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1. JVADAS

Dariniai, pagaminti i§ grafeno vienasluoksnio laksto ir metalo sluoksniy,
yra naudojami kuriant mikrobangy jrenginius [1], dinamiskai kei¢iamo
daznio, kintan¢io nuo terahercinio (THz) daznio iki vidutinés
infraraudonosios srities, antenoms kurti [2], [3]. Daznai grafeno lakstas yra
naudojamas drégmés jutikliams [4], [5], fotodetektoriams [6], [7], lauko
tranzistoriams gaminti [8], pjezoelektriniams prietaisams kurti [9] bei
optiniams moduliatoriams konstruoti [10], [11].

Mechaninio perkélimo buidu gauty van der Valso (vdV) kontakty tarp
dvimacio grafeno laksto ir metalinio sluoksnio pavirSiaus kontaktinei varzai
sumazinti atlickama iSkaitinimo procedira [12]. Norint iSvengti
nepageidaujamo grafeno laksto legiravimo, dariniams formuoti naudojamos
temperatirinés procedaros, kurios yra atlickamos inertiniy dujy aplinkoje
[13]. Be to, Zinoma, kad temperatiirinis apdirbimas sukelia mechaniniy
deformacijy pokycius grafeno gardeléje [14], [15]. Todél bitina technologiniy
procesy salygy optimizacija, kuri apibrézty grafeno dariniy, sudaryty
naudojant metalinius sluoksnius, terminio formavimo trukme.

Dariniy, pagaminty naudojant grafeno lakStus ir metalinius sluoksnius,
kontaktinés varzos optimizavimo darbai, atlikti naudojant skirtingus metalus
[16] ar technologines sglygas [17], pateikti apzvalgose. Remiantis teoriniais ir
eksperimentiniais darbais yra Zinoma, kad kriivio pernaSa, o ir elektriniai
parametrai, priklauso nuo kontakto, esancio metalo sluoksnio ir grafeno laksto
sanduroje, susiformavimo [18]. Parodyta, kad tarpsluoksnis, susidares tarp
metalo sluoksnio ir grafeno laksto, daro didele jtaka lauko tranzistoriy
charakteristikoms [19]. Perspektyviis vertikalios konstrukcijos grafeno
dariniai, kurivose vdV heterosandiiros formuojamos kartu su 2D
medZziagomis, pateikti apZzvalgose [17], [20]. Formuojant jvairiy konstrukcijy
metaliniy sluoksniy ir grafeno laksSto darinius, kuriuose grafeno lakstas
paguldomas ant metaliniy sluoksniy arba metaliniai sluoksniai suformuojami
ant grafeno laksto vir§aus, yra bitinas technologiniy procesy tobulinimas.

Remiantis teoriniais skaiCiavimais parodyta, kad efektyvus kriivio
pernasos nuotolis dariniuose su metalo sluoksniu ir grafeno lakstu siekia nuo
0,5 nm iki ~60 nm. Tokie skai¢iavimai gerokai nesutampa su
eksperimentiniais perdavimo linijos modelio (TLM) rezultatais, kuriuose
pernas$os kanalas aprasomas naudojantis varzy modeliu, o iSmatuotas pernasos
ilgis (Lc) siekia 3 pm [21], [22]. Be to, reljefinivose grafeno laksto su
metaliniu sluoksniu dariniuose Salia kontakto briaunos pasireiskiancios
deformacijos gali buti i$plitusios 2 — 3 um [23]. Visgi, norint integruoti
grafeno darinius j elektronines sistemas yra biitina grafeno laksto deformacijy,
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kurios atsiranda reljefinés konstrukcijos dariniuose su metaliniais sluoksniais,
detalesné analizg.

Reljefiniai dariniai, kuriuose grafeno lakStas yra dengiamas ant plony
metaly sluoksniy pavirSiaus, naudojami kuriant fotodetektorius [6],
spintronikos ir elektronikos prietaisus [24], moduliatorius [25] ir drégmés
jutiklius [4], [26]. Be to, zinoma, kad keiciant aplinkos drégme, kinta grafeno
dariniy kontaktiné ir sluoksnio varza [5]. Taciau tokiuose dariniuose, nesant
tinkamos izoliacijos nuo aplinkos poveikio, pasireiSkia elektriniy parametry
kitimas [4], [16]. Dariniy, kuriuose grafeno lakstas formuojamas ant metaliniy
sluoksniy pavirsiaus, elektrinés charakteristikos kinta esant sglyciui su NHa
[27], CO2 [28], H20 [4], [5] ir NO; [27] dujomis. Ilgalaikio stabilumo tyrimai
pristatyti darbuose [29]-[31]. Visgi, ilgalaikis stabilumas néra iki galo istirtas,
dél to reikalinga detalesné analizé, norint paaiskinti mechanizmus, kurie
nulemia grafeno prietaisy parametry kitimg normaliomis atmosferos
salygomis.

1.1. DARBO TIKSLAS IR UZDAVINIAI
1.1.1. Darbo tikslas

Darbo tikslas yra istirti sluoksniuoty dariniy, sudaryty i§ metaly sluoksniy,
vienasluoksnio grafeno laksto bei oksido plévelés, elektrines bei mechanines
savybes, aprasSyti pastargsias savybes charakteringaisiais parametrais,
tarpusavio sary$iais ir priklausomybémis nuo aplinkos poveikio.

1.1.2. Darbo uzdaviniai

1. [Svystyti ir pritaikyti technologinius metodus, skirtus kombinuoti
metaliniy sluoksniy auginima vakuuminio garinimo biidu su mechaniniu
grafeno vienasluoksnio perkélimu, ir optimizuoti grafeno ir metalo kontakto
temperatirinio formavimo trukme, pritaikant ja sluoksniuotai darinio
konstrukcijai, kurioje vertikalus sluoksniy sekos sutvarkymas yra
kombinuojamas su planariniy elementy i§déstymu.

2. Istirti charakteringyjy parametry priklausomybes nuo technologiniy
salygy, vertikalaus ir planarinio i§déstymo sluoksniuotuose dariniuose bei
pagristi fizines sarySius lemian¢iy mechanizmy priezastis.

3. Taikant didelio ploto reljefiniy dariniy Ramano spektry statisting
analizg, iStirti ir pasidlyti metodikos principus, tinkancius fiziniy
charakteristiky pagrindu paaiskinti metalo ir grafeno saveikos jtaka
sluoksniuoty dariniy savybéms.
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4. Istirti ir paaiSkinti aplinkos poveikio sluoksniuoty dariniy
charakteristikoms priezastis bei pasitlyti principus, tinkan¢ius bandiniy
savybéms atstatyti, kurios kinta dél bandiniy sen¢jimo.

1.2. MOKSLINIS NAUJUMAS

Pirmg karta parodyta, kad dariniy, sudaryty i§ grafeno lakSto ir metalinio
sluoksnio, temperatirinis formavimas vyksta dviem etapais. Vertikalios
konstrukcijos dariniy elektrinés varzos kriivininky pernaSos kanalas dél
temperatirinio poveikio suformuojamas per santykinai trumpg, keliy minuéiy
trukmés, procesg, skirtingai nuo literatliroje apraSomy ilgy procesy,
trunkanciy valanda ir ilgiau. Be to, grafeno laks$to elektriniai parametrai,
keiciant temperatirinio formavimo trukmeg, kinta nezymiai. Tyrimo metu
terminio formavimo trukmé ir vertikalios konstrukcijos dariniuose vykstantys
mechanizmai buvo susieti pasitilytu ekvivalentinés grandinés varzy modeliu.

Miisy tyrimuose pirmg kartg nuosekliai pademonstruota, kad reljefiniuose
grafeno dariniuose lakSto deformacijos (grafeno gardelés ir legiravimo
kitimai) yra toli nuo metalinio kontakto briaunos, skirtingai negu pateikta
teoriniame modelyje, kuris paremtas sgveikos tarp padéklo ir grafeno
skaiciavimais, arba geometriniame modelyje, kuris apraso grafeno laksta,
nukarusj nuo kontakto briaunos. Be to, taikomi metodai leido iStirti bei
palyginti charakteringuosius parametrus atskirose reljefinio darinio srityse.

Pirmg kartg anglies vienasluoksnio gardelés jtempimai, legiravimo bei
i§laisvinimo darbo kitimas senéjimo ir atstatymo metu buvo analizuojami
atskiriant kontaktinio kanalo sritj nuo grafeno laksto grafeno varziniuose
dariniuose. Parodyta, kad pokyciai dél dariniy senéjimo yra reikSmingesni
kontaktingje srityje, o ne grafeno lakste, esanciame ant izoliatoriaus. Be to,
senéjimo nulemti pokyciai buvo atstatyti grafeno darinius iskaitinus.

Parodyta grafeno varziniy dariniy su Au ir Ni kontaktais elektriniy
parametry priklausomybé keiciant temperatiirg. Eksperimento metu nustatyta,
kad santykinis kontaktinés varzos pokytis, kei¢iant temperattira, buvo beveik
du kartus didesnis nei sluoksnio varzos.

1.3. AUTORIAUS INDELIS

Sluoksniuoty metalo dariniy su grafeno lakStu, kurie buvo naudojami
disertacijoje pateiktuose tyrimuose, gamybos optinés litografijos etapg atlikti
padéjo dr. Viktorija Nargeliené ir Algimantas LukSa. Grafeno laksto
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mechaninj perkélimg ant suformuoty metaliniy sluoksniy jvykdé Algimantas
Luksa. Disertantas iskaitino bandinius.

Atliekant grafeno vienasluoksnio ir metaliniy sluoksniy dariniy procesy
optimizacija, dalj elektriniy matavimy atliko Algimantas Luksa. Disertantas
vykdé Ramano charakterizavimg ir gauty duomeny analize.

Deformacijy grafeno lakste reljefiniuose dariniuose iSplitimo tyrima,
atlickant Ramano matavimus bei gauty duomeny analizg, vykdé disertacijos
autoriaus.

Disertantas matavo bei véliau analizavo grafeno varziniy dariniy
elektrinius, Ramano bei skenuojan¢io zondo mikroskopijos (SPM)
parametrus, atlickant bandiniy senéjimo tyrima.

Atliekant grafeno varziniy dariniy temperatiring analiz¢, matavimai ir
duomeny analizé buvo atlikta autoriaus.

Eksperimenty metu gautus duomenis disertantas analizavo bei lygino su
pateiktais literattiroje bei rengé mokslines publikacijas.

1.4. DISERTACIJOS STRUKTURA

Pagrindinés disertacijos dalys yra jvadas, literatiiros apzvalga, metodiné
dalis bei rezultaty ir diskusijos dalis (4, 5, 6 ir 7 skyriai).

Literataros apzvalgoje aptarta juostiné grafeno struktiira, grafeno ir metalo
kontakty formavimo principai, grafeno sluoksnio legiravimas ir energijos
juosty diagrama metalo ir grafeno kontaktuose.

Metodinéje dalyje pristatytas perdavimo linijos modelis, Ramano

mikroskopijos principai, skenuojancio zondo mikroskopijos principai,
poskyris apie elektriniy matavimy metodika, grafeno kontakty iskaitinima ir
poskyris apie bandiniy gamyba.

Pirmoje rezultaty dalyje pristatomi vertikalaus elektrinio kontakto,
pagaminto grafeno pagrindu, tikslingo terminio formavimo rezultatai, darinio,
sudaryto i§ grafeno ir metalo, charakterizavimas Ramano spektroskopija bei
elektriniy varzy modelis, kuris susieja fizikinius mechanizmus, vykstanéius
termiskai formuojant grafeno ir metalo kontakta.

Antrgjg rezultaty dalj sudaro didelio nuotolio deformacijy reljefiniuose
grafeno dariniuose analizé, kurioje pateikti G ir 2D smailiy padédiy statistinio
pasiskirstymo rinkiniai, statistinés koreliacijos tarp 2D ir G smailiy padéciy
analizé bei elektrinio kontakto savybiy grafeno dariniuose sarySis su ilgo
nuotolio deformacijy kitimu.

Trecigja dalj sudaro rezultatai, gauti stebint grafeno varziniy dariniy
ilgalaikj stabiluma, ¢ia pateikta analizé bandiniams senstant ir jy savybes
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atstatant kaitinimu, grafeno varziniy dariniy Ramano matavimai senéjimo ir

i8kaitinimo metu, grafeno varziniy dariniy SPM matavimai ir grafeno varziniy
dariniy ekvivalentinés grandinés modelis.

Ketvirtajg rezultaty dalj sudaro voltamperiniy charakteristiky (VACh)
poky¢iai nuo temperatiiros bei elektriniy parametry priklausomybé nuo
temperaturos.

Disertacijos pabaigoje pateikti pagrindiniai rezultatai ir i§vados.

Sio leidinio pabaigoje yra pateikta disertacijos santrauka angly kalba,
literatdiros sgraSas bei disertacijos autoriaus gyvenimo apraSymas lietuviy ir

angly kalbomis.

1.5. AUTORIAUS PUBLIKACIJU SARASAS

Doktorantiiros studijy metu buvo parengtos bei publikuotos 3 mokslinés
publikacijos. Publikacijose nurodyti rezultatai sudaré pagrinding duomeny
dalj, kuri buvo naudojama disertacijai rengti. Be to, rezultatai buvo pristatyti
7 konferencijose.

1.5.1. Publikacijos

1. Sakavicius A., Astromskas G., Luksa, A., Bukauskas V., Nargeliené
V., Matulaitiené 1., Setkus A. Annealing Time Effect on Metal Graphene
Contact Properties. ECS Journal of Solid State Science and Technology 7(5),
M77, 2018.

2. Sakavidius A., Astromskas G., Bukauskas V., Kamarauskas M.,
Luk3a A., Nargelien¢ V., Niaura G., Ignatjev L., Treideris M., Setkus A. Long
distance distortions in the graphene near the edge of planar metal contacts.
Thin Solid Films, 698, 137850, 2020.

3. Sakavi¢ius A., Agafonov V., Bukauskas V., Daugalas T.,
Kamarauskas M. Luksa A., Nargelien¢ V., Niaura G., Treideris M., Setkus A.
Long-time drift induced changes in electrical characteristics of graphene-
metal contacts. Lithuanian Journal of Physics, 60(4) 205-216, 2020.

1.5.2. PraneSimai konferencijose

1. Investigation of interaction at graphene and contact surface, Andrius
SakaviCius, Algimantas LuksSa, Gvidas Astromskas, Viktorija Nargelieng,
Virginijus Bukauskas, Artinas Setkus, Graphene Week 25-29 2017, Aténai,
Graikija.
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2. Investigation of interaction at graphene and contact surface, Andrius
SakaviCius, Algimantas LukSa, Gvidas Astromskas, Viktorija Nargeliene,
Virginijus Bukauskas, Ariinas Setkus, E-MRS Fall Meeting 2017, Varsuva,
Lenkija.

3. Graphene—metal contact resistance, Andrius Sakavicius, Algimantas
LukSa, Virginijus Bukauskas, Viktorija Nargeliené, Jevgenij Visniakov,
Ariinas Setkus, AMT KTU 2016, Palanga, Lietuva.

4. Investigation of metal-graphene contacts, Andrius SakaviCius,
Algimantas LukSa, Gvidas Astromskas, Virginijus Bukauskas, Viktorija
Nargeliené¢, Artinas Setkus, LNFK 2017, Vilnius, Lietuva.

5. Modulation of graphene properties by underneath metals and its
influence to contact resistance, Viktorija Nargeliené, Algimantas Luksa,
Andrius Sakavi¢ius, Virginijus Bukauskas, Gediminas Niaura, Gvidas
Astromskas, Ariinas Setkus, 13th International Conference on Nanosciences
& Nanotechnologies 2016, Salonikai, Graikija.

6. Site-selective deposition and application of graphene, Andrius
Sakavicius, Open Readings 2015, Vilnius, Lietuva.

7. Site-selective deposition and application of graphene, Andrius
Sakavicius, Virginijus Bukauskas, Audruzis Mironas, Viktorija Nargeliené,
Ariinas Setkus, LNFK 2015, Vilnius, Lietuva.

1.6. GINAMIEJI TEIGINIAI

1. Mechaninio perkélimo btadu gauty vdV kontakty tarp dvimacio
grafeno laksto ir metalinio sluoksnio pavirSiaus terminis formavimas vyksta
dviem etapais, zenkliai besiskirian¢iais savo trukmémis bei pokyciy
prigimtimi. Pakanka trumpiausio etapo zemiausios elektrinés varzos
kriivininky pernaSos kanalui vertikalioje konstrukcijoje suformuoti. Antrame,
nepriklausomai nuo jo trukmés, kinta tik pavirSiaus kraviu sukurtas grafeno
laksto legiravimas, kuris i§ esmés nekei¢ia vdV kontakto elektriniy parametry.

