strain is more complicated, non-linear and
also dependent on the laser excitation energy [25]. Charge
doping induces narrowing of the G peak (already at small
doping levels) and broadening of the 2D peak (more
pronounced for higher doping levels); neither of the effects
being linear [15]. And finally, broadening of both peaks
can be caused by disorder, stemming either from structural
defects [43] and/or from random fluctuations of strain and
doping within the laser spot [44]. As can be seen, the peak
widths represent an intricate superposition of several
factors, especially if uniaxial strain is present, therefore,
the interpretation of FWHM values has a limited usage.
However, several simple assumptions can be made
comparing the numbers in Table 1 and the peak shifts
from Figs. 3 and 4 and the discussion thereof. At zero
strain level, the small FWHM(G) of the PIB-transferred
sample shows a high doping level. The FWHM(G) of the
PMMA-transferred sample is significantly higher, and thus
smaller doping can be expected. In the same time, the
FWHM(2D) of the two samples is larger than 30 cm ™' and
alike within the error margin. This indicates that apart from
differences in doping [15], also varying amount of
disorder [44] can be traced between the two samples.
As the D band intensity is very small in both cases, the
main source of disorder comes from strain/doping
fluctuation in the laser spot. In the PIB sample at zero
strain, the main source of 2D peak broadening comes from
doping, while in the PMMA sample, the broadening
originates in nanoscale strain/doping fluctuations. The
latter conclusion is also in line with the much higher
density of discontinuities like folds or wrinkles in the
PMMA sample, as discussed above.
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Upon uniaxial loading, both peaks broaden in both
sample types. However, we shall consider only the
evolution of the G peak width due to the complicated
nature of 2D peak broadening. The theoretical rate of G
peak splitting with uniaxial strain is ~21 cm™'/%, a value
almost identical to the average shift rate of the two
components (~20.5 cmfl/%). Hence, at smaller strains,
where the two components are strongly overlapping and
not discernible, one can expect the rate of G peak
broadening as a function of G peak shift, AFWHM(G)/
APos(G), of ~—1. While the G peak evolution of the
PMMA-transferred sample follows exactly this trend,
AFWHM(G)/APos(G) in the PIB sample reaches only
—0.83. The difference can be caused either by decreasing
disorder in the PIB sample, or more likely — in accordance
with the results obtained from the vector analysis — by a
small increase of the doping level in the PIB sample, which
would slightly counterbalance the strain-induced broaden-
ing. As a final note, the different doping level in the initial
state of the samples seems to be reflected also in the stress-
transfer efficiency — a better contact between the sample
and the substrate(s) would lead to a higher doping level as
well as to a better stress transfer.

As another example of the usefulness of the vector
analysis, a simply supported PIB-transferred CVD gra-
phene was tested. In this case, the evolution of the G and
2D peaks in one spot shows a completely different
scenario, where the frequency of the 2D peak decreases,
while the G peak frequency increases (Fig. 5b and c). Such
a behaviour can be explained only by a commanding
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Figure 5 Evolution of G and 2D peaks in the PIB-transferred, simply
supported sample: (A) data points from large area mapping (0% —
blue, 1.0% — red) with stars as their medians and full lines as least-
squares line fits; (B) and (C) show the evolution of 2D and G peaks
with strain on a single spot. Laser excitation energy was 1.96eV.
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change in the doping level (An ~0.27 x 10" cm™?) with
a minor contribution of a tensile strain (ratio to the
theoretical shift rates of ~0.01). On top of that, the large
spread of the values from the linear fit evidences
substantial heterogeneities into the laser spot. The
statistical evaluation in a larger area documents a slightly
different overall evolution, which is dominated even more
strongly by an increased doping level, where the medians
of the two groups of data points are connected by a line
with a slope of 0.7. Hence, during the experiment, most of
the area of the sample experiences only a better alignment
along the substrate, thereby increasing the doping level,
and only in a few points the graphene is pinned to the
substrate causing a minor interfacial stress transfer.