2. Mechaniskai uzkeliant dvimacius grafeno lakstus ant plonyjy metaly
sluoksniy ir izoliuojanéio padéklo, yra suformuojami reljefiniai dariniai,
kuriuose grafeno savybes lemia didelio nuotolio deformacijos, detektuojamos
zenkliai toliau nuo bet kurio elemento ribos negu reljefo auksciy kitimas ir
atstumas tarp skirtinguose auks$¢iuose esanéiy atramy, tarp kuriy kabo
grafenas. Deformacijos tipas, iSplitimo nuotolis bei grafeno gardelés matmeny
pokytis priklauso nuo metalo sluoksnio storio ir medziagos bei nuo reljefinio
darinio formavimo technologijos.
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3. Didelio pavirsiaus ploto Ramano spektriniy linijy zemélapiy
Statistiné analizé leidzia identifikuoti grafeno zonas, besiskiriancias
dominuojanc¢iy deformacijy bei legiravimo charakteringaisiais parametry
rinkiniais, net ir tuo atveju, kai kelios zonos persikloja viename plote.

4. Reljefinio pavirsinio darinio su virSutiniu dvimacio grafeno lakstu
elektriniy charakteristiky ilgalaikis senéjimas normalioje aplinkoje yra
nulemtas dominuojanciy grafeno deformacijy pokyciy kontaktinéje srityje ir
pavirsinio elektrinio kraivio, sukurto legiravimo pokyc¢iy laidziajame grafeno
kanale tarp kontakty. Grafeno jtempimai kontaktingje srityje ir legiravimas
tarpkontaktiniuose kanaluose gali buti atstatyti j prading po bandinio
pagaminimo atitinkancig biiseng trumpu (< 10 minuciy) atkaitinimu inertiniy
dujy atmosferoje ne didesnéje nei 575 K temperattroje.
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2. LITERATUROS APZVALGA

Grafenas pasizymi i$skirtinémis elektrinémis ir mechaninémis savybémis.
Kriivininky judris # grafene siekia 100000 cm?V1s™* [32], o elektrono laisvo
lékio kelias, apskai¢iuojamas formule | = (h/2e)u(n/m)*®, siekia 100 nm [33].
Grafeno Jungo modulis yra lygus 0,5 — 1,0 GPa [34], Siluminio laidumo
koeficientas siekia 3000 WmK ™ [35], o optinis pralaidumas — 97,7 % [36].
Taciau be $iy jspiidingy savybiy grafeno dariniais besidomin¢iam skaitytojui
nekenkty iSmanyti grafeno juosting strukttira, grafeno ir metalo kontakto
konstravimo ypatybes, krtvininky tankio kitimo grafeno lakSte priezastis,
grafeno ir metalo kontakto energijos juosty diagrama, grafeno ir metalo
sandiiros  elektriniy charakteristiky tyrimus bei grafeno Ramano
spektroskopija.

2.1. JUOSTINE GRAFENO STRUKTURA

Grafenas — dvimaté anglies atmaina, sudaryta i$ SeSiakampiy anglies atomy
gardeliy. Kiekviena gardelé sudaryta i§ Sesiy anglies atomy, kiekvienas jy
stipriais kovalentiniais ry$iais sujungtas su trimis kitais kaimyniniais atomais.
Sie rysiai yra vadinami sigma (o) rysiais. Sigma rysiai sudaryti i§ elektrony,
esanéiy 2s, 2py ir 2py valentinése orbitalése. Ketvirtasis valentinis elektronas
uzima 2p; orbitale, kuri yra statmena grafeno sluoksnio plokstumai, todél Sioje
orbitaléje esantys elektronai nesaveikauja su o elektronais. Kaimyniniy atomy
2p, orbitalés persikloja viena su kita. IS ¢ia ir atsiranda taip vadinamos =«
(uzimta arba valenting¢) bei n* (neuZimta arba laidumo) juostos. Dauguma
grafeno elektriniy savybiy yra aiSkinamos remiantis $iomis 7 juostomis [37],
[38].

Grafeno juosting struktiirg galima suskaiCiuoti remiantis artutiniu juostinés
struktiiros metodu — stipraus rysio artiniu. Juo taip pat galima isreiksti grafeno
dispersijos sarysj, kuris pavaizduotas (2.1) lygties pavidalu:

S + cos

3k k k
x4 o4 yé (2.1)
2 2 2

E*(ky ky) = iyo\/l + 4cos

&ia konstanta a = \/3ac_¢, ac—c = 1,42 A yra atstumas tarp dviejy gretimy
anglies atomy grafene, o konstanta y, atitinka artimiausiy atomy potencialy
persiklojimo integralg ir yra lygi 2,5-3 eV.
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Apibendrinant (2.1) lygtj Dirako taske, galima isreiksti tiesinj sarysj tarp
energijos dispersijos E(k) ir impulso k. Sis sarysis pateiktas (2.2) lygties
pavidalu.

E*(k) = hvglk — K|, (2.2)
iak = (ky ky), 0 vg = (V3ypa/2h) ~ 1 x 10° ms™™.

E A

>k
K M

Tt
(b)

2.1 pav. Apibendrinta juostiné struktiira grafene, kur (a) ties K taskais (C atomais)

susikertantys Dirako kiigiai (esant mazoms banginio vektoriaus K vertéms energijos
dispersijos sarysis yra tiesinis) atitikty valentinés ir laidumo juosty susikirtima bei
(b) energijos dispersijos atvaizdavimas plokStumoje, rodantis, kad K taske (ties
anglies atomu) draustinis tarpas nesusidaro. Adaptuota pagal [19].

2.1 pav. pateikta apibendrinta juostiné struktiira grafene. Tiesiné dispersija
Dirako taske, priesingai nei jprastai parabolinés dispersijos ir masés sarysio
(E = h?k?/2m) atveju, parodo, kad kriivininkai juda greiciu,
nepriklausanc¢iu nuo energijos. Todél kravininkai elgiasi kaip reliatyvistinés
ir bemasés dalelés (Dirako fermionai), kuriy judéjimo greitis yra vg. Fermio
energija gali biiti uzradyta pasinaudojus kriivininky tankiu n: Er = hvgymn.
Si iSraiska parodo, kad Fermio energija gali baiti kei¢iama varijuojant
kriivininky (skyliy arba elektrony) tankj. Tai gali buti realizuota pridéjus
uztiiros jtampa grafeno lauko tranzistoriuje. Bliseny tankis grafene isreikstas
sarysiu: D(E) = 2E/(wh?v3). Taigi, biiseny tankis D(E) kinta tiesiskai
Dirako taske, skirtingai nei dvimaciy elektrony dujy, kuriy biiseny tankio
sarysis yra parabolinis ir biiseny tankis nepriklauso nuo energijos.
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Esant termodinaminei pusiausvyrai, grafeno sluoksnyje yra vienoda skyliy
ir elektrony koncentracija:
2
n; =n=pz%%. (2.3)
Gauname, kad n; = 8,2 x 101°% cm™2, kai Fermio greitis yra lygus vg = 1 X
10° ms™! kambario temperatiiroje. Elektrony (skyliy) koncentracija n (p)
grafeno sluoksnyje:

[ 20E]
n _fo nhzvgf(E)dE (2.4)
ir
° 2|E]

sia f(E) = (1 + eE-ER/kT) ™

Grafene elektronai ar skylés gali biiti pagrindiniai kriivininkai. Kriivininky
koncentracija priklauso nuo Fermio energijos Dirako taske. Grafeno lakstas
pasizymi morfologiniais nelygumais (raukslémis) ir defektais. Todél grafeno
sluoksnyje atsiranda potencialo fliuktuacijos ir tai lemia netolygy kravio
pasiskirstymg bei elektronais (arba skylémis) praturtintas sritis grafeno
sluoksnyje.

Energijos pasiskirstyma grafene Salia Dirako tasko galima iSreiksti dviem
banginiy funkcijy komponentémis, kurios susijusios su daleliy tankiu A ir B
subgardelése:

¥y x (k) = \/_( l;’i/z) (2.6)

¢ia 6y = arctan (:—x), o Zenklas atitinka 7*(+) arba m(—) juostas. Dviejy

y
komponenciy banginé funkcija, kuri naudojama grafeno juostinei struktiirai

aprasyti, turi pseudo sukinj, kuris yra siejamas su subgardele (A arba B) [19].
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2.2. GRAFENO IR METALO KONTAKTU FORMAVIMAS

2.2.1. Kontakto sudarymo fundamentiniai principai

Energija

DOS

Metalas Grafenas
(a)
2.2. pav. (a) Scheminis energijos ir biiseny tankio (DOS) sarysis, parodantis ribota
neuzimty biiseny tankj grafene, ir (b) grafeno Brijueno zonos (BZ) bei metaly (Au
ir Al) Fermio pavir$iy sutapatinimas. Adaptuota pagal [39].

TNV —

didelé kontaktiné varza Rc. Srovés tankis lemia elektrine pernasa i§ metalo |
grafeng (2.2. (a) pav.). Bendruoju atveju srovés tankis J yra proporcingas
biiseny tankio ir Fermio funkcijos sandaugai metale Dy x fu, biiseny tankio
grafene ir (1 — fg) sandaugai D x (1 — fg) bei pernasos tikimybei T [40].
Taciau srovés tankis yra atvirksciai proporcingas kontaktinei varzai [41], [42].
Si priklausomybé pavaizduota (2.7) lygties pavidalu:

]ocjDfoMxTxDGx(l—fG)dEocRi. (2.7)
c

Pernasos tikimybe¢ salygoja kvaziimpulso K atitikimas ir tai, koks susidaro
atstumas tarp metalo ir grafeno [43].

Kai elektroniné pernasa yra apribota dél biiseny tankio grafeno kanale,
laikoma, kad kvaziimpulso atskaitos taskas yra K taske, 0 kai kvaziimpulsas
atitinka srovés injekcija i§ metalo j grafeng, laikoma, kad /" taskas yra atskaitos
pradzia. Pavyzdziui, Al Fermi banginis skaiCius yra didesnis nei Au, kadangi
Fermio sfera didéja didinant kriivininky tankj (2.2. (b) pav.). Todél kravininky
kvaziimpulsai Al ir grafene gerai sutampa. Vis tik, eksperimentiniai rezultatai
rodo, kad Al ir grafeno kontaktiné varza dél oksidacijos ilieka didelé. Taigi,
nors Fermio banginis skai¢ius svarbus tiriant kontakting varzg, taciau remtis
vien tik Fermio banginiu skai¢iumi negalime [44]-[48].
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2.2.2. Kontakto konstravimo principai

Kontaktas tarp grafeno laksto ir metalinio sluoksnio gali bati formuojamas
ant bazinés grafeno plokstumos. Metalinio sluoksnio kristality dydis gali lemti
atstumo tarp metalo ir grafeno fliuktuacija, kuri daro jtaka kontaktinei varzai.
Be to, i$ teoriniy skai¢iavimy yra zinoma, kad susidares atstumas tarp metalo
ir grafeno atomy orbitaliy priklausys nuo to, koks metalas yra naudojamas
[49]. Neuzimty buseny grafene yra daug maziau nei uzimty baseny metale.
Todél tik maza buiseny tankio dalis grafene dalyvauja srovés injekcijoje i
metalo j grafeng. Tai yra viena i$ priezaséiy, kodél grafeno ir metalo struktiiry
kontaktiné varza pakankamai didelé, o tai savo ruoztu riboja grafeno prietaisy
veikimg. Biiseny tankis grafeno kontaktinése struktiirose skiriasi nuo idealaus
tiesinio biiseny tankio sarysio, kadangi vienatomio grafeno elektrinés savybés
lengvai pasikeicia dél sgveikos su aplinka.

2.2.3.Kontakto, sudaryto i§ grafeno ir metalo sluoksnio,
formavimas

Dazniausiai paplitusios trys grafeno kontakty formavimo konfigiiracijos,
kuriy bréziniai pateikti 2.3. pav.: metaliniai kontaktai formuojami ant grafeno
sluoksnio (2.3. (a) pav. — angl. top-contacting approach), grafeno sluoksnis
perkeliamas ant i§ anksto suformuoty kontakty (2.3. (b) pav. — angl. bottom-
contacting approach) ir grafenas perkeliamas ant i§ anksto suformuoty
apatiniy kontakty bei ant grafeno sluoksnio virSaus yra formuojamas
papildomas metalinis kontaktas (2.3. (c) pav. — angl. double contacting) [19].
Pastarosios konfigliracijos atveju padékle turi biiti iSésdintos sritys, kuriose
formuojamas apatinis metalinis kontaktas. Be to, apatinio kontakto storis turi
buti lygus i$ésdintos srities gyliui.
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(c)

2.3. pav. Grafeno kontakty architekttira. (a) grafenas po metaliniu kontaktu, (b)
grafenas, uzkeltas ant metaliniy kontakty, (c) grafeno dvigubo kontakto
konfigtracija. ds zymi atstuma tarp kontakty, 1 — padéklas, 2 — grafeno sluoksnis,
3 — metalinis kontaktas.

PaprasCiau yra naudoti 2.3 pav. (a) ir (b) dalyse pavaizduotas
konfigtiracijas. Kai metalinis kontaktas yra formuojamas ant grafeno
sluoksnio, turi bati atlickami keli fotolitografijos zingsSniai, leidziantys
suformuoti reikiamos formos grafeno juosteles (angl. patterning) bei
metalinius kontaktus. Be to, metalinio kontakto formavimas turi buti
nedestruktyvus grafeno sluoksniui. Kita vertus, grafeno perkélimas ant jau i$
anksto suformuoty metaliniy kontakty supaprastina technologinj marsruta bei
sumazina rezisto likuCiy kiekj ir grafeno suardymo tikimybg. Pastarasis
kontakty formavimo btidas (bottom-contacting) naudojamas kuriant
fotodetektorius, spintronikos ar elektronikos prietaisus, moduliatorius, optines
sistemas ar drégmés sensorius, kuriuose grafenas yra naudojamas kaip laidus
sluoksnis [4], [6], [8], [26], [50].

2.3. KRUVININKU TANKIO KITIMAS GRAFENE

Grafeno kravininky tankio kitimas realizuojamas kei¢iant elektrinj lauka,
chemiskai, metaliniais kontaktais ir kitais btdais. Kai grafenas naudojamas
lauko tranzistoriuje kaip laidus kanalas, prijungus uZztiiros jtampg ir keiciant
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poliariskuma, grafeno sluoksnj atitinkamai galima praturtinti skylémis ar
elektronais [51], [52]. Prijungus teigiama jtampa grafeno sluoksnis bus
praturtintas elektronais, todél Fermio lygmuo ties Dirako tasku slinksis
aukStyn. Prijungus neigiama uztiros jtampa, grafeno sluoksnis bus
praturtintas skylémis, o Fermio lygmuo ties Dirako tasku slinksis Zemyn.
Praktiskai visuomet grafeno lakste gali biti priemaiSy (pavyzdziui p-tipo
priemaisy), tad, norint Dirako taske pasiekti kriviy neutraluma, prijungta
uzttiros jtampa gali siekti nuo keliy iki keliasdesimt volty [52], [53].

Grafeno kravininky tankio keitimg cheminiu baidu baity galima suskirstyti
j dvi grupes — legiravima kriivio pernasa pavirSiuje [54] ir legiravima j grafeno
sluoksnj jterpiant pakaitiniy atomy [55]. Legiravimas kriivio pernasa
pavirSiuje atlickamas tuomet, kai vyksta elektrony mainai tarp grafeno
sluoksnio ir legiruojanéios medziagos, kuri absorbuojama ant grafeno
sluoksnio pavirSiaus. Legiravimas pavirSiaus pernasa taip gali biiti vadinamas
absorbuojantis legiravimas. Legiravimas pakaitiniais atomais jvyksta tuomet,
kai grafeno SeSiakampés gardelés anglies atomai pakei¢iami skirtingg
elektrony skai¢iy turiniais atomais, pavyzdziui N ar B atomais. Svetimy
atomy jterpimas j grafeno gardele sutrikdo anglies atomy sp? hibridizacija.
Neretai padéklas, ant kurio yra perkeltas grafeno sluoksnis, likuéiai, like po
cheminiy procediry, ir netgi cheminiai junginiai i§ atmosferos gali sukelti
nepageidaujamg cheminj legiravimg [56]-[59].

Legiravimas metaliniais kontaktais pasiekiamas tada, kai grafenas lie¢iasi
su metaliniais kontaktais. Chemisorbciniai metalai (pvz., Co, Ni bei Pd) ir
fizisorbciniai (pvz., Al, Cu, Ag, Au bei Pt) gali smarkiai suardyti grafeno
elektroning struktiirg, keisti Fermio lygmens padétj, todél keisis kravininky
(skyliy ar elektrony) koncentracija grafeno sluoksnyje [48], [56]. Vienas i$
legiravimo metaliniais kontaktais ypatumy yra tai, kad Fermio lygmens
padétis priklauso nuo to, koks atstumas susidaro tarp grafeno sluoksnio ir
metalinio kontakto. Kitaip tariant, netgi tas pats metalas, pavyzdziui, Au,
priklausomai nuo susidariusio atstumo tarp metalo ir grafeno orbitaliy,
grafeno sluoksnj gali legiruoti p (jei susidares atstumas > 3 A) ir n (jei
susidares atstumas < 3 A) tipo kriivininkais [48], [56], [57].