4 Conclusions We have shown the usability of
vector analysis, performed on data points acquired by
analysing the Raman G and 2D peak positions in graphene,
to separate effects of strain and charge transfer doping in
uniaxially strained CVD graphene samples. In all examined
cases, uniaxial strain causes alignment of the graphene
monolayer on the substrate resulting in an increase of
doping level, however, only specimens covered by an
additional polymer layer exhibit a certain amount of
interfacial stress transfer. Its level is defined by the size of
the effective graphene domains, which are separated by
any kind of cracks, folds or wrinkles. The stress transfer
efficiency is found to be ~44% for PIB-transferred
graphene with domain sizes of ~2um and ~17% for
PMMA-transferred sample with domain sizes of ~0.5 pm.
A qualitative study of the G and 2D peak widths supports
the conclusions from the vector analysis. It is also worth
noting that single spot analysis can lead to misleading
interpretation, as the samples display large strain variations
and/or doping inhomogeneities. Therefore, a larger area
Raman mapping has to be conducted and evaluated to
provide quantifiable information about the real strain and
doping levels induced by the arrangement and flattening of
the domains upon loading.
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ABSTRAKT

Grafen je ohromné zajimavy diky svym vynikajicim elektronickym vlastnostem a stejné tak
tim, Ze ma nulovy zakazany pas polovodice. Nicménég, aby bylo mozné vhodné pouzit grafen
v elektronice, senzorech elektronického pienosu a biosenzorech, je tieba mit otevieny zakazany
pas. Dokazat toto je velice naro¢né z hlediska reprodukovatelnosti a métitelnosti. Existuji vsak
dalsi 2D monoelementarni materidly, které vykazuji vhodnou $itku zakdzaného pasu a které
mohou byt pouzity pro senzory zalozené na tranzistorech fizenych elektrickym polem (FET) a
biosenzory. V tomto ¢lanku jsou uvedeny trendy ve vyvoji snimaci na strukture FET
vyuzivajici 2D fosforen, arzenen, antimonen, silicen a germanen.
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Sensing

Graphene has been of immense interest for its interesting electronic properties, such as being a zero-
band gap semiconductor. However, to be able to usefully employ graphene for electronics and
electronic-transduction system sensors and biosensors, one needs to open this band gap. This proofs to
be challenging on reproducible, scalable way. There are other 2D monoelemental materials that exhibit
useful band gap and which can be used for field effect transistor- (FET-) based sensing and biosensing.
Here we discuss trends in the development of FET-based sensors utilizing 2D phosphorene, arsenene,
antimonene, silicene, and germanene.

© 2018 Published by Elsevier B.V.

1. Introduction

In the past two years, there has been great interest in 2D
monoelemental materials beyond graphene, such Group IVA sili-
cene and germanene and Group VA phosphorene, arsenene, and
antimonene (Fig. 1). While graphene, which is a single sheet of
graphite (see IUPAC definition from 1995 [1]), has received enor-
mous interest over the past 14 years, its utilization for some ap-
plications, such as field effect transistors (FETs), is limited as it
does not show any band gap. Such a band gap needs to be engi-
neered by modification of the graphene. Other layered systems
and their 2D layered counterparts, such as transition metal
dichalcogenides (typical example is MoS,) and transition metal
oxides, have been investigated in recent years as they show a
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sizable band gap. One can find a large variety of layered materials
comprising two, three, or more elements. Here, we wish to focus
on materials that are layered but monoelemental. The number of
monoelemental layered materials is limited and includes layered
forms of phosphorus (called “black phosphorus” and known from
1916 [2] and rediscovered in 2017 [3]), arsenic, antimony, and
bismuth [4]. Unlike graphene, these materials are semiconductors
(that is, materials with an energy band gap) when exfoliated to a
single layer and are, therefore, immensely useful for the con-
struction of FETs.

Group VA materials include phosphorus, arsenic, antimony, and
bismuth. These materials have either (A) rhombohedral structure
or (B) orthorhombic structure (see Fig. 2). Note that two layers of
atoms are chemically bonded in an “armchair” or “boat” configu-
ration to create one sheet (thus, the sheet is not atomically thin as
in the case of graphene, but naturally two-atoms-thick and with no
double bond between the sheets). Note that layers of black phos-
phorus are held together by rather weak van der Waals forces while
layers of As, Sb, and Bi are held by stronger chemical bonds.

Layered and 2D materials based in Group IVA, germanene [6],
and silicene [7] are 2D analogs of graphene; however, the atoms are
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Fig. 1. Periodic table with elements of interest marked in blue.

Fig. 2. Structures of rhombohedral layered (black) phosphorus, arsenic, antimony, and
bismuth (A) and orthorhombic layered arsenic and (black) phosphorus (B). Reprinted
from Ref. [4].

not aligned in a perfect plane such as in graphene [5]. The struc-
tures of germanene and silicene are shown in Fig. 3.