Sios disertacijos rezultaty apraSyme ir diskusijoje savoka grafeno
legiravimas yra suprantama kaip dél aplinkos poveikio, t. y. vandens gary,
dujy ar sgveikos su padéklu, pavyzdziui, metalu, nulemti kriivininky tankio
pokyc¢iai grafeno lakste.
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2.4. GRAFENO IR METALO KONTAKTO ENERGIJOS
JUOSTUY DIAGRAMA

Energijos juosty sandara, kai yra sujungiamas grafenas ir metalas, pateikta
2.4. pav. Grafenas neturi draustinio tarpo. Grafeno ir metalo kontakto atveju
pernasos kryptis nebiitinai bus nulemta islaisvinimo darbo skirtumo ar
cheminiy rysiy jtakos formuojant kontaktg. Kriivio pernasos sritis palaipsniui
mazés nuo grafeno ir metalo sandiros. Tokio tipo kontakte uztenka nedidelio
kiekio elektrony, kad Fermio lygmuo grafene pasikeisty zenkliai. 1 elektronas,
tenkantis 100 anglies atomy, gali paslinkti Zemyn Fermio lygmenj per 0,47 eV
[56].

Fermio

Nesusidaro barjeras, taciau
atsiranda ribojimas dél DOS

Metalas Grafenas

EFerm'\D / e

Sroveés palindimo

po kontaktu gylis
2.4. pav. Metalo ir grafeno sandiros energijos juosty diagrama. Adaptuota pagal
[39].

Kriivio pernasa suformuoja elektrinio dvipolio sluoksnj $alia sandiros. Sio
dvipolio potencialy skirtumas pazymétas AV. Dar daugiau, netgi mazas
biiseny tankis Salia Fermio lygmens grafene padidina ekranavimo nuotolj. Dél
Sios priezasties metalo ir grafeno kontaktams buidinga didelé pernasos ilgio
verte, siekianti nuo mikrometro daliy iki keliy ar net keliolikos mikrometry.
IS grafeno | metalg elektrinio dvipolio pernestas kriivis yra traukiamas atgal,
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tuomet nusistovi termodinaminé pusiausvyra, pakinta grafeno islaisvinimo
darbas. Galiausiai, grafeno sluoksnio legiravimo tipa nebttinai nusakys
pasirinkto metalo ilaisvinimo darbas. Grafeno sluoksnio legiravimui jtaka
gali daryti stipri sgveika tarp metalo ir grafeno (chemisorbcija), likuciai po
technologiniy procediiry (pvz., rezisto likuciai) ir netgi atmosferinis poveikis,
jei grafeno sluoksnis néra tinkamai apsaugotas.

E puumarreeogroes s s Ay LAY
2

€ EFermm

Fermio Fermio

a) b) c)
2.5. pav. Sarysis tarp biiseny tankio ir energijos (a) prie§ metalo ir grafeno kontakto
suformavimg, (b) kai kontaktas yra formuojamas tarp grafeno ir fizisorbcinio
metalo, (c) kai kontaktas yra formuojamas tarp grafeno ir chemisorbcinio metalo.
Adaptuota pagal [39]

2.5. () pav. pavaizduotas sarySis tarp biiseny tankio ir energijos prie$
metalo ir grafeno kontakto suformavima [60]. Kai kontaktas yra formuojamas
tarp grafeno ir fizisorbcinio metalo, biiseny tankio ir energijos sarysis
pavaizduotas 2.5. (b) pav. Kai kontaktas yra formuojamas tarp grafeno ir
chemisorbcinio metalo, biiseny tankio ir energijos sarysis pavaizduotas 2.5.
(c) pav.

Remiantis teoriniais skaiciavimais, metalus, kurie naudojami metalo ir
grafeno kontaktams konstruoti, galima suskirstyti j dvi grupes: fizisorbcinius
metalus ir chemisorbcinius. Pirmuoju atveju iSoriné orbitalé uzpildyta
elektronais, todél atstumas tarp grafeno ir Sios grupés metaly yra didesnis nei
3 A, susidares rySys su grafenu santykinai silpnas. Antruoju atveju iSorinis
elektrony apvalkalas dalinai uzpildytas elektronais, tokie metalai labiau
reaktyvis ir rysio tarp grafeno ir metalo nuotolis svyruoja nuo 2 A iki 2,5 A
[9]. Chemisorbcijos atveju elektrony persiskirstymas tarp grafeno ir metalo
pavirdiy stipresnis, sudaromi santykinai stipresni rysiai [56]. Sis rysio nuotolis
yra mazesnis nei atstumas tarp grafito sluoksniy. Dél z-d saveikos metaly
iSoriné d orbitalé sudaro stiprius ry$ius su grafeno p, orbitale. Tai lemia
buseny tankio padidéjima grafene, ypac¢ kontakto su Ni atveju [56], [57], [58].
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2.5. GRAFENO IR METALO KONTAKTO ELEKTRINIU
CHARAKTERISTIKU TYRIMAI

Viena didziausiy metalo ir grafeno sandaros problemy — didelé kontaktiné
varza Rc, atsirandanti dél to, jog kriivininkai i§ tirinés medziagos (metalinio
kontakto) yra injektuojami j dvimat¢ medZiagg — grafeno sluoksnj [61].
Kontaktinei varzai grafeno prietaisuose nusakyti yra naudojami keli
parametrai: grafeno prietaiso varza Rq [Q], kuri yra matuojamas dydis bei
grafeno sluoksnio varza Rsp [€/sq]. Paprastai grafeno sluoksnio varza yra
vieno kQ/sq eilés [62]. Reciau naudojami dydziai yra: savitoji specifiné
kontaktiné varza pgpedf te [Qum?] ir savitoji kontaktiné varza p; = R; X
W [Qum], ¢ia W yra kontakto plotis. Kai srovés pasiskirstymas tarp kontakty
tolygus, kontaktiné varza Rc gali biti iSreikSta R, = pgpedf “w-1p-1
pavidalu, ¢ia D yra kontakto ilgis [63]. Formuojant metalo ir grafeno kontakta,
pasiekiama Rc verté gali siekti nuo keliy Simty Qum iki keliy kQum [62],
[64], [65]. Kontakto ilgis turi biiti parinktas toks, kad buty didesnis nei
pernasos ilgis Lc [66]. Lc apibréziamas kaip efektyvus kontakto nuotolis, per
kurj vyksta srovés injekcija j grafena. Be to, pernasos ilgis priklauso nuo
kontaktui formuoti pasirinkto metalo [67]. Kontaktiné varza didéja, jei didéja
pernaSos ilgis Lc [68]. Jprastai pernasos ilgis gali siekti nuo mikrometro daliy
iki keliy mikrometry [61], [68], [69].

2.6. GRAFENO RAMANO SPEKTROSKOPIA

Ramano spektroskopija yra ypa¢ jautri metodika, leidzianti molekuliniu
lygiu tirti medziagas, taip pat analizuoti anglies darinius ir grafeng. Tipinis
grafeno Ramano spektras pateiktas 2.7. pav. Ramano spektras, gautas zadinant
532 nm bangos ilgio spinduliuote. Simboliais D, G, G* ir 2D pazymétos
pagrindinés grafeno Ramano spektro smailés.

28



2D

Intensyvumas, s. v.

D <)\

1300 1600 1900 2200 2500 2800
Daznio pokytis, cm’”
2.7. pav. Cheminio gary nusodinimo (CVD) btidu uzauginto vienatomio anglies
sluoksnio, grafeno, perkelto ant SiO, padéklo, Ramano spektras, pamatuotas
disertacijos autoriaus.

Pirmieji grafeno pirmtako — grafito — Ramano spektrai buvo gauti prie§
mazdaug 50 mety mokslininky F. Tuinstra ir J. L. Koenig [70]. Pirmieji
grafeno Ramano spektrai buvo gauti 2006 metais, 0 juos uZra$é¢ garsus
Ramano spektroskopijos pradininkas, nagrinéjantis grafeng ir kitus anglies
darinius, A. C. Ferrari [71]. Ramano spektroskopija patogi tuo, kad, nors
grafenas ir neturi draustinio tarpo, taciau platus elektromagnetinés
spinduliuotés daznis, siekiantis nuo ultravioletinés iki infraraudonosios
spinduliuotés, sukelia atsakg grafeno sluoksnyje, o tai leidzia tirti atomines ir
elektronines savybes. Plétojant Ramano spektroskopijg ir tiriant grafeno
sluoksnj, buvo atlikti eksperimentiniai ir teoriniai darbai, kuriuose
analizuojamas legiravimas grafeno sluoksnyje [72]-[80], krasto efektas [81]—
[85], itempimai [86]-[92], netvarka [85], [92], [93], [94], oksidacija [95],
hidrogenizacija [96], cheminis funkcionalizavimas [97], judris [98], [99],
Siluminis laidumas [100], [101], elektron-fononiné [94], [101]-[108], ir
elektron-elektroniné saveikos [102], [104]-[107], magnetinio lauko poveikis
[109], saveika tarp grafeno sluoksniy [110].

Fonony dispersija vienasluoksniame grafene sudaryta i$ trijy akustiniy ir
trijy optiniy mody. Grafeno vienetiniame narvelyje yra 2 atomai, tod¢l BZ I’
taske bus Sesios modos [111], [112]:

I = AZu + Bzg + Elll + Ezg. (24)

Pateiktoje (2.4) israiSkoje zymeéjimai Apg ir Ei, nurodo transliacijas,
esancias ne plokstumoje, Big yra optiniy fonony moda, kuri anglies atomuose
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juda statmenai grafeno plokStumai, Ezy moda zymi dvigubai iSsigimusius
optinius virpesius plokStumoje. Biitent E;; moda yra ,aktyvi“ Ramano
spektroskopijoje.

Bendru atveju Ramano sklaida gali bati aprasyta perturbacijos teorijos
[113] israiska, pateikta (2.5) lygties pavidalu:

e Y 1A 550 AP 5-1) .
B (hw, — E, +iT,/2) ...
SeSn ~ (2.5)
...(51|th|so)(so|Hem|i)

. (how, — E; + iy /2)(hw, — Eg + iTy/2)’

n-fononis procesas apima n + 1 pereinamasias biisenas. 2.8. pav. parodo
Jmanomus pereinamuosius procesus Ramano procese, kurie lemia pagrindiniy
smailiy D (daznai vadinama defektine smaile), G bei 2D atsiradima grafeno
sluoksnyje. Atsizvelgiant j indekso numerj (2.5) lygtyje, procesai gali biti
klasifikuojami j dvigubo rezonanso 2.8. (a — d) pav. bei trigubo 2.8. (f) pav.
Daugiafotoniniuose procesuose aukstesnés eilés rezonansai taip pat galéty
biiti jmanomi.

Medziagoje be defekty vienfotonés modos gali buti aktyvios Ramano
spektro modos, esant tinkamai simetrijai ir jei banginis vektorius yra lygus
nuliui (patenkinama Ramano atrankos taisyklé). Grafeno sluoksnio atveju,
turint omenyje pagrindines D, G ir 2D smailes, tik G smailé tenkina $ias
salygas. Tarpiniy biiseny energija yra nusakoma elektrony energijos skirtumu
tarp tuscios m* ir uzpildytos m juosty, Ef(r* — EY, ¢&ia k — elektromagnetinés
bangos vektorius. Jei tiriamuose bandiniuose yra defekty, impulso tvermés
désnis bus patenkintas, kai atsiras elektrony sklaida defektais. Todél
vienfotoniame procese dél defekty bus stebimos D bei maziau Ramano
analizése akcentuojamos D" ir D' smailés. Dvifotoniame procese dél defekty
atsiranda D + D" smailé.

Defektinés linijos D padétis bei plotis pusiniame aukstyje FWHM(D)
priklauso nuo zadinimo energijos bei grafeno defektiSkumo [114]. Paprastai
D smailés padétis gali kisti 1300 — 1400 cm™? intervale. Tipinés FWHM(D)
vertés siekia nuo keliolikos iki keliy deSim¢iy cm™.
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2.8. pav. Ramano procesai grafeno sluoksnyje. Elektroniné dispersija (iStisinés
juodos linijos), uzimtos biisenos (zali plotai), tarpjuostiniai Suoliai (vertikalios
linijos), fonony sugertis (mélynos linijos) ir emisija (raudonos linijos), Suoliai
juostoje dél fonony emisijos (brikSninés linijos), elektrony sklaida defektais
(horizontalios briik§ninés linijos). (a-d) dalyse matyti D smailés sklaida tarp sléniy,
e) dalyje interferuojantys vienfononiai procesai, lemiantys G smailés atsiradima,
(f-h) dalyse sklaida tarp sléniy, lemianti 2D smailés prigimtj. Adaptuota pagal
[115].

G smailé biidinga visiems sp? anglies dariniams matuojant jy Ramano
spektrus. Smailés kilmé susijusi su C-C jung€iy plétimusi plokstumoje. Dél
§iy jungéiy plétimosi atsiranda optiniy skersiniy fonony plok§tumoje Saka
(iTO) ir i8ilginiy optiniy fonony $aka (LO). Nors grafeno iTO ir LO modos
yra iSsigimusios /" taske ir sudaro I3 dvigubai i§sigimusios simetrijos fonony
modas (Ezg taSkiniy grupiy zyméjimas), ta¢iau tik LO fonony moda smarkiai
pasireiskia Ramano spektry matavimuose. Be to, dél atsiradusiy jtempimy LO
ir iTO fonony modos persipina tarpusavyje bei tampa aktyvios Ramano
spektry matavimuose [116]. G smailés padétis nezymiai priklauso nuo
zadinimo energijos (didinant Zadinimo energija pos(G) padétis nezymiai
slenkasi j trumpyjy bangy puse). RySkesné pos(G) priklausomybé stebima, kai
yra keiCiamas grafeno sluoksnio jtempimas ar slenkasi Fermio lygmens
padétis [75], [117]. Paprastai pos(G) verté, priklausomai nuo jtempimo,
legiravimo ir dél skirtingos Zzadinimo energijos, gali Kisti 1550 — 1610 cm™
ribose. Dél jtempimy ir defekty grafeno sluoksnyje gali kisti G smailés plotis
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pusiniame aukstyje. Bene labiausiai grafeno Ramano spektry matavimuose
besikeiciantis parametras — 2D smailés padétis.

Rezonansinis
Rezcnansinis anti-Stokes Vibracines

Suzadintos Stokes 1 bisenos
blsenos b
Rayleigh Stokes anti-Stokes
l w Vibracines
Nesuzadintos H [ oy 1 pusenos
blsenos

2.9. pav. Ramano sklaida. Rezonansiné ir nerezonansiné Reléjaus ir Ramano
sklaidos. Adaptuota pagal [115].

2D smail¢ atsiranda dél antros eilés dvifotoniy procesy. Kaip matyti 2.8.
pav., 2D moda stebima dél vienfotoniy procesy, kurie susij¢ su dvifotoniais
procesais. 2D smailé sp? anglies dariniuose priskiriama aukstos tvarkos klasei,
kuri apima modas, atsiradusias dél vir§toniy, ir kombinacines modas. Daznai
2D moda vadinama D modos virstoniu, taciau tokio tapatumo tarp $iy mody
néra, jy dazniai nesusij¢ (w,p # 2wp) [116]. 2D smailés padétis, kaip ir G
smailés, priklauso nuo jtempimo ir legiravimo grafeno sluoksnyje kitimo,
zadinimo bangos ilgio [75], [117]. Taip pat dél legiravimo, jtempimy kitimo
grafeno sluoksnyje ir priklausomai nuo zadinamos bangos ilgio kinta G ir 2D
smailiy intensyvumas [75], [117].

Ramano sklaida atsiranda dél fotony neelastinés sklaidos, kuri vyksta, kai
griztama j prading buseng, bei iSspinduliuoto fonono daznis yra lygus
krintan¢iam. Ramano sklaidos tikimybé yra mazesné nei Reléjaus. Fotonas
gali prarasti dalj energijos dél elektrono ir skylés saveikos. Tokiu biidu
medZiaga zadinama su mazesne energija hwg.. Tai atitinka Stokso procesa
2.9. pav. Tuomet medziaga turi grjzti j stacionarig biuiseng ir energijos
nuostoliai atitinka fonono energija Aw; — hwg. = AL, Cia w; yra krintancio
fotono daznis. Jei dél kritusio fotono suzadinimas vyksta j vibracine biisena,
véliau sistema nusistovi  prading biiseng ir i§spinduliuotas fotonas gali jgyti
papildoma energija hws, = hw; + AQ. Tai atitinka anti-Stokso procesa. Kai
zadinanciojo fotono energija yra parenkama tokia, kad atitikty tam tikro
lygmens energija, yra patenkinama rezonansinio Ramano salyga [113]. Todél
padidéja Ramano sklaidos intensyvumas, 0 Ramano zadinimo atsako signalai
tampa rySkesni. Tokiu budu keliomis eilémis padidéja tikimybe jvykiy, kuriy
tikimybé labai maza.
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3. METODINE DALIS
3.1. APSKRITIMINIS PERDAVIMO LINIJOS MODELIS

Grafeno dariniy kontaktiniai varzai Rc iSmatuoti yra naudojami keli
metodai: keturiy zondy matavimas, perdavimo linijjos modelis bei
susikertan¢io tiltelio Kelvino metodika. Siame darbe naudotas perdavimo
linijos modelis, leidziantis gauti kontaktiniy dariniy sluoksnio bei kontaktine
varzas, pernasos ilgj [118]. Bendru atveju dviem zondais matuojant bandinio
varza Rq ir kintant atstumui tarp kontakty ds, bandinio varza aprasoma:

— Rshdi

R
d= "y

+ 2R, (3.1)

¢iai=1arba 2. Is (3.1) gauta kontaktinés varzos i$raiska:

_ Rrpdy — Rrid; (3.2)
© 2di-dy) |

Pernasos ilgj (angl. transfer length) Lc galima aprasyti pasinaudojus
specifine kontaktine varza pc ir sluoksnio varza Rsh. Tuomet potencialo
pasiskirstymas po kontaktu biity toks, kaip pateikta Sioje isSraiskoje:

(L - x)]
1\JRsnpe cosh [ I

z sinh (LL_C) ’

V(x) = (3.3

¢ia L yra kontakto ilgis, Z — kontakto plotis bei | — srové, tekanti j kontaktg
[118]. Susidariusi jtampa yra didZiausia $alia kontakto krasto, kai x = 0, be to,
jtampos kritimas didinant atstumg eksponenti$kai mazéja. Taigi, jtampos
kritimas atstumu 1/e yra apibréziamas kaip pernaos ilgis Lc. Sis nuotolis

apibréztas iSraiska:
Pc
Lc = |[—. (3.3)
‘ /Rm

Perdavimo linijos modelio pagrindiniai reikalavimai yra du: srové tarp
kontakty turi tekéti homogeniSkai bei kitas — ne maziau Svarbesnis
reikalavimas — kontakto plotis Z turi bati lygus tiriamo sluoksnio plo¢iui w
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[66]. Praktiskai Sie reikalavimai yra sunkiai jgyvendinami, nes reikalauja
sudétingy technologiniy sprendimy, todél Siame darbe buvo naudojama
perdavimo linijos modelio modifikacija — apskritiminis perdavimo linijos
modelis (CTLM) [119] ir CTLM modelio papildymas [120], [121]. Norint
sudaryti struktiiras, atitinkan¢ias CTLM modelj, pagaminami apskritiminiai
vidiniai kontaktai, kuriy spindulys r, suformuojami tarpkontaktiniai tarpeliai,
kuriy atstumas ds, bei laidus iSorinis kontaktas. Optiniu mikroskopu padaryta
nuotrauka Au kontakty, atitinkanciy Sios metodikos reikalavimus, pateikta
3.1. (a) pav. Fotolitografijos badu buvo suformuoti CTLM dariniai, kuriuose
atstumas tarp kontakty ds yra 5 um (c), 10 pm (b), 15 pm (a), 20 um (d),
25 um (e) ir 30 um (f). Vidinio metalinio kontakto skersmuo 2r = 100 um
(spindulys r = 50 um). Atsizvelgiant j apskritiminés perdavimo linijos
modelio geometrija, bendra bandinio varza, kurig sudaro iSorinio ir vidinio
kontakto varzos bei sluoksnio varza, yra lygi:

:ﬁ L_CIO(L/LC) Lc KO(L/LC)
2 | L Il(L/Lc) L+ dg K1(L/Lc)

n(1 %)

Pateiktoje (3.4.) iSraiskoje | ir K Zymi pirmos eilés modifikuotas Beselio
funkcijas. Kai atstumas L > 4L, Beselio funkcijy santykiai I/1; ir Ky/K;
artéja j vieneta, tuomet Rs iSraiska supaprastéja:

d
(3.4)

_Ranfle | _Le
A7 20 lL " L+dg

+1n (1 + %)] (3.5)

Be to, kai L > dg, galima supaprastinti (3.5) sarysj, tuomet gauname:
Ra = 250 (g + 2L0)C, (3.6)
2wl

konstanta C yra geometrinés pataisos faktorius:

L dg
el %), 37
C dsln(1+L) 3.7)
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3.1. pav. CTLM metodika. (a) litografijos badu suformuoti CTLM dariniai ir (b)
bandiniy varzy Ry priklausomybé nuo atstumo tarp kontakty ds.

Tuo atveju, kai vidinio apskritiminio kontakto spindulys iki 200 pm, o
tarpkontaktinis atstumas nuo 5 pm iki 50 pum, biitina naudoti geometring
pataisa, kad eksperimentiniai varzos taskai ,,gulty i tiese. Véliau Rq
priklausomybé nuo ds yra aproksimuojama tiese maziausiy kvadraty metodu.
Aproksimacijos tiesés polinkis, varzos ir tarpkontaktinio atstumo asiy kirtimas
leidzia jvertinti sluoksnio varza Rsh, kontakting varza Rc ir pernasos ilgj Lc.
Bandiniy varzy Rq priklausomybé nuo atstumo tarp kontakty ds pavaizduota
3.1. (b) pav. Purpurinés spalvos taskai atitinka eksperimento metu gautas
varzy vertes, mélynos — varzy vertés, pritaikius geometrinés korekcijos
pataisg. Mélyna linija parodo rezultaty aproksimacijg tiese. Verté, ties kuria
tiesé kerta ordinaciy a§j, atitinka dviguba kontakting varza, 0 atkarpa, kurig
tiesé ,,atkerta“ abscisiy asyje, atitinka dviguba pernasos ilgio vertg. IS tiesés
polinkio, pasinaudojant (3.6) formule, yra nustatoma sluoksnio varzos verté.

3.2. SKENUOJANCIO ZONDO MIKROSKOPIJA

Pasitelkiant skirtingas skenuojanéio zondo mikroskopijos (SPM) modas,
galima tirti grafeno elektrines savybes bei morfologijos ypatumus [122],
[123]. Pagrindiné SPM moda, kuri buvo naudota disertacijos metu —
skenuojanti Kelvino zondo jégos mikroskopija (SKZJM, angl. Scanning
Kelvin Probe Force Microscopy). Skenuojanéios zondo mikroskopijos
matavimai buvo atliekami naudojantis SPM jrenginiu D3100/Nanoscope 1Va
(Veeco).

Pirmg karta SKZJM moda buvo pasitlyta M. Nonnenmacher ir
bendraautoriy 1991 m. [124]. Naudojantis Kelvino zondo metodika galima
iSmatuoti medziagos kontaktinj potencialiy skirtumg (CPD). CPD yra susijes
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su medziagos ilaisvinimo darbu W, todél SKZJM moda leidzia kiekybiskai
jvertinti medziagos iSlaisvinimo darbg.

3.2.1. Skenuojancios Kelvino zondo jégos
mikroskopijos kalibracija

Zondo iSlaisvinimo darbas jvertinamas iSmatavus labai orientuoto pirolizés
bidu susintetinto grafito kristalo (HOPG) CPD verte. Si verté, padauginta i$
elementaraus kriivio konstantos q, yra atimama i§ HOPG kristalo i§laisvinimo
darbo Wyopg:

Wzondo = Whoprc — AVepp (HOPG), (3.8)

&ia Wyopg Yra konstanta bei lygus 4,6 eV. Zinant zondo islaisvinimo darbg
yra apskaic¢iuojamas bandinio i$laisvinimo darbas Wgndinio:

Wgandinio = Wzondo — 4Vcpp (Bandinio), (3-9)

¢ia Vepp (Bandinio) Yra 18matuota bandinio CPD verte.

3.2.2. CPD matavimas skenuojancios Kelvino zondo
jégos mikroskopija

Kelvino zondo metodika CPD iSmatuojamas remiantis susidariusiu
potencialy skirtumu tarp dviejy suglausty kondensatoriaus ploksteliy (zondo
ir bandinio 3.2. pav.).
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a)

Zondas Bandinys
EO
Zondo Wbandinio
Fermlo EFE‘r’miO
b)
E
E, .
AW
WZondo Wbandmio
EFermio EFermio
c)
£, £,
Zondo Wbandinio
Fermlo #AW
! Ferm|o

Prlesltampls
Prlesllampls

3.2. pav. Kelvino zondo bei bandinio s3saja su energijos juosty diagrama. Adaptuota
pagal [123].

Periodiniai virpesiai tarp ploksteliy (virpesiy daznis ®, o amplitudé zo)
lemia periodinés srovés tekéjima:

I(t) - (VPrlesltamplo + VCPD)(‘)ZO cos(a)t), (3-10)
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¢iaisraiskoje C yra sistemos, kurig sudaro zondas ir bandinys, talpa, dC/dz yra
talpos pokytis, atsirandantis dél besikeiiancios sistemos geometrijos,
Vpriesitampio Yra itampa, atsirandanti del susidariusio potencialo. Potencialas
gali buti keic¢iamas ir, kai srove yra lygi 0, tarp elektrody nebelieka sukurto
elektrinio lauko. Tuomet Vpriesjtampio + Vepp = 0. Skenuojant bandinj dél
kraviy, susikaupusiy tarp zondo galo bei bandinio pavirSiaus, atsiranda jéga
F:

1dC 2
F= Eﬁ (VPrieéitampio + VCPD) .

3.11.

Paprastai tarp zondo ir bandinio yra pridedamas sinuso formos signalas
V = Vysin(wt), todél galutiné jégos, susidarancios tarp zondo ir bandinio,
iSraiska:

_1dc

. 2
F= EE (VPrieéjtampio + Vepp +V051n(a)t)) . 3.12.

3.3. ELEKTRINIAI MATAVIMAI

Bandiniy elektriniy charakteristiky matavimai buvo atlikti naudojant
zonding stotj bei puslaidininkiniy parametry analizatoriy 4200-SCS (Keithey
Instruments, Inc.). Zondiné stotis, kuri buvo naudojama atliekant elektrinius
matavimus, — Summit Probe Station 11000/12000 (Cascade Microtech, Inc.).
Voltamperinéms charakteristikoms gauti prie bandinio pridéta jtampa 0,01 V
zingsniu buvo kei¢iama nuo —1 V iki 1 V ir atgal. Bandinio Rq varza buvo
nustatoma VACh priklausomybes aproksimuojant klasikiniu Omo désniu.
Iprastai bandinio varza buvo jvertinama pamatavus nuo keliy iki keliolikos
CTLM matricy, kuriy viena yra pateikta 3.1. (a) pav. Elektriniai parametrai
(kontaktiné varza Rc, sluoksnio varZza Rsh ir pernasos ilgis Lc) buvo jvertinti

pagal metodika, pateikta 3.1. skyrelyje.

3.4. RAMANO SPEKTROSKOPIJA

Ramano spektroskopijos matavimai buvo atliekami siekiant gauti grafeno
bandiniy su metaliniais sluoksniais pavienius Ramano spektrus arba Ramano
zemélapius. Ramano spektry matavimai buvo atlickami kambario
temperatiiroje ir kambario aplinkoje inVia (Renishaw, UK) spektrometru,
kurio CCD kamera buvo termoelektriskai atvésinama iki 200 K. Zadinimui
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buvo naudojamas arba 532 nm, arba 633 nm bangos ilgio kietojo kiino lazeris.
Naudojant 50x/0,75NA leg8iy sistemg, matavimy metu lazerio spindulys
bandinio pavirSiuje sufokusuojamas j 1 um skersmens taskg. Ramano
spektrometro banginio skaiciaus asies kalibracija buvo atlickama matuojant
silicio smailg, kurios padétis — 520,7 cm™’. Dazniausiai disertacijoje
pateiktiems pavieniams Ramano spektrams kaupinti naudota 200 s trukmé.
Ramano zemélapiams sudaryti buvo naudojamas arba 0,5 um arba 1 pm
zingsnis, spektry kaupinimo trukmé — iki 10 s. Ramano spektry G ir 2D
smailiy parametrams, t. y. auks¢iui, plo¢iui pusiniame aukstyje ir padéciai
nustatyti buvo atlickama spektry charakteringyjy linijy aproksimacija Lorenco
tipo funkcija.

3.5. GRAFENO KONTAKTU ISKAITINIMAS

Kontakty iSkaitinimas yra bitinas prietaisy optimizacijos zingsnis,
reikalaujantis parinkti tinkamas prietaiso iskaitinimo sglygas. Kontakty
iSkaitinimas pagerina adhezijg tarp metalinio kontakto ir grafeno sluoksnio.
Grafeno prietaisy gaminimo metu ant pavirSiaus (padéklo, grafeno sluoksnio
ir metaliniy kontakty) lieka daug rezisto, vandens ir kity medziagy likuciy.
Daznai Siems likuéiams paSalinti yra atlickama iSkaitinimo procedira [67],
[125], [126], [127]. Pastebéta, kad, kai iSkaitinimo temperatiira Tan didesné
nei 473 K, rezisto, polimetilakrilato (PMMA) ir kity polimery likuc¢iai gali
buti pasalinti [126], [14]. Taciau liku¢iy pasalinimas gali tapti sudétingu
uzdaviniu, jei grafeno kontaktiniy struktiiry iSkaitinimas atlickamas jau
suformavus metalinius elektrodus. Todé¢l tiriant grafeno kontaktus, kuriy
elektrodams formuoti buvo naudojamas Ni, nebuvo pastebéta zenklaus
elektriniy charakteristiky pageréjimo [127]. Nurodytame darbe grafeno ir
nikelio kontaktai su aukso pasluoksniu buvo iskaitinami 473 K temperatiiroje
bei aukstame vakuume. Paprastai po kontakty gamybos iSkaitinus grafeno ir
metalo struktiiras stebimas zymus kontaktinés varzos sumazéjimas [128],
[129], [130]. Grafeno struktiiry, kuriy elektrodai buvo pagaminti i§ Cu ir
i8kaitinti auks§tame vakuume 573 K temperatiiroje 12 val., kontaktinés varzos
matavimai TLM metodika parodé Zzenkly Rc sumazéjima, siekiantj beveik 10
karty [130]. O. Balci et al. pateiktame darbe buvo tiriama grafeno lauko
tranzistoriy (GFET) strukttiry, kuriy kontaktai suformuoti i§ Cu, Ag, Au ir Pd,
kontaktiné varza [129]. W. S. Leong et al. darbe pristatyti bandiniai buvo
kaitinami N2 (95 %) ir Hz (5 %) aplinkoje, 573 K temperatiiroje 40 s, véliau
bandinius vésinant 5 min. ir vél kaitinant 573 K temperatiiroje 1 minute. Sio
darbo metu buvo gautas zenklus kontaktinés varzos sumaz¢jimas. GFET
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prietaisy kontakty, pagaminty i§ Ni, iSkaitinimas buvo atliekamas 573 K
temperatiiroje esant 400 sccm Ar (95 %) ir Hz (5 %) srautui 1 val. Sio darbo
metu buvo pastebéta sumazéjusi kontaktiné varza, taciau atlikti Ramano
matavimai parodé nikelio karbido (Ni-C) susiformavimg dél grafeno saveikos
su Ni kontaktu. Siame darbe taip pat buvo atlikti suminiai 2 val., 6 val., 14 val.
ir 24 val. truke iskaitinimai, kuriy metu grafeno ir Ni strukttiry kontaktinés
varzos sumaz¢jimas nebuvo stebimas [12].