The FET principle was proposed as early as 1926 [8] and prac-
tically demonstrated more than 30 years ago [9]. This paved the
way to create the modern metal oxide semiconductor FET (MOS-
FET) in complementary configuration (CMOS) based on silicon
technology, which has become the default technology used
nowadays in practically all electronic devices. The basic FET is a
four-terminal structure (Fig. 4A) consisting of a gate, source, drain,
and a substrate. The device can operate in three different modes
[10]: subthreshold, linear [Equation (1)] and saturated [Equation
(2)], depending on the voltages connected to the terminals (here
we assume that the source and the substrate are connected):

Cq W V
= ”"2 d'T' [(Vcs -V - TDS) 'VDS} Jor Vs

> Vrand Vps<Vigs — Vr

Ip

(1)

or

_ ”’l‘lCdW(
2M L

Vgs — Vr)? for Vs > Vrand Vps > Vs — Vr,
(2)

where Iq is drain current, Vg is gate-source voltage, V is threshold
voltage, 1y is electron mobility in the substrate and with a value of
1400 cm?-V~!-s1 for silicon at 25°C, Cq4 is dielectric capacitance
per unit area of the gate material, W and L are width and length of
the transistor, respectively, Vps is the drain-source voltage, and M is
a function of substrate doping concentration and gate dielectric
properties (Fig. 4A). Normally, the device operates in any of two
active regions: either linear or saturated. The Iy amplitude can be
affected electrically by Vs or Vps as well as by modulation of Vr, py,
and Cy. The last three items are constant in CMOS devices as they
are encapsulated by light opaque materials. On the other hand, the
FET sensors operate differently as the gate is in contact with an
analyte. Then, the values of either V7, iy, or Cg are modulated by the
analyte and affect the Ip amplitude, which is measured and pro-
vides information regarding the analyte.

The gate dielectric material is electrically insulated; thus,
ideally, the steady-state direct electrical current (DC) flowing
through the gate dielectric can be considered to have a value of
I = 0 A. That makes the FET a transducer affecting the Iy by an
induced electric field without loading the gate voltage source. It can
be considered also as a high-to-low impedance converter. Soon
after the MOSFET introduction, researchers started to investigate if
the FET principle can be also used for sensing applications and
several FET clones were proposed and tested.

A family of chemical and biochemical sensors based on Vg
modulation starting with pH-detecting ion-sensitive FETs (ISFETs)
[11] (Fig. 4B) is currently used also to detect other ions, such as Na*,
K*, Ca®*, CI~, and the ISFET clone, called “enzyme FET” (ENFET) for
glucose, urea, and cholesterol. Originally, H, gas-sensing FETs were
introduced with the gate made from an ultrathin Pd layer that al-
lows Hj to diffuse at an elevated temperature of 150°C through the
Pd layer to the Pd—insulator interface to affect the device threshold
voltage [12]. The device operation was extended to sensing other
gases such as CO, H,S, and NHs.

The utility of 2D materials for FET-based devices was investi-
gated more than decade ago for graphene [13,14] by studying the
electric field effect in this 2D material. It was found that its p, has an

Ip
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Fig. 3. Structures of silicene and germanene. Reprinted with permission from Ref. [5].
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Fig. 4. (A) A MOSFET (ISFET) and (C) graphene FET. Blue and yellow colors represent silicon substrate with both types of doping, n and p, respectively or vice versa, light gray color
represents SiO,, (A) red polycrystalline silicon layer for the MOSFET gate or (B) ISFET gate materials such as Si3Ny4, and (C) brown graphene.

exceptionally high value of 15,000 cm?-V~'-s~!, which is more than
10x higher than the one of Si. As per Egs. (1) and (2), 10x higher
amplitude of u, causes 10 times greater Ip with the same change of
Vr and Cp. Since then, graphene has been extensively studied,
including graphene-based FETs for various sensing applications
[15] as the Ip value can be affected by modulating the p, either
mechanically by stretching the 2D material or by chemically
modifying its properties. The first can be used for mechanical
sensing and the second for chemical or biochemical sensing.
There are two types of graphene-based FETs: those with a top-
gate as well as the back-gate and those with a back gate only
[16]. The first one is easier to control as modulating the electric field
in the 2D material is simple; however, its fabrication is more
complicated. In addition, the FET with 2D material sandwiched
between two dielectrics is not very suitable for any chemical or
biochemical sensing application as there is no direct access to the
2D material unless the top dielectric layer is extremely thin. The
device with the back gate only has an advantage of 2D material
direct exposure by the environment making its response fast but
also more difficult to control [16]. To construct FET-based sensing
devices, the presence of an energy band gap is important as the
material properties are strongly dependent on it. The conductivity
of the material is determined by the electrons with enough energy
to be excited across the energy band gap. This feature can be
modulated by the presence of an analyte at the FET surface as this

will affect the energy band gap and, thus, its conductivity. Higher
mobility also allows more sensitive measurement as per Eqs. (1)
and (2).