Optimizuojant grafeno ir metaly kontaktinius darinius pastebéta, kad
kontakty iSkaitinimai dazniausiai atlickami Ar aplinkoje [67], [14], [12], [13],
[62], [131]-{134], (naudojamas Ar (95 %) ir H, (5 %) dujy misinys), N»
aplinkoje (naudojamas N2 (95 %) ir Hz (5 %) dujy misinys) [128], [129], [135]
arba vakuume [125], [127], [130], [136], [137], [138]. CVD grafeno prietaisy
metaliniy kontakty iskaitinimo salygos turi bati kruopi¢iai parinktos. Zinoma,
kad, kai iSkaitinimo temperatiira yra daugiau nei 673 K, iSauga defektinés
linijos intensyvumas 1(D) bei G smailés plotis pusiniame aukstyje FWHM(G),
smarkiai pasislenka Dirako taskas (padidéja p-tipo legiravimas), sumazéja
kravininky judris [128], [131], [133], [13], [135], [138], [139]. Be to, virsijus
873 K temperatiirg, smarkiai iSauga grafeno ir nikelio struktiiry kontaktiné
varza. Siy parametry didéjimas susijes su defekty skaiGiaus padidéjimu
grafeno sluoksnyje. Kita vertus, iSkaitinimas N aplinkoje lemia n-tipo
legiravimo atsiradimg grafeno sluoksnyje [128], [129]. I$ pateiktos literattiros
apzvalgos apie iSkaitinimg galima daryti iSvada, kad optimali grafeno
kontakty iskaitinimo temperatiira neturéty bati didesné nei 673 K — siekiant
iSvengti suardymo grafeno sluoksnyje — taciau ne mazesné nei 473 K —
siekiant efektyviai pasalinti PMMA, vandens ir rezisto likucius.

3.6. BANDINIYU GAMYBA

Bandiniy gamybg sudaré keli technologiniai etapai:
1) padékly paruoSimas;
2) fotolitografijos etapas;
3) metaliniy sluoksniy garinimas;
4) rezisto pasalinimas;
5) grafeno laksto perkélimas ant CTLM dariniy.

Bandiniams gaminti buvo naudojamos silicio plokstelés, ant kuriy terminiu
biidu buvo suformuotas SiO2 sluoksnis. Si storis — 500 pm, SiO2 — 250 nm.
Padéklams paruosti fotolitografijai buvo atliekami pirmasis (SC-1) (Standard
Clean 1) ir antrasis SC-2 (Standard Clean 2) RCA (Radio Corporation of
America) zingsniai. SC-1 valymo metu Si/SiO. plokstelé buvo plaunama
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H>O/NH3/H20; (5:1:1) tirpalu 10 min. Plaunant naudota tirpalo temperattira —
350 K. Si procediira skirta nuvalyti organing tar§g nuo padéklo. Véliau
taikytas SC-2 etapas. Sio etapo metu Si/SiO2 plokstelé buvo plaunama
H2O/HCI/H20, (6:1:1) tirpalu 10 min. Plaunant naudota tirpalo temperatiira
buvo 350 K. Po plovimo Si/SiO; plokstelés buvo nuskalautos dejonizuotu
vandeniu ir i§dZiovintos suspaustomis azoto dujomis.

Siekiant sukurti CTLM kontaktines strukttiras ant Si/SiO; ploksteliy pries
metalizacijos etapg buvo atlickama fotolitografija. Fotolitografijai buvo
naudojamas AZ-5214E fotorezistas. Piesiniy rySkinimui buvo naudojamas
AZ-351B ryskiklis, kuris buvo skiedziamas dejonizuotu vandeniu santykiu 1
ir 4 (AZ-5214E:H,0). Fotolitografijos etapus galima sugrupuoti tokia tvarka:

1) Si/SiO; plokstelés dziovinimas ant kaitlentés 1 minutg;

2) po dziovinimo praéjus 1 min. uzneSamas neskiestas fotorezistas
(uZnesimo parametrai: sukimo greitis — 5000 aps/min., laikas —
30 s, jgreitéjimas — 3000 aps/s);

3) uznestas fotorezistas ant kaitlentés dZiovinamas 1 min.;

4) eksponavimas su CTLM S$ablonu (trukmé 5 s);

5) sukietinimas, kurio metu Si/SiO; plokstelé su uznestu fotorezistu
kaitinama ant kaitlentés 390 K temperatiiroje 2 min.;

6) eksponavimas be $ablono (trukmé 45 s);

7) ryskinimas 20 s ryskiklyje, kuris praskiestas dejonizuotu vandeniu
santykiu 1 ir 4 (AZ-5214E:H,0);

8) isryskinus CTLM dariniai jvertinami optine mikroskopija.

Bandiniai su paruostu rezisto sluoksniu buvo metalizuojami magnetroninio
dulkinimo metodika. Metaliniai sluoksniai buvo dengiami nuolatinés sroveés
rezimu Angstrom Engineering EvoVac jrenginiu. Ypa¢ Svarus (5 klasés)
argonas buvo naudojamas sluoksniams garinti nuo metaliniy taikiniy. CTLM
bandiniams su Au kontaktais buvo garinamas 180 nm storio metalinis
sluoksnis, CTLM bandiniams su Ni kontaktu — 80 nm metalinis sluoksnis. Po
metalizacijos rezisto pasalinimas buvo atliekamas naudojant AZ100 rezisto
atkeliklj. Po atkélimo ant Si/SiO; ploksteliy SiO, sluoksnio buvo sudaryta
apskritiminiy metaliniy kontakty, atskirty izoliuojan¢iu sluoksniu, matrica,
kurios fragmentas pavaizduotas 3.1. (a) pav. Jame geltona spalva zymi
metalinius kontaktus, o pilkos/violetinés spalvos Ziedai — izoliuojantj
sluoksnj. Izoliuojancio elemento plotis visose CTLM matricose kito identiskai
ir buvo lygus 5 pm, 10 pm, 15 um, 20 pum, 25 pm ir 30 um. Vidinio skritulio
formos kontakto skersmuo — 100 pm.

Tyrime buvo naudojamas komercinis grafenas, gautas i§ jmonés
Graphenea. Didelio ploto grafeno lakstai buvo uzauginti CVD metodu ant
vario folijos. Nuo Cu folijos ant Si/SiO./metalo dariniy grafenas buvo

41



perkeltas jprasta technika, naudojant polimerg (PMMA) kaip laikancigja
plévele [140]. Pirmajame etape PMMA buvo uznestas ant grafeno/Cu folijos
pagrindo pavirsiaus. ISdziovinta 425 K temperatiiroje apie 30 minuciy vario
folija buvo nuésdinta HCI1:H,O,:H,O (5:2:30) tirpalu. Esdinta kambario
temperatiiroje, ésdinimo trukmé apie 20 minuéiy. Galiausiai PMMA plévelé
su grafenu buvo nuplaunama dejonizuotame vandenyje (3 kartus po mazdaug
20 minuc¢iy). PMMA/Cu/grafeno struktiira (grafeno sluoksnis nukreipiamas j
vir§y) buvo uznesama ant CTLM kontakty, suformuoty ant SiO./Si padéklo.
Paskutiniame etape PMMA buvo iStirpintas chloroforme per mazdaug
15 valandy. Likuciai buvo paSalinti kruops$¢iai nuplaunant izopropilo
alkoholiu. Po dziovinimo CTLM méginiai su grafeno lakstu, prilipusiu prie
metaliniy kontakty pavirsiy, buvo paruosti disertacijoje pateiktiems tyrimams.
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4. GRAFENO IR METALO VERTIKALAUS ELEKTRINIO
KONTAKTO TIKSLINGO ISKAITINIMO JTAKOS TYRIMU
REZULTATAI

Elektriniy kontakty formavimo sglygy parinkimu daznai galima pagerinti
elektroniniy prietaisy charakteristikas arba optimizuoti prietaisy technologinj
procesa. Siame skyriuje aptariami vienos i§ kontakty formavimo procediiros —
tikslingo aukstatemperattirio iskaitinimo — trukmés jtakos grafeno ir metalo
vertikalaus darinio savybéms ir kontakto parametrams tyrimy rezultatai bei jy
pagrindu pateikiamos originalios rekomendacijos. bandiniai buvo iskaitinti Ar
2 l/min. dujy sraute, 575 K temperatiiroje, temperatiros kélimo greitis —
10 K/s.

4.1. ELEKTRINIU PARAMETRU, APRASANCIU GRAFENO BEI
METALO KONTAKTA, PRIKLAUSOMYBE NUO
ISKAITINIMO TRUKMES

Eksperimentiniuose tyrimuose buvo naudojami vertikalios sluoksniuotos
struktiros CTLM bandiniai, kuriems pagaminti buvo naudojamas CVD budu
uzaugintas grafenas. Si/SiO; plokstelés buvo naudojamos kaip padéklas.
CTLM bandiniai buvo sudaryti i§ varZiniy elementy matricos. Varziniy
elementy matricoje optinés litografijos biidu buvo suformuotos dvi sritys.
Pirmoji — metalinio kontakto sritis. Antroji — tarp metaliniy kontakty esanti
SiO; sritis — izoliatoriaus sritis. Varziniy elementy matricos tarpkontaktinis
atstumas ds buvo lygus 5 um, 10 um, 15 pm, 20 um, 25 pm ir 30 pm. Dariniy
metaliniams kontaktams suformuoti magnetroninio dulkinimo metu buvo
suformuoti metaliniai sluoksniai. Siame darbe buvo tirti dviejy tipy CTLM
bandiniai, t. y. su Au kontaktais ir su Ni kontaktais.

Iskeltam tikslui pasiekti buvo tiriamos vdV tipo kontakty, sudaryty i$
grafeno ir Au arba Ni kontakty, elektrinés charakteristikos kei¢iant
iSkaitinimo trukm¢. CTLM bandiniy varziniy elementy varZzos Ry
priklausomybé nuo atstumo ds, esant skirtingoms iskaitinimo trukméms,
pavaizduota 4.1. pav.: (a) dalyje pateikti CTLM bandiniy su Au kontaktais
Ra(ds) rezultatai, 4.1. (b) — CTLM bandiniy su Ni kontaktais Rq(ds) rezultatai.
Abiejuose grafikuose mélynos spalvos taskai atitinka Ry vertes prie$ kontakty
iSkaitinimo procediirg. Raudonos spalvos taskai vaizduoja Rq vertes po 4 min.
iSkaitinimo, zalios — po 64 minuciy, purpurinés — po 124 minuciy iskaitinimo.
Au CTLM bandiniy su CVD grafenu varzy vertés, kaip pateikta 4.1. (a) pav.,
pries kontakty iskaitinimo procediira buvo kiek mazesnés nei 300 Q. Po
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kontakty iskaitinimo buvo stebimas Rq(ds) sumazéjimas. Didziausias vidutinis
varzos Rq sumazéjimas, lyginant su varzy vertémis, kurios buvo iSmatuotos
iki iskaitinimo, t. y. tan = 0 min., buvo stebimas po 4 minu¢iy iskaitinimo. Sis
sumazgéjimas nuo pradinés vertés sieké 42 %. Po vélesniy iSkaitinimo etapy —
64 min. ir 124 min., lyginant su Rq vertémis, kai tan. = 0 min., vidutinis Rq
sumaz¢jimas nuo pradinés vertés sieké 56 % ir 62 %.

4.1. (b) pav. pateikta CTLM bandiniy su Ni kontaktais varzos Rg
priklausomybé nuo ds, esant skirtingoms iskaitinimo trukméms. Ni bandiniy
bendros varzos Ry vidutiné verté iki kontakty iSkaitinimo procediiros buvo
apie 1kQ. Ilginant iskaitinimo trukme Rg vertés mazéjo. Po 4 minuciy
iSkaitinimo CTLM bandiniy su Ni kontaktais varza Rq sumazéjo 72 %. Po
64 min. ir 124 min. bendras varZos Rq sumazéjimas nebuvo toks ryskus ir
sieké 82 % ir 85 %, lyginant su Rq vertémis, kurios buvo uzregistruotos prie$
grafeno dariniy temperatiirinj apdirbima.

0.30F - éi% + % 0 min %’
| SUERES
CCZ.lZ— ";T:n = 0.2 ; “4 min

Pog ot Pt i g B

7
[ v

U :)'—c

0.03 015 20 25 30 O 1015 20 25 30
d,um L um
() (b)

4.1. pav. CTLM bandiniy varziniy elementy varzos Rq priklausomybé nuo atstumo
tarp metaliniy kontakty ds, esant skirtingoms iSkaitinimo trukméms. (@) CTLM Au
bandiniai (b) — CTLM Ni bandiniai.

Nagrin¢jant Rq(ds) priklausomybes yra svarbu jvertinti Rq sankirtos padétis
su ordinaciy (ds = 0) ir abscisiy (Rq = 0) aSimis bei Rq(ds) priklausomybés
polinkj. Kai yra tenkinama ds = 0 salyga, Rq tampa lygi dvigubai kontaktinei
varzai, taigi, Ry(0) = 2 x Re= Sig verte, gauta matuojant CTLM bandinius,
zymi raudona linija, pateikta 4.2. (a) pav. Jprastai kontaktiné varza yra
perskaiCiuojama atsizvelgiant j kontakto perimetrg, t. y. Rc = Re= x «r, ¢ia r
yra CTLM darinio vidinio apskritiminio kontakto spindulys ir Siame darbe r
verté yra lygi 50 um. Kontaktinés varzos Rc matavimo vienetas yra Q x um.
4.2. (b) pav. pateiktos CTLM bandiniy su Au (raudoni taskai) ir Ni (mélyni
taskai) kontaktais kontaktinés varzos Rc priklausomybé nuo iskaitinimo
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trukmés buvo aproksimuotos eksponentinio gesimo funkcija, kurios
matematinis pavidalas aprasytas (4.1) formule:

=) (4.1)

RC = RCO + aMee<TMe .

Gauta Rco verte Au CTLM kontaktams buvo lygi 6,2 kQ. Reo verté Ni
CTLM kontaktams buvo didesné kiek daugiau nei 2 kartus ir buvo lygi
14,8 kQ. Konstanta tme aproksimacijos metu buvo fiksuota bei lygi 2.

Remiantis elektriniais matavimais, kurie buvo atlikti termiskai formuojant
kontaktus tarp metaliniy sluoksniy ir grafeno laksto, nustatyta, kad didziausias
Rc sumazéjimas jvyko po 4 minuciy temperatirinio kontakty apdirbimo. Po
Sio iskaitinimo etapo CTLM bandiniy su Au kontaktais Rc sumazéjimas sieké
57 %, 0 CTLM bandiniy su Ni kontaktais Rc sumazéjo 75 %.

T T T 1607

;?C (Au-Gr) ~

O~ 10 15 20 25 30 0% ) €go 80100 120
d, pm , min

(@) (b)
4.2. pav. (a) CTLM bandiniy varziniy elementy varzos Rq priklausomybé nuo
atstumo ds. (b) CTLM bandiniy su Au (raudoni taskai) ir Ni (mélyni taskai)
sluoksniais kontaktinés varzos Rc priklausomybé nuo iskaitinimo trukmés tan.

Illginant iskaitinimo trukme, CTLM bandiniy kontaktiné varza sumazéjo
nezymiai. CTLM bandiniy su Au kontaktais Rc sumazéjimas po 124 min.
iSkaitinimo sieké 70 %, o CTLM Ni bandiniy Rc sumazéjo 82 %., Kkai
tan. = 124 min. Suformuoty grafeno dariniy su Ni kontaktais Rc buvo 2 kartus
mazesné nei grafeno dariniy kontaktiné varza su Au kontaktais.

Kitas svarbus metalo ir grafeno kontaktus aprasantis dydis — perna$os ilgis
Lc. Dydis Lc yra apskai¢iuojamas remiantis Rq(ds) priklausomybémis, kurios
yra aproksimuojamos klasikiniu Omo désniu. Atstumas L, apskaiciuotas, kai
aproksimuojanti tiesé atkerta abscisiy a$j, yra lygus |2 X L.|. Grafinis 2 X L.
atvaizdavimas pateiktas 4.3. (a) pav. Pernasos ilgio Lc¢ priklausomybé nuo
iSkaitinimo trukmés tan tirtuose vdV tipo kontaktuose pateikta 4.3. (b) pav.
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Raudoni taskai zymi CTLM bandiniy su Au kontaktais Lc dydzio
priklausomybe nuo iskaitinimo trukmeés, mélyni taskai nurodo CTLM
bandiniy su Ni kontaktais priklausomybe¢ nuo ta. Lc rezultatai buvo
aproksimuojami eksponentinio gesimo funkcija, iSreiksta (4.2):

-t
LC = LCO + aM€e<TMe)' (42)

Dydis Lco Au CTLM bandiniams buvo lygus 7,8 pum, Ni CTLM
bandiniams — 18,6 um. Konstanta twve buvo fiksuota ir lygi 2.

anof L T l_ 36@‘ T A e
31F ]
200t c 26F ]
G =
% 5 21 O ]
2y ~I T-l Lo
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0 ZXLC 1“.;_, lLC\AwGr/ q
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4.3. pav. (a) CTLM bandiniy varziniy elementy varzos Rq priklausomybé nuo
atstumo ds. (b) Pernasos ilgio Lc priklausomybé nuo iskaitinimo trukmés tsn, CTLM
bandiniuose su Au (raudoni taskai) ir Ni (mélyni tagkai) sluoksniais.