We overview key theoretical studies and applications of 2D
materials as the main parts of FET-based sensors for sensing of
gases, small molecules, and biomolecules (see Table 1).

2. 2D materials for FET sensors and biosensors
2.1. Phosphorene

Kou et al. [21] performed first-principle calculations to study the
interaction of phosphorene with physisorbed small molecules such

Table 1
Summarized properties of antimonene, arsenene, phosphorene, silicone, and
germanene.

Material Energy band gap (eV) Carrier mobility (cm?-V-1.s71)

Antimonene 1-15 10—100 or 500—1200 [17]

Arsenene 2.5 10—100 or 500—1200 [17]

Phosphorene 1.5 260 [18]

Silicene 0.002—0.5 100 (measured) 2.57 x 10°
(calculated) [19]

Germanene <0.05 6 x 10° (calculated) [20]
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Fig. 5. Black phosphorus (BP) FET for gas sensing (A): (a) scanning electron microscopy (SEM) image of bulk BP. The inset is a magnified image showing the layered structure; scale
bar, 10 um; (b) SEM image of exfoliated PNS; (c¢) schematic of an FET device based on the PNS and the circuit for electrical and sensing measurements; (d, e) optical microscopy and
AFM images of the PNS sensor device showing that the PNS electrically bridges the gold electrodes. The profile in (e) indicates the PNS has a thickness of 4.8 nm; (f) Raman spectrum
of PNS; and (g, h, i, j) TEM image, selected area electron diffraction (SAED) pattern, and high-resolution TEM (HRTEM) images of PNS. The two HRTEM images (i, j) demonstrate two
representative lattice spacings of PNS. (B) NO, gas sensing performance of multilayer BP FET: (a) relative conductance change (AG/Go) vs. time in seconds for a multilayer BP sensor
showing sensitivity to NO, concentrations (5—40 ppb). Inset shows a zoomed-in image of a 5 ppb NO, exposure response with identification of points in time where the NO, gas is
switched on and off and (b) AG/G plotted vs. NO, concentration applied to the BP FET showing an agreement between the measured values (red squares) and the fitted Langmuir

isotherm. The equation in the bottom right is the fitted Langmuir isotherm.
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as CO, Hy, NHs, NOx, O, and HO. They investigated energetics,
charge transfer, and magnetic moment on the basis of dispersion-
corrected density functional theory (DFT). The authors concluded
that CO, Hy, NH3, and H,O molecules behave as weak donors,
whereas O, and NO, behave as strong acceptors. NO, molecules
also have the strongest interaction with the material [22].

The experimental study reported by Cui et al. [23] proved the
theoretical calculations. The phosphorene nanosheets (PNS) de-
vices can still detect contents of NO, molecules below than
100 parts per billion (ppb) due to significant change of the hole
concentration in the PNS while its carrier mobility is negligible
(Fig. 5A). The sensitivity of black phosphorus FET to NO; was
further improved to the ppb levels for NO, (Fig. 5B) [24]. Black
phosphorus is sensitive to water in general; this has been utilized
for water vapor sensing by FET based on electrochemically exfoli-
ated FET [25].

The ultrathin BP layers are subject of oxidation, thereby hin-
dering its performance [3]. Recently, a solution to this problem was
demonstrated by Chen and co-workers who reported a mechani-
cally exfoliated BP biosensor passivated by a very thin film of Al,03
in order to detect human immunoglobulin G (IgG) through anti-
human IgG-conjugated gold nanoparticles [26]. The IgG detection
was accomplished by measuring changes in source-drain current
upon the antibody—antigen binding interactions (Fig. 6A). The BP
biosensor demonstrated a limit of detection (LOD) of 10 ng-mL™!
and fast response time on the order of seconds (Fig. 6B).
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2.2. Arsenene

Wang et al. [27] performed the first investigation of the many-
body effect, carrier mobility and, performance of monolayer
arsenene (Fig. 7). The carrier mobility in arsenene 10 nm FET was
estimated to be 21 cm?-V~!-s~! for electrons and 66 cm?-V~1.s71
for holes, respectively.

Liu et al. [28] performed the first-principle calculation to
determine the adsorption of CO, CO,, Ny, NH3, NO, and NO; mole-
cules on pristine arsenene. The interaction between these gas
molecules and the arsenene monolayer is intermediate between
the physisorbed and chemisorbed states. The authors predicted a
significant modification of density of states near the Fermi level
caused by the adsorption of NO and NO, molecules, and this
adsorption also leads to a magnetic moment of 1 uB. The theoretical
basis shows the great potential of an arsenene monolayer for gas
detection using electrical and magnetic methods.

2.3. Antimonene

Ji et al. [29] synthesized high-quality, few-layer antimonene
polygons on mica substrate through van der Waals epitaxy (Fig. 8).
Their electrical characterizations demonstrate that the synthesized
antimonene polygons have good electrical conductivity on the or-
der of 10* S-m~'. HRTEM microscopy and Raman spectroscopy also
revealed that the obtained antimonene polygons are consistent
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Fig. 9. Transfer characteristics of As- and Sb-based MOSFETSs: Ips—Vgs curve in (a) linear and (b) semi-logarithmic scales for Sb (light-blue lines) and As (yellow lines) transistors
with Lg = 7 nm, Vps = 0.6 V, and t,x = 0.5 nm (circles), Lg = 6 nm, Vps = 0.57 V, and t,x = 0.45 nm (squares) and Lg = 5 nm, Vps = 0.54 V, and tox = 0.42 nm (diamonds). Reproduced

from Ref. [30].
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with the atomic structure of the most stable allotrope of monolayer
antimonene. Optical microscopy, AFM, Raman spectroscopy, and
XPS also proved the good stability of antimonene polygons when
exposed in air. Pizzi et al. [30] provided a comprehensive analysis of
2D FET transistors based on arsenene and antimonene (Fig. 9). They
showed that these materials are promising for high-performance
devices for digital applications. Due to the channel lengths below
10 nm and the atomic thickness of the exploited 2D materials, short
channel effects are suppressed and tunneling starts to play a major
role.

The pristine antimonene was evaluated as a high-performance
gas sensor based on its gas-adsorption behaviors [31]. It was re-
ported that the polluted gas adsorbates (NHs, SO3, NO, and NO3)
showed a stronger affinity toward antimonene with considerable
absorption energies and elevated charge transfers while the at-
mospheric gas molecules (N3, CO,, O, and H,0) bind weakly. The
monolayered antimonene seems a promising sensing material for
pollutant gas gases detection due to the susceptibility of its elec-
tronic properties induced by the absorbed molecules. The anti-
monene was predicted as the most suitable candidate for acetone
sensors due to sensitivity and high selectivity [32].
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2.4. Silicene

The silicene band gap can be opened without degrading its
carrier mobility, which is ideal for the fabrication of high-
performance FET devices. Tao et al. [33] performed measure-
ments of silicene FET at room temperature. His results (Fig. 10) on
silicene prepared by encapsulated delamination with native elec-
trodes show carrier mobility of ~100 cm?-V~1.s7L

Prasongkit et al. [34] estimated silicene sensitivity and selec-
tivity on detection of NO, NO,, NH3, and CO gases using DFT and the
no-equilibrium Green's function method. They revealed strong
sensitivity of pristine silicene for NO and NO, but unusable for CO
and NH3 detection. Doping of silicene with B or N atoms resulted to
enhanced binding energy (Fig. 11A) and charge transfer (Fig. 11B),
which positively affected the sensitivity. Silicene-based devices are
predicted to be very selective and sensitive gas sensors.