Kontakty iSkaitinimo eksperimentas parodé¢, kad didziausias Lc
sumaz¢jimas CTLM bandiniams su Au ir Ni kontaktais jvyko, kai
temperatirinio kontakty formavimo verté buvo lygi 4 min. Lyginant su
pernasos ilgio verte iki CTLM bandiniy iSkaitinimo, kai ts =0 min., Lc
CTLM bandiniams su Au kontaktais po 4 min. kontakty iSkaitinimo sumazéjo
50 %. CTLM Ni bandiniy Lc dydis sumazéjo 39 %. Ilginant iSkaitinimo
trukme, Lc verté praktiskai nekito. Be to, Lc verté po CTLM bandiniy su Ni
kontaktais kontakty iSkaitinimo buvo beveik 2 kartus didesné nei Au bandiniy.

Tiriant iSkaitinimo trukmés jtaka CTLM bandiniams su CVD grafenu, taip
pat buvo analizuota grafeno sluoksnio, esan¢io ant izoliatoriaus, sluoksnio
varzos Rsh priklausomybé nuo iskaitinimo trukmés tan.. Si priklausomybé yra
pateikta 4.4. (b) pav. Sluoksnio varza Rsh gaunama pasinaudojus Rq(ds)
priklausomybe, pateikta 4.4. (a) pav. Rq4(ds) polinkis yra proporcingas Rsn,
pasinaudojus kontakto perimetru, gaunama Rsh verté, kurios matavimo
vienetai yra €)/sq. Sluoksnio varzos Rsn verté po kontakty temperatiirinio
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formavimo sumazgjo nezymiai ir buvo lygi apie 1 k€/sq. Sluoksnio varzos
kitimo nuo iSkaitinimo trukmés rezultatai buvo aproksimuoti tiesine funkcija,
kurios israiska pateikta (4.3) lygties pavidalu:

Rsn = Rsno-g/sioz — Bt (4.3)
Dydis Rsno-cisioz buvo lygus 4,3 k€Q/sq. Kita vertus, temperatirinis

kontakty formavimas nezymiai pakeicia grafeno laksto, esanCio ant
izoliatoriaus, varza Rsp.
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4.4. pav. (a) CTLM bandiniy varziniy elementy varzos priklausomybé nuo atstumo
ds. (b) Sluoksnio varzos Rsn priklausomybé nuo iskaitinimo trukmés tan.

Analizuojant CTLM bandiniy kontaktinés varzos Rc ir pernasos ilgio Lc
priklausomybe nuo kontakty iskaitinimo trukmés, galima i$skirti dvi skirtingo
pobtudzio tendencijas. Pirmuoju atveju kiekybinis kontaktinés varzos ir
pernasos ilgio pokytis jvyksta per trumpg laika, t. y. < 4 min. Antrajam
temperatiriniam kontakty formavimo etapui yra biidingas nezymus $iy dydziy
kitimas, kuris yra stebimas per ilga laika (> 4 min.). Elektriniy parametry,
t. y. kontaktinés varzos, sluoksnio varzos ir pernasos ilgio kitimas, ilginant
kontakty temperatiirinio formavimo trukme, bus aptartas detaliau nagrinéjant
elektrinio kontakto formavimo model;j Sio skyriaus pabaigoje.

4.2. GRAFENO IR METALO SANDUROS
CHARAKTERIZAVIMAS RAMANO SPEKTROSKOPIJA

Kei¢iant temperatiirinio kontakty formavimo trukme¢, Ramano
spektroskopija buvo tiriami legiravimo ir jtempimy pokyciai grafeno lakste,
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esanc¢iame ant metaliniy kontakty ir izoliuojancio padéklo. 4.5. pav. pateikti
CVD grafeno Ramano spektrai, kurie buvo gauti analizuojant grafeno
sluoksnj, perkelta ant (a) Au ir (b) Ni kontakty. Pateiktame grafike juoda
spalva pazymétas Ramano spektras buvo pamatuotas prie§ iskaitinima,
raudona — po 4 minuciy, zalia — po 64 minuc¢iy, mélyna — po 124 minuciy
kontakty iskaitinimo. CVD grafeno Ramano spektrams, pamatuotiems ant
metaliniy kontakty, buvo budingas G ir 2D smailiy padéciy (pos(G) ir
pos(2D)) poslinkis j trumpyjy bangy pus¢ bei G ir 2D smailiy plociy
pusiniame aukstyje (FWHM(G) ir FWHM(2D)) did¢jimas, ilginant
temperatiirinio kontakty formavimo trukme.

M'M\(

NfM\

64 min 64 min

1550 1600 3600 7700 1550 ‘16'00 3600 l27'00
DaZnio pokytis, cm DaZnio pokytis, cm’

(a) (b)

45. pav. Grafeno, esancio ant metaliniy kontakty, Ramano spektrai, gauti
matuojant (a) Au ir (b) Ni bandinius po skirtingy iSkaitinimo trukmiy. Adaptuota
pagal [141].

Intensity, arb.u.
Intensity, arb.u.

Grafeno dariniy Ramano spektry analizé parodé, kad spektry, esanciy ant
Ni pavir§iaus FWHM(G) ir FWHM(2D) vertés beveik du kartus didesnés nei
grafeno, esancio ant Au sluoksniy pavirSiaus. Be to, nustatyta, kad didinant
iSkaitinimo trukmeg ta,., mazéjo 2D ir G smailiy auks¢iy santykis. pos(G) ir
pos(2D) slinkimasis i trumpyjy bangy pus¢ bei FWHM(2D) did¢jimas yra
siejamas su p-tipo legiravimo didéjimu grafeno sluoksnyje [142]-[144].
FWHM(G) didé¢jimas gali biiti priskiriamas defekty atsiradimui grafeno
sluoksnyje [145]. Taciau defektinés D smailés atsiradimas grafeno Ramano
spektruose dél kontakty iskaitinimo nebuvo pastebétas. Be to, G ir 2D smailiy
padéciy slinkimasis, ilginant metaly su grafeno lakstu kontakty iskaitinimo
trukme, gali biiti siejamas su gniuzdancio jtempimo didéjimu grafeno
sluoksnyje [89], [92].
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4.5. pav. pateikti grafeno, esanCio ant metaliniy sluoksniy, Ramano
spektrai buvo analizuojami iSskiriant spektrams budingus parametrus.
Grafeno Ramano spektry 2D ir G smailiy intensyvumo santykis I.p/le
priklauso nuo kriivininky tankio, kuriam didéjant, lop/lc mazéja [75]. 4.6. pav.
pateikta grafeno, esancio ant metaliniy sluoksniy, oo/l priklausomybé nuo
iSkaitinimo trukmés. Prie§ CTLM bandiniy su Au sluoksniu iskaitinima loo/lg
santykis buvo 4. Prie§ CTLM bandiniy su Ni sluoksniu iSkaitinima o/l
santykis buvo kiek didesnis nei 5. Ilginant iskaitinimo trukme, loo/lc santykis
grafeno dariniuose su Au ir Ni sluoksniais mazéjo. Po 124 minuciy iSkaitinimo
I.o/le santykis grafeno dariniuose su Au buvo lygus 2,5, 0 lxp/le santykis
grafeno dariniuose su Ni sluoksniu buvo lygus 1,6. lxp/le santykio
sumaz¢jimas CTLM bandiniuose su Ni sluoksniu buvo gerokai didesnis nei
grafeno dariniuose su Au sluoksniu.
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4.6. pav. Grafeno, esancio ant metaliniy sluoksniy, lop/lg priklausomybé nuo
iSkaitinimo trukmés.

Grafeno Ramano spektrai buvo aproksimuojami Lorenco tipo
komponentémis. Aproksimacijos biuidu gautos vertés pos(G), pos(2D),
FWHM(G) ir FWHM(2D), esant skirtingoms kontakty iskaitinimo trukméms,
pateiktos 4.1. ir 4.2. lentelése. IS jy matyti, kad, ilginant kontakty iskaitinimo
trukme, didéja FWHM(G) ir FWHM(2D) vertés. Didziausias FWHM(G)
vertés pokytis jvyko po 4 minuéiy kontakty iskaitinimo.

49



4.1. lentelé. Grafeno, esancio ant Au ir Ni kontakty, Ramano smailiy padéciy
pos(G) bei pos(2D) kitimas nuo kontakty temperatiirinio formavimo trukmés.

pos(G), cm™? pos(2D), cm™?
tan,, mMin. Au-Gr Ni-Gr Au-Gr Ni-Gr
0 1582 1580 2635 2635
4 1584 1590 2646 2639
64 1586 1588 2652 2646
124 1586 1596 2649 2656

4.2. lentelé. Grafeno, esancio ant Au ir Ni kontakty, Ramano smailiy plociy

pusiniame auksStyje FWHM(G) bei FWHM(2D) kitimas nuo kontakty
temperatiirinio formavimo trukmeés.

FWHM(G), cm™ FWHM(2D), cm™
tan, Min. Au-Gr Ni-Gr Au-Gr Ni-Gr
0 18 25 38 35
4 24 33 42 63
64 26 45 42 79
124 29 33 44 78

4.7. pav. pateikta vidutiniy 2D smailés padéties verc¢iy priklausomybé nuo
vidutiniy G smailés padéties verciy, esant skirtingoms kontakty iskaitinimo
trukméms. 4.7. pav. (a) vaizduoja rezultatus, gautus matuojant grafeno
Ramano spektrus ant Au kontakto pavirsSiaus. I pateikty rezultaty matyti, kad
CVD grafeno sluoksnyje, esanCiame ant Au pavirSiaus, didinant iSkaitinimo
trukme gniuzdantys jtempimai ¢ didéja. liginant iSkaitinimo trukme tan, didéjo
gniuzdantys jtempimai ¢ ir CVD grafeno sluoksnyje, esanciame ant Ni
sluoksnio pavir§iaus. CTLM bandiniy su Ni kontaktais pos(2D) nuo pos(G)
rezultatai, esant skirtingoms kontakty iskaitinimo trukméms, pateikti 4.7. (b)
pav. Abiejuose Au ir Ni bandiniuose dominuojantis mechanizmas yra
gniuzdantysis jtempimas, tac¢iau legiravimo kitimas nebuvo stebimas.
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4.7. pav. 2D smailés padéties priklausomybé nuo G smailés padéties, esant
skirtingoms i$kaitinimo trukméms: (a) rezultatai grafenui, perkeltam ant Au
sluoksnio pavirSiaus, ir (b) rezultatai grafenui, perkeltam ant Ni sluoksnio
pavirSiaus. Zalia ir ruda kreivés adaptuotos pagal metodika, pateikta [146].

4.8. pav. pateikta gniuzdymo jtempimo grafeno sluoksnyje ant metaliniy
pavir$iy priklausomybé nuo kontakty iSkaitinimo trukmés. Nustatyta, kad
gniuzdantieji jtempimai grafeno sluoksnyje didéja, kai metaliniy sluoksniy su
grafeno laks$tu temperatiirinio kontakty formavimo trukme ilgéja. Kaip matyti
i§ 4.8. pav. pateikto grafiko, Au ir Ni bandiniy ¢ vertés praktiskai sutampa, kai
tan. = 0 min. arba 4 min. Grafeno sluoksnio, esan¢io ant Au pavirSiaus, ¢ vertés
tampa gerokai didesnés nei grafeno sluoksnio, esanéio ant Ni kontakty, kai
tan. >4 min. Tyrimo metu gauta, kad tuo metu, kai t, > 4 min., vidutiné
gniuzdomo jtempimo verté grafeno sluoksnyje ant Au kontakto yra 1,9 karto
didesné nei grafeno ant Ni kontakto atveju.
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4.8. pav. Mechaniniy deformacijy kitimas nuo iskaitinimo trukmés grafeno
sluoksnyje, perkeltame ant metaliniy sluoksniy pavirsiaus.
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Remiantis Ramano spektroskopijos matavimais, buvo stebimas grafeno
Ramano spektry G ir 2D smailiy slinkimasis ir platéjimas ilginant kontakty
iskaitinimo trukme. Sie kitimai yra siejami su p-tipo legiravimo didéjimu
grafeno sluoksnyje, kurj, manoma, besiformuojant kontaktui sukelia
besikeicianti grafeno sgveika su padéklu. Remiantis metodika,
identifikuojancia legiravimo ir jtempimo kitimus grafeno sluoksnyje [15],
buvo stebimas grafeno laksto, esancio ant metaliniy kontakty, gniuzdanciojo
itempimo didéjimas ilginant kontakty iSkaitinimo trukme.

Grafeno sluoksnio, esancio ant izoliatoriaus pavirSiaus, Ramano spektrai
pateikti 4.9. pav. (a) Au ir (b) Ni CTLM bandiniams. Tiriant grafeno Ramano
spektry kitima nuo iskaitinimo trukmés, pastebéta, kad grafenui, esanciam ant
SiOy pavirsiaus, nebudingas G ir 2D smailiy plo¢io pusiniame aukstyje
didéjimas. Be to, charakteringy 2D ir G smailiy intensyvumo santykio I/l
mazéjimas, ilginant iSkaitinimo trukme, buvo kur kas maZzesnis nei lyginant
su spektrais, gautais atliekant grafeno Ramano matavimus ant metaliniy
kontakty pavirSiaus. Grafeno sluoksnio, esancio ant izoliatoriaus pavirsiaus,
Ramano spektry G ir 2D smailiy padétys prie§ kontakty iskaitinima buvo
pasislinkusios j ilgyjy bangy puse, lyginant su ant metaliniy kontakty perkelto
grafeno monosluoksnio Ramano spektrais, kai ta,. = 0 min. Taigi, pos(G) ir
pos(2D) vertés pasislinko j trumpyjy bangy puse, ilginant temperattrinio
kontakty formavimo trukme¢. Po metaliniy kontakty su grafeno laksStu
i8kaitinimo, pos(G) ir pos(2D) vertés, gautos tiriant grafeno sluoksnj, esantj
ant izoliatoriaus ir ant metaliniy kontakty pavirsiaus, buvo panasios.
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4.9. pav. Grafeno sluoksnio, esancio ant izoliatoriaus pavir§iaus, Ramano spektrai,
gauti matuojant (a) Au ir (b) Ni bandinius po skirtingy isSkaitinimo trukmiy.
Adaptuota pagal [141].
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Grafeno, esancio ant izoliatoriaus, smailiy intensyvumo santykio lzp/lc
priklausomybé nuo iskaitinimo trukmés pateikta 4.10. pav. Matyti, kad prie$
bandiniy iskaitinima l2p/lc santykis buvo lygus 5,7. Po 4 minuciy iskaitinimo
loo/le santykis sumazéjo iki 4 ir, ilginant iskaitinimo trukme, lop/lg santykio
kitimas nebuvo stebimas.
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4.10. pav. Grafeno, esancio ant izoliatoriaus, lop/lg priklausomybé nuo iskaitinimo

trukmés.

G ir 2D smailiy padéties ir ploCio pusiniame aukStyje vertés, gautos
analizuojant grafeno Ramano spektrus, iSmatuotus ant izoliatoriaus pavirSiaus
bei kei¢iant kontakty iskaitinimo trukme, pateiktos 4.3. lenteléje. Siuo atveju
dél iskaitinimo kito tik G ir 2D smailiy padétys, 0 FWHM(G) ir FWHM(2D)

vertés praktiskai nekito.

4.3. lentelé. Grafeno vienasluoksnio Ramano smailiy padéciy ir plo¢iy pusiniame

aukstyje kitimas nuo iSkaitinimo trukmés.