2.5. Germanene

Madhushankar et al. [35] synthesized and experimentally
studied the electronic properties of germanene FET (Fig. 12A).
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Fig.10. (a) Low-field linear Iq vs. V4 response at Vg = 0. (b, ¢) R vs. (Vz—Vairac) of silicene devices 1 and 2, respectively. Measured transfer characteristics (dots) are in good agreement
with a widely used ambipolar diffusive transport model (line), which yields extracted low-field hole and electron carrier mobilities of 129 and 99 cm?-V~'-s~! and 58 and

86 cm?-V~!-s! in devices 1 and 2, respectively, with similar residual carrier concentration of ~3—7 x 10° cm

~2, more than an order of magnitude lower than in graphene

transistors. (d) Ig vs. Vg curve of silicene device 2 displays ambipolar electron—hole symmetry expected from silicene. In B—D, both devices are from the same mixed-phase silicene
sample with channel length of 1.8 um and width of 230 nm, and fixed V4 = 20 mV for the measurements. Reproduced from Ref. [33].
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(circle), B-silicene (square) and N-silicene (diamond) devices, respectively; (b) the four gas species on P-silicene (the inset shows the sensitivity comparison for P-silicene); (c) CO on

three devices; and (d) NH; on three devices. The insets of parts (

c) and (d) are the sensitivity comparison for one gas on the three different devices. (B) Charge density difference for

CO (upper) and NH3 (lower panel) on P-, B-, and N-silicene devices for each type of nanosensor. Isosurfaces are plotted for isovalues of 0.0004 (0.002) e x bohr—> for CO (NHs)
alongside contour plots. For the isosurface plots, the green color represents negative charge density difference while yellow corresponds to a positive change in charge density.

Reproduced from Ref. [34].

Authors performed initial electrical characterization at room tem-
perature in the linear regime (Fig. 12B). Their germanene devices
demonstrated transport in both electron- and hole-doped regimes
with on/off current ratio of up to 10° (10%) and carrier mobilities of
150 cm?-V~1-s71 (70 cm?-V~1-s71) at room temperature.

Gupta et al. [36] used a first-principles DFT calculation to show
the possibility of the germanene monolayer for toxic gas detection.
Theoretical prediction showed that molecules of NH3, NO», and SO,
are physisorbed on germanene. Based on these results (Fig. 13A),
the NO; has the strongest interaction with the hexagonal armchair
germanene monolayer (273.72 meV). The NO, molecule has also
much higher values of the charge transfer (Fig. 13B) than other
investigated gases, which results in the highest stability and
sensitivity for this molecule. Reported results indicate the germa-
nene monolayer has a huge potential as a miniaturized sensor for
detecting NO, gas.

3. Conclusions

The many potential applications of ultrathin 2D materials in
sensing and biosensing FETS have taken the chemistry and physics
fields by storm. There has been intensive research on the utilization
of graphene for FET sensors, and more recently by 2D transition
metal dichalcogenides (TMD, for an example MoS;, WS,, MoSe; and
others) for FET based sensors. While the band-gap of TMD depends
not only on their composition but also on phase purity, which is in
many cases challenging to control, this is not a main issue for
mono-elemental materials, such 2D phosphorene, arsenene, anti-
monene and group IVA materials, such as silicene and germanene.
Therefore it is not surprising that the utilization of 2D Group VA
materials, such as phosphorene, arsenene, antimonene, and Group
IVA materials, such as silicene and germanene, for FET sensors, is in
rapid development. We have shown here only selected examples
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Fig. 12. Germanene as FET (A): (a) schematic representation of a germanene monolayer (top and side views) with Ge atoms (blue) at the corners of hexagons and H atoms (yellow)
bonded to Ge; (b) optical image of the germanene flake-based device on top of a Si/SiO, substrate with Ti/Au electrodes (scale bar is 3 pm); (d) AFM image of the germanene
transistor; and (d) height profile is plotted along the red line as shown in panel (c) giving the flake thickness to be 60 nm. (B) (a) Measured signal V plotted for 2-terminal (blue), 3-
terminal (red), and 4-terminal (black) configurations as a function of the gate voltage. The 3-terminal measurements were performed using both contacts 18 (triangles) and 19
(diamonds). The applied constant current between source and drain was 2 nA, and the measurements were performed at room temperature; (b) 2-terminal measurements as a
function of V¢ performed using different distances between the contacts while keeping the same source contact. The resistance values at the curve maxima scale approximately
with the channel length (for the sample geometry, see Fig. 12A(b)). I = 2 nA; (c) 2-, 3-, and 4-terminal measurement configurations allow the contact and channel-related re-
sistances to be extracted separately; and (d) room temperature conductance calculated from the 4-terminal measurement shown in panel (a). The red line represents a linear fit
resulting in a mobility of ~30 cm?-V~'-s~". Reproduced from Ref. [35].
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configurations.

describing trends in this area with applications in the field of
analytical chemistry.
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