Pos(G, 2D), cm*

FWHM(G, 2D), cm™*

tan., MIN. G 2D G 2D
0 1587 2647 17 35

4 1589 2649 17 37

64 1594 2650 15 34
124 1596 2655 15 36

Vidutinés pos(2D) vertés priklausomybé nuo vidutinés pos(G) vertés,
esant skirtingai kontakty isSkaitinimo trukmei, gautos matuojant Ramano
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spektrus grafeno, esancio ant izoliatoriaus pavirSiaus, pateiktos 4.11. (a) pav.
4.11. (b) pav. pateikta jtempimy ir legiravimo priklausomybé nuo iskaitinimo
trukmés grafeno lakste, esanciame ant izoliatoriaus. Gniuzdancio jtempimo
verté grafeno sluoksnyje prie§ kontakty temperatiirinj formavima buvo lygi
e=—0,32 %. Si vert¢ didesn¢, lyginant su ¢ vertémis, kurios buvo gautos
atliekant grafeno Ramano matavimus ant metaliniy kontakty pavirSiaus pries§
kontakty iSkaitinima. Po 4 minuciy iSkaitinimo ¢ verté padidéjo ir tapo lygi
—0,41 %. Pastebéta, kad, kai kontakty iSkaitinimo trukmé ta. > 4 min.,
itempimai CVD grafeno sluoksnyje, esanc¢iame ant SiO> padéklo, nekito. Be
to, legiravimas grafeno sluoksnyje, perkeltame ant izoliuojancio padéklo,
didé¢jo, 0 krivininky tankis p dél kontakty iSkaitinimo sieké
p = 0,35 x 10'® cm™2. Legiravimo padidéjimas grafeno sluoksnyje siejamas su
atmosferinio deguonies ir vandens prisijungimu prie grafeno sluoksnio. Be to,
kravininky tankis kinta dél pakitusios sgveikos su padéklu po iskaitinimo [14],
[15].
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4.11. pav. (a) 2D smailés padéties priklausomybé nuo G smailés padéties. (b)
Mechaniniy deformacijy (raudoni taskai) ir legiravimo (mélyni takai) kitimas
grafeno sluoksnyje, esanCiame ant izoliatoriaus.

lliginant kontakty temperatiirinio formavimo trukme grafeno lakste,
perkeltame ant izoliuojancio padéklo pavirSiaus, buvo stebimas dviejy
mechanizmy kitimas. Pirmasis Kitimas — p-tipo legiravimo didéjimas, ilginant
kontakty iskaitinimo trukme. Sis kitimas buvo stebimas viso i§kaitinimo metu.
Be to, kontakty iskaitinimo metu buvo stebimas gniuzdanciojo jtempimo
padidéjimas grafeno lakste. DidZiausias ¢ padidéjimas buvo stebimas po
4 min. iskaitinimo. Ilginant iSkaitinimo trukme, ¢ kito nezymiai.
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4.3. KONTAKTO, SUDARYTO IS GRAFENO LAKSTO BEI
METALINIO SLUOKSNIO, EKVIVALENTINE GRANDINE

Elektriniy parametry kitimas, keiCiant iSkaitinimo trukme, gali buti
aiSkinamas dél pasikeitusios srovés pernasos tarp grafeno sluoksnio ir
metalinio kontakto. Srovés pernasos modelis grafeno dariniuose apima
Dzaulio Silumos efekta, elektrostatinius reiskinius bei srovés sutankéjima ties
metalinio kontakto krastu [147]. Srovés sutankéjimas atsiranda, kai pernasa
vyksta tarp grafeno ir baigtinio ilgio metalinio kontakto. Srovés sutankéjimas
lemia netolygy srovés tankio pasiskirstyma. Srovés tankis yra didziausias ties
metalinio kontakto krastu ir mazéja tolstant nuo kontakto. Be to, sroveés
sutankéjimas grafeno dariniuose gali priklausyti nuo to, kokie metaliniai
kontaktai yra naudojami [61], [39].

Dél srovés tankio kitimo ties metalinio kontakto krastu gali kisti grafeno
dariniy kontaktiné varza [148], [149]. Supaprastinta ekvivalentiné grandiné,
iliustruojanti kontaktinés varzos ir sluoksnio varzos kitimus dé¢l iSkaitinimo
procediiros grafeno ir metalo kontaktuose pateikta 4.12. pav. Srovés iSplitimas
ekvivalentinés grandinés schemoje pazymétas raudonomis punktyrinémis
rodyklémis. Siame modelyje daroma prielaida, kad kontaktiné varza susideda
i§ dviejy komponenéiy — Rci iIr Rco. Komponenté Rcy atitinka vdV tipo
kontakta. Tokio tipo kontaktas priklauso nuo susiformavusio atstumo tarp
metalinio kontakto ir CVD grafeno sluoksnio. Kontakty iskaitinimas gali
sumazinti susidariusj tarpa bei sumazinti Rc1 komponentés indélj j kontaktine
varza. Kita kontakting varzag sudaranti komponenté — Rca, atsirandanti dél
srovés sutankéjimo grafeno ir metalo kontaktuose. Sio darbo metu nustatyta,
kad Lc sumaZzéjo po iSkaitinimo, taigi, dél kontakty iSkaitinimo varZza Rc taip
pat turéty sumazéti. Siame darbe pastebétas ryskus kontaktinés varzos
sumazgéjimas po 4 minuciy iSkaitinimo. Rc sumazéjimas gali biiti siejamas su
tarpsluoksnio, esancio tarp metalinio kontakto ir anglies vienasluoksnio,
pasisalinimu dél iSkaitinimo. Kontaktinés varzos komponenté Rc> gali
priklausyti nuo grafeno sluoksnio legiravimo skylémis. Sj efektg patvirtina
grafeno, esancio ant metaliniy kontakty, Ramano matavimai, kuriuose
stebimas pos(G) ir pos(2D) pasislinkimas j trumpyjy bangy puse bei
FWHM(2D) platéjimas. Sie poky¢iai siejami su grafeno legiravimo skylémis
padidéjimu.

Ekvivalentingje grandinéje pazyméta komponenté Rsp atitinka CVD
grafeno sluoksnio, esanc¢io ant izoliatoriaus pavirSiaus, varzg. Atsizvelgiant j
sluoksnio varzos kitimus, srovés iSplitimas gali padidinti bendra bandinio
varza. Be to, smarkus srovés iSplitimas gali paveikti ir sluoksnio, esancio ant
izoliatoriaus pavirSiaus, varzg. PernaSos ilgio kitimui aprasyti jvedama
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papildoma komponenté — Rgy,. Tai yra grafeno, esan¢io ant metalinio kontakto
krasto, sluoksnio varza. Nuosekliai sujungtos Rg;, komponentés turéty
padidinti bendrg CTLM bandinio varzag. Komponenté Rg;, apibrézia grafeno
sluoksnio, esan¢io ant metaliniy kontakty krasto, varza. Be to, Rg,
komponenté turéty biti jautri mazesniam Oz ir PMMA Kiekiui dél kontakty
iskaitinimo. Sie kitimai turéty biiti jautris varzos poky¢iams grafeno
sluoksniui, esanciam ant izoliatoriaus pavirSiaus. Pokyciai, gauti atlickant
grafeno Ramano matavimus CVD grafeno sluoksnyje, esanciame ant
izoliatoriaus pavirSiaus, galéty paaiskinti Rg;, komponentés kitima. Skirtingai
nei grafeno sluoksnyje, esanciame ant Au ir Ni kontakty, grafeno ant SiO»
atveju stebétas nezymus G smailés siauréjimas ir beveik nepakitgs 2D smailés
plotis pusiniame aukstyje po kontakty iSkaitinimo. Remiantis Ramano analize,
nedidelj sluoksnio varZos sumazéjimg galima bity susieti su p-tipo
priemaiSiniy defekty tankio padidéjimu grafeno sluoksnyje. Taciau 2D
smailés pasislinkimas j trumpyjy bangy puse grafeno sluoksnyje, esan¢iame
ant izoliatoriaus pavir§iaus, yra mazesnis nei grafene, perkeltame ant
metaliniy kontakty, kur buty galima tikétis papildomo legiravimo indélio i$
metaliniy kontakty. Tai gali lemti cheminiy rySiy formavimasi tarp grafeno
vienasluoksnio ir metaly.

RCZ (1) RCZ (n)

4.12. pav. Srovés tekéjimas i§ metalinio kontakto j grafeno sluoksnj. Adaptuota
pagal [141].

Deformacijy kitimas grafeno sluoksnyje, perkeltame ant metaliniy
kontakty ir ant izoliatoriaus pavirsiaus, kontakty iskaitinimo metu iliustruotas
4.13. pav.
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t >4 min

—> ¢ (%)e— f Metalas

Sio,

4.13. pav. Deformacijy kitimas termiskai formuojant kontaktus tarp grafeno
vienasluoksnio ir metalinio sluoksnio.

CVD budu ant vario padéklo uzaugintas grafeno vienasluoksnis yra
perkeliamas ant metaliniy kontakty, Cu padéklo pavirSiaus nelygumai
(SiurkStumas) suformuoja raukSles grafeno sluoksnyje. Todél perkeltas
sluoksnis ant bandiniy néra lygus. Bandiniy iSkaitinimas lemia likuciy po
cheminiy procediiry pasalinimg i§ po grafeno sluoksnio. Pagaliau grafeno
sluoksniui glundant prie bandiniy pavirSiaus, yra stebima suspaudimo
deformacija, kuri taip pat gali priklausyti nuo metalinio kontakto prigimties.
Grafeno sluoksnyje, perkeltame ant Au ir Ni kontakty, buvo stebimas rySkus
gniuzdangiojo jtempimo ¢ padidéjimas po kontakty ikaitinimo. Sie & poky&iai
gali biti siejami su dél iSkaitinimo pakitusia grafeno sluoksnio saveika su Au
ir Ni pavirsiais. D¢l Sios priezasties galéty mazéti kontaktiné varza.

4.4. PIRMOS REZULTATU DALIES ISVADOS

1. Nustatyta, kad vertikalios sandiiros grafeno kontakty, pagaminty su
Au ir Ni sluoksniais, elektriné varza zenkliausiai sumaZzéjo per pirmajj
iSkaitinimo etapa, kurio trukmé miisy tyrimy salygomis buvo 4 minutés. Au
CTLM bandiniy kontaktiné varza Rc sumazéjo 57 % po 4 min. iSkaitinimo, 0
Ni CTLM bandiniy kontaktiné varza Rc po 4 minuéiy iSkaitinimo sumazéjo
75 %. Nepaisant to, jog tolimesné kontakty temperatiirinio formavimo trukme
sieké dvi valandas, Rc sumazéjimas buvo neZymus.

2. Pernasos ilgio Lc Au ir Ni CTLM bandiniuose po 4 minuciy
iSkaitinimo etapo sumazéjo beveik du kartus, o ilginant ts, Lc Kitimas
nepastebétas. Staigus Lc sumazéjimas dél kontakty iskaitinimo galéty biti
siejamas su srovés i$plitimu metalo ir grafeno kontaktuose bei atstumo tarp
grafeno sluoksnio ir metaliniy kontakty mazéjimu.

3. Metaliniy kontakty su grafeno lakStu temperatiirinio formavimo
metu grafeno sluoksnio, esancio ant izoliatoriaus pavirSiaus, varza kito
tolygiai ir skirtingi Rsy kitimo etapai, kei¢iant iskaitinimo trukme, nebuvo
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stebimi. Nustatyta, kad Rsp mazéjo nezymiai viso kontakty iskaitinimo
proceso metu.

4. Parodyta, kad dél kontakty iskaitinimo grafeno sluoksnyje, esanc¢io
ant metaliniy kontakty pavirSiaus, pasireiské gniuzdymo deformacija &, Kuri
didéjo ilginant iSkaitinimo trukme.

5. Nustatyta, kad dél temperatiirinio kontakty formavimo grafeno
lakste, esanCiame ant izoliatoriaus pavirSiaus, labiausiai kito grafeno
legiravimas. Kravininky tankis grafeno sluoksnyje p kito nuo p ~ 0 iki p =
(0,18 — 0,5) x 102 cm™. Jtempimai grafeno sluoksnyje, esan¢iame ant
izoliatoriaus pavir$iaus, kontakty iskaitinimo metu pakito neZymiai, t. y. nuo
e=(-0,28 ——0,36) % iki ¢ = (—0,37 ——0,43) %.

Remiantis tyrimy iSvadomis, suformuluotas pirmasis doktorantiros
mokslinio tiriamojo darbo ginamasis teiginys:

1. Mechaninio perkélimo biidu gauty van der VValso kontakty tarp dvimacio
grafeno laksto ir metalinio sluoksnio pavirsiaus terminis formavimas vyksta
dviem etapais, Zzenkliai besiskirianciais savo trukmémis bei pokyciy
prigimtimi. Pakanka trumpiausio etapo Zemiausios -elektrinés varzos
kriivininky pernasos kanalui vertikalioje konstrukcijoje suformuoti. Antrame,
nepriklausomai nuo jo trukmés, kinta tik pavirSiaus kriviu sukurtas grafeno
laksto legiravimas, kuris i§ esmés nekeicia van der Valso kontakto elektriniy
parametry.
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5. DIDELIO NUOTOLIO DEFORMACIJOS RELJEFINIUOSE
GRAFENO DARINIUOSE

Grafeno pagrindu kuriamuose prietaisuose atsiranda specifinés
deformacijos grafeno lakste [23]. MaZinant prietaisy matmenis, kravininky
tankio bei mechaniniy deformacijy pokyciai grafeno lakste ties kontakto
briauna gali nulemti prietaisy veikima. Siame skyriuje pateikti rezultatai, kurie
buvo gauti tiriant deformacijy i$plitimo nuotolj grafeno vienasluoksnyje,
perkeltame ant plony metalo sluoksniy.

Deformacijy iSplitimo nuotolis buvo tiriamas grafeno dariniuose su
skirtingais metalais. 5.1. pav. (b) dalyje pateikta grafeno dariniy su Au
sluoksniu sandara, kuriuose buvo tiriamas deformacijy iSplitimo nuotolis.
Bandinj sudaro izoliuojantis padéklas (SiO.), ant kurio suformuotos
plonasluoksnio metalo kontaktinés aikstelés ir viska dengiantis grafeno
vienasluoksnis. Tokj darinj galima suskirstyti j tris sritis. Pirmajg sritj sudaro
plokscioji metalo ir ant jo perkelto grafeno zona, kuri yra nutolusi nuo
metalinio kontakto krasto atstumu, didesniu nei w,. Kita bandinio dalis yra

pereinamoji sritis, kurig sudaro j abi puses nuo metalinio kontakto krasto

atstumu w. nutolusi sritis. TreCigja bandinio dal} sudaro plokscioji

izoliatoriaus sritis, ant kurio ukeltas grafeno sluoksnis. Si dalis nuo kontakto
kraSto yra nutolusi atstumu, didesniu nei we.

Sio eksperimento metu buvo kei¢iamas atstumas iki metalinio kontakto
briaunos. Todel w nuotoliai, kurie buvo naudoti tyrime, buvo lygis + 2 um,

+ 4 pm ir £ 8 um. Kiekviena bandinio dalis iSsiskiria charakteringais Ramano
spektrais, kurie pateikti 5.1. pav. (a) dalyje.

‘Grafenas ant :
G/\ metalo 1 20 G
a) ! |

A\

:Grafenas ant
sio,

kontakto 1
laiptelio |1
i

Intensyvumas
Intensyvumas
Intensyvumas

)

i . i '

1500 1600 2600 27001 2800 1500 1600 2600 2700 2800 1500 1600 2600 270[]1 2800
Banginis vektorius, cm’ Banginis vektorius, cm? Banginis vektarius, cm”

1 -wc I +wc

b) 2
| 3
5.1. pav. (a) Tipiniai Ramano spektrai gauti ant (b) atitinkamy reljefinio darinio su

grafeno sluoksniu sri¢iy. 1 zymi grafeno sluoksnj, 2 Zymi aukso sluoksnj, 3 zymi
izoliuojantj padékla.
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Grafeno Ramano spektrams, pamatuotiems skirtingose bandinio srityse,
pateiktose 5.1. (a) pav., budingos skirtingos charakteringyjy G ir 2D smailiy
padétys, skirtingas smailiy plotis pusiniame aukStyje bei intensyvumo
santykis. Pagrindinés Ramano smailiy padétys buvo palygintos tarpusavyje.
Todél salia grafeno spektro, iSmatuoto ant Au pavirSiaus (raudonas spektras),
pateiktos G ir 2D smailiy padétys, gautos i§ Ramano spektry, pamatuoty ant
SiOy pavirsiaus (rudas spektras). G ir 2D smailiy padétys, kurios yra biidingos
grafeno spektrams, gautiems ant izoliatoriaus, palygintos su spektru,
iSmatuotu kontaktinio laiptelio srityje (mélynas spektras).

Ramano spektroskopija buvo tiriamas deformacijy iSplitimas grafeno
sluoksnyje planarinés konstrukcijos bandiniuose. Ramano spektroskopija
buvo analizuotas grafeno laksStas, perkeltas ant metalinio sluoksnio ir
izoliatoriaus. Remiantis matavimy duomenimis, kurie buvo gauti i§
6 x 80 um? ploto, buvo sudaryti grafeno Ramano spektry parametry
zemelapiai. Sukonstruoti zemeélapiai, gauti tiriant grafeno bandinj su Au
kontaktais, yra pateikti 5.2. pav.

Metalas Izoliatorius Metalas (G), arb WMetalas lzoliatorius Metalas!(2D), arb.
£° = o
- N8R A IWEEN . TEHRGER.
=<0 » 0
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(a) (b)
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c -« > e . 15¢ E6‘ > 26¢
3 - * s =
<o DG Il 4. i se <0 i S 268
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5.2. pav. Ni bandinio Ramano zemélapiai, sudaryti i§ Ramano spektry parametry:
(a) G smailés intensyvumas, (b) 2D smailés intensyvumas, (c) G smailés padétis,
(d) 2D smailés padétis, (e) G smailés plotis pusiniame aukstyje, (f) 2D smailés

plotis pusiniame aukstyje. Adaptuota pagal [150].
Kaip matyti 5.2 pav. (a) ir (b) dalyse, dél grafeno, esancio ant metaly,

Ramano spektry intensyvumo slopimo yra matoma riba, leidzianti vizualiai
atskirti grafeno sluoksnj, esant] ant metalinio padéklo ir izoliatoriaus.
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Nagrinéjant grafenui budingy G ir 2D smailiy pozicijy Zemélapius, pateiktus
5.2. (c) pav. ir 5.2. (d) pav., yra pastebimas G ir 2D smailiy padéciy kitimas
skirtingose bandinio srityse. Be to, G ir 2D smailiy plo¢iy pusiniame aukstyje
zemelapiuose, pateiktuose 5.2. (e) pav. ir 5.2. (f) pav., yra stebimas verciy
skirtumas, lyginant metalo ir izoliatoriaus sritis.

Toliau pateikti deformacijy iSplitimo grafeno lakste tyrimo rezultatai
dariniuose su Ni sluoksniu. Tipiniai Ramano spektrai, kurie yra gauti
atitinkamoje reljefiniy grafeno dariniy su Ni sluoksniu srityje, yra pateikti 5.3.
(a) pav. Sie spektrai gauti atitinkamose srityse, kurios pateiktos 5.3. (b) pav.
Pateiktuose spektruose yra stebimas grafeno Ramano spektry, gauty ant
metalo pavirSiaus ir kontaktinio laiptelio sriCiy, charakteringyjy G ir 2D
smailiy padéciy pasislinkimas | ilgyjy bangy puse¢, lyginant su spektrais,
gautais ant izoliatoriaus. Toks poslinkis yra nurodytas vertikalia ruda
punktyrine linija grafeno spektre, gautame ant metalo ir kontakto laiptelio
sriciy. Linijos padétis perteikta iSanalizavus Ramano spektra, iSmatuotg ant
SiO». Poslinkis j trumpyjy bangy puse grafeno spektruose, gautuose metalo ir
kontaktinio laiptelio srityse, bandiniuose su Ni sluoksniu buvo didesnis nei
bandiniuose su Au kontaktu.
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1 P

5.3. pav. (2) Au bandinio Ramano spektrai, kurie buvo gauti atitinkamoje reljefinio
darinio srityje. Sios sritys pateiktos (b) paveikslélyje. 1 Zymi grafeno sluoksnj, 2
zymi nikelio sluoksnj, 3 Zymi izoliuojantj padéklg.

ISmatuoti Ramano spektrai grafeno reljefinivose dariniuose su Ni
sluoksniu buvo naudojami G ir 2D smailiy charakteristiky Zemélapiams
konstruoti. G ir 2D smailiy intensyvumo zemélapiai yra pateikti 5.4. (a) pav.
ir 5.4. (b) pav., kuriuose mazesnis smailiy intensyvumas yra stebimas
metaliniy sluoksniy srityse, didesnis — izoliatoriaus srityje. 5.4. (c) pav. ir 5.4.
(d) pav. pateiktuose G ir 2D smailiy padéciy Zemélapiuose yra stebimas G ir
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2D smailiy padéciy kitimas metalo ir izoliatoriaus srityse. 5.4. () pav. ir 5.4.
(f) pav. yra pateikti G ir 2D smailiy pusploc¢iy Zemélapiai.
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5.4. pav. Ni bandinio Ramano Zemélapiai, sudaryti i§ Ramano spektry parametry:
(a) G smailés intensyvumas, (b) 2D smailés intensyvumas, (€) G smailés padétis,
(d) 2D smailés padétis, (e¢) G smailés plotis pusiniame aukstyje, (f) 2D smailés
plotis pusiniame aukstyje. Adaptuota pagal [150].

Pateiktuose grafeno G ir 2D smailiy intensyvumo, padéties bei plocio
pusiniame aukStyje zemélapiuose buvo stebimi Ramano charakteristiky
kitimai. Sie kitimai pasireiské grafeno sluoksnyje, esan¢iame ant metalo,
kontaktinio laiptelio ir izoliatoriaus sriciy. Tokia reljefiniy grafeno dariniy
analizé Ramano mikroskopija leidzia kokybiskai atskirti skirtingas reljefinio
darinio sritis. Kita vertus, norint kiekybiskai jvertinti deformacijy isplitima
reljefiniuose grafeno dariuose su metaliniu sluoksniu, yra bitina detalesn¢ G
ir 2D smailiy padéciy analizé.

5.1. G IR 2D SMAILIUY PADECIU STATISTINIO
PASISKIRSTYMO RINKINIAI

Analizuojant CTLM bandiniy Ramano Zemélapius buvo tiriama statistiné
grafeno Ramano spektry G ir 2D smailiy padéciy sklaida. Apdorojus Ramano
spektroskopijos rezultatus, buvo suformuoti G ir 2D smailiy statistiniai
pasiskirstymai. Pasiskirstymams gauti buvo pasitelkti duomenys, surinkti
tiriant grafeno lakSta, kuris yra perkeltas ant metalinio padéklo, kontaktinio
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laiptelio bei izoliatoriaus sriciy. IS Ramano duomeny suformuotoms
histogramoms budingi dviejy tipy statistiniai pasiskirstymai. Pirmuoju atveju
i§ G ir 2D smailiy pasiskirstymo suformuotoms histogramoms biidinga viena
komponenté. Tokie pasiskirstymai yra pateikti 5.5. pav. ir 5.6. pav. Sia
komponentg galima aprasyti Gauso funkcija, kuri atspindi normalyjj skirstinj.
Tokio tipo skirstinys buvo gaunamas analizuojant grafeno Ramano spektrus,
gautus ant ploks¢ios SiO ir metalo srities. Ploks¢ioji dalis yra apibréZiama
kaip sritis, kuri yra nutolusi tam tikru atstumu nuo kontakto briaunos.
Atstumas nuo kontakto briaunos iki plokscios srities Zymimas Wc.

G ir 2D smailiy statistinis pasiskirstymas buvo tiriamas ant skirtingy
bandinio sriéiy. 5.5. pav. ir 5.6. pav. pateiktos histogramos buvo gautos tiriant
grafeng, perkelta ant SiO; ir metalo sluoksniy. Pastarieji G ir 2D skirstiniai
buvo gauti reljefiniuose dariniuose su Au ir Ni sluoksniais. 5.5. (a), (b), (c) ir
(d) pav. pateiktas G bei 2D smaily pasiskirstymas, gautas tiriant grafeno
sluoksnj, kuris buvo perkeltas ant izoliatoriaus bandiniuose su Au sluoksniu.
Grafeno, perkelto ant Au sluoksnio, G ir 2D smailiy statistiniai pasiskirstymai
pateikti 5.5. (e), (f), (g) ir (h) pav. 5.6. (a), (b), (c) ir (d) pav. pateiktas G bei
2D smailiy pasiskirstymas, gautas tiriant grafeno sluoksnj, kuris buvo
perkeltas izoliatoriaus bandiniuose su Ni sluoksniu. Grafeno, perkelto ant Ni
sluoksnio, G ir 2D smailiy statistiniai pasiskirstymai pateikti 5.5. (), (f), (9)
ir (h) pav. Histogramos, pateiktos 5.5. (a), (b), (e) ir (f) pav., 5.6. (a), (b), (e)
ir (f) pav., gautos, kai we = 2 um. Histogramos, pateiktos 5.5. (c), (d), (g) ir
(h) pav. ir 5.6. (c), (d), (9) ir (h) pav., yra gautos, kai wc = 8 um.
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5.6. pav. Ni CTLM bandiniy G ir 2D smailiy pasiskirstymas. (a), (b), (c) ir (d) ant
metalo, (e), (f), (g) ir (h) ant SiO. Adaptuota pagal [150].

5.5. pav. ir 5.6. pav. pateiktos histogramos buvo aproksimuotos naudojant
Gauso funkcijg. Gauso funkcijy gaubtiné pateikta kiekviename histogramos
paveiksle. Ramano smailiy padéciy sklaidos histogramy analizés metu buvo
daroma prielaida, kad Gauso funkcija nusako kiekvienos komponentés
labiausiai tikéting G ir 2D mody banginj vektoriy. Sklaidos histogramose
stebimy ekstremumy banginiai vektoriai atitinka tam tikros bandinio srities
charakteringas Ramano G ir 2D smailiy padétis. Remiantis sklaidos
histogramomis, kurias sudaro kelios Gauso tipo komponentés, galima i$skirti
komponentes, kurios yra biidingos ploksciajai reljefinio darinio sriciai. Gauta,
kad ekstremumy, kurie priskiriami G smailei, padétis yra 1584 cm™. Si G
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smailés padétis jvertinta analizuojant Ramano rezultatus, gautus tiriant
grafeno laksta, perkeltg ant izoliatoriaus CTLM bandiniuose su Au sluoksniu.
G smailés padéties sklaida, kurios ekstremumag atitinka banginio vektoriaus
padétis (1584 cm™), pateikta 5.5. (a) pav. ir 5.5. (c) pav. G smailés padétis
grafeno sluoksnyje, perkeltame ant Au pavir§iaus, yra 1590 cm™. Sklaidos
histogramos, atitinkancios pastaraja G smailés padétj, pateiktos 5.5. (f) ir (h)
pav. Komponente, kuri priskiriama 2D smailei, ir jos banginiai vektoriai yra
2685 cm™, yra siejama su grafeno sluoksniu, perkeltu ant izoliatoriaus. 2D
smailei priskiriamas ekstremumas, kurio banginis vektorius yra 2685 cm™,
yra siejamas su grafeno sluoksniu, perkeltu ant metalo. Sios komponentés
reljefiniuose dariniuose su Au sluoksniu pateiktos 5.5. (f) ir (h) pav.

Aptarty ekstremumy Ramano mody banginiai vektoriai yra priskiriami G
ir 2D smailiy padétims, gautoms reljefiniy grafeno dariniy su Au sluoksniu
ploksciosiose srityse. Prielaida, kad ekstremumai yra charakteringi
ploksciosioms sritims, remiasi tuo, jog biitent pastarosios komponentés su
joms buidingais Ramano mody banginiais vektoriais buvo stebimos G ir 2D
smailiy statistinése sklaidose grafeno laksSte, esanciame ant ploksciyjy
reljefinio darinio sri¢iy su Au sluoksniu.

G ir 2D smailiy sklaidai badingy ekstremumy banginiai vektoriai buvo
nustatyti grafeno reljefiniuose dariniuose su Ni sluoksniu. G smailés padétis,
biidinga ekstremumo banginiam vektoriui yra 1584 cm™. Si banginio
vektoriaus verté yra priskiriama ploks$ciajai sri¢iai grafeno lakste, kuris
reljefiniuose dariniuose perkeltas ant izoliuojan¢io padéklo. Pasiskirstymai,
kuriems biidingas $is daZnis, yra pateikti 5.6. (a) ir (c) pav. G smailés padétis,
kuri yra lygi 1599 cm™, yra biidingas ekstremumams, gautiems tiriant
statisting G smailés padéties sklaida grafeno sluoksnyje ant Ni pavirSiaus.
Tokios komponentés yra pateiktos 5.6. (€) ir 5.6. (g) pav. Grafeno lakste,
esanCiame ant reljefinio darinio su Ni sluoksniu metalo ploksciosios srities,
labiausiai tikétina 2D smailés padétis yra 2677 cm?, o grafeno lakste,
esan¢iame ant izoliatoriaus, — 2691 cm™. Histograma, kurios komponentei
biidingas minétas daznis, atitinkantis 2D smailés statistinj pasiskirstyma
grafeno lakste ant izoliatoriaus, pateikta 5.6 (f) pav. Histograma, suformuota
tiriant statistinj 2D smailés pasiskirstyma ant Ni sluoksnio, yra pateikta 5.6.
(h) pav.

Kitai histogramy grupei buvo biidingas daugiau nei vieng komponente
turintis Ramano spektry G ir 2D smailiy padéciy statistinis pasiskirstymas.
Pastarajj pasiskirstymg atitinkancios histogramos pavaizduotos 5.7. (a), (b),
(c), (d), (e), (), (g) ir (h) pav. Sios histogramos buvo gautos reljefiniy dariniy
su Au ir Ni sluoksniais srityje, kuri yra tarp ploks¢iyjy metalo ir dielektriko
sri¢iy. Reljefiniy dariniy su Au sluoksniu nefiksuota mody padét] atitinkanciy
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komponen¢iy, kurios pateiktos 5.5. (c) ir (d) pav. pateiktose histogramose,
dazniai yra 1586 cm™ ir 2674 cm™. Reljefiniy dariniy su Ni sluoksniu
nefiksuota mody padétj atitinkan¢iy komponenciy, kurios pateiktos 5.7. (C) ir
(d) pav. pateiktose histogramose, dazniai yra 1593 cm™ ir 2685 cm™.

Toliau buvo nagrinéjamos histogramy maksimumo padétys esant
skirtingam atstumui iki kontakto briaunos wc. Histogramy maksimumo
padétys buvo lyginamos su charakteringosiomis ploks¢iyjy daliy Ramano G
ir 2D smailiy padétimis, kurios buvo gautos tiriant grafeno Ramano mody
statistin] pasiskirstyma. 5.8. pav. pateiktos maksimumo padéciy, gauty
analizuojant kontaktinio laiptelio srities histogramas, priklausomybé nuo
atstumo iki kontakto briaunos wc reljefiniuose grafeno dariniuose su Au
sluoksniu. Pateiktame grafike I ir 1l zyméjimai atitinka Ramano 2D smailés
histogramy, gauty ant kontaktinio laiptelio, komponenciy padétis. III ir IV —
Ramano G smailés histogramy, gauty ant kontaktinio laiptelio, komponenciy
padeétis. Salia desinés skalés pateiktos trumpos horizontalios linijos nurodo G
ir 2D komponenciy padétis, gautas nagrinéjat smailiy statistinj pasiskirstyma
ant ploks¢iyjy bandinio daliy. Analizuojant eksperimento duomenis, yra
randama, jog, padidinus analizuojamg sritj plotais, labiau nutolusiais nuo
kontakto laiptelio briaunos, sklaidos histogramoje isryskéja maksimumai,
kurie atitinka Ramano mody banginius vektorius, charakteringus
plokstumoms, esanCioms ant metalo arba SiO,. Komponenté V atitinka
grafeno 2D smailés padét] ant plokSciosios izoliatoriaus dalies, VI — 2D
smailés padétj ant ploks¢iosios metalo dalies. Komponenté VII Zymi
plokscios izoliatoriaus dalies G smailés padétj, o komponenté VIII — plokscios
metalo dalies G smailés padeét;.
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5.7. pav. G ir 2D smailiy statistinis pasiskirstymas kontakto laiptelio srityje: (a) —
(d) histogramos gautos bandiniuose su Au sluoksniu, (e) — (h) — su Ni sluoksniu.

Adaptuota pagal [150].

5.8. pav. pateiktame grafike matyti, kad, didinant atstumg iki kontakto
briaunos w;. reljefiniuose grafeno dariniuose su Au sluoksniu, I verté artéja
link V. Be to, komponenté III artéja prie VIL, o IV — prie VIII. Kita vertus,
nebuvo stebimas II komponentés aiSkus artéjimas link ploksciajai sriiai

charakteringos vertés.
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5.8. pav. Detektuojamy G ir 2D komponenciy charakteristiky pokyciai Au
bandinyje, susij¢ su atstumo iki kontakto briaunos didinimu. Adaptuota pagal
[150].

5.9. pav. pateiktas nefiksuota mody padétj atitinkan¢iy G ir 2D
komponenc¢iy padéciy kitimas, didinant atstuma iki kontakto briaunos w,

reljefiniuose grafeno darinivose su Ni sluoksniu. Komponentés 1, 2 ir 3
atitinka 2D mody statistinio pasiskirstymo smailiy padétis kontaktinio
laiptelio srityje. 4, 5 ir 6 atitinka G mody pasiskirstymo smailiy padétis
kontaktinio laiptelio srityje. 5.9. pav. deSinés skalés puséje pateiktos trumpos
horizontalios linijos atitinka charakteringas ploks¢iyjy sri¢iy Ramano G ir 2D
mody padétis. 7 ir 9 zymi G ir 2D smailés padétis grafeno sluoksnyje,
esan¢iame ant izoliatoriaus. Zyméjimai 8 ir 10 nurodo G ir 2D smailés padétis
grafeno sluoksnyje, esan¢iame ant Ni pavir§iaus. Komponenté 1 gali bati
siejama su 7 padétimi, komponenté 3 su 8 padétimi, komponenté 4 su 9
padétimi, o komponenté 5 su 10 padétimi. Kita vertus, komponenciy 2 ir 6,
kurios budingos kontaktinio laiptelio sriciai reljefiniuose grafeno dariniuose
su Ni sluoksniu, aiski sgsaja su ploks¢ioms sritims budingais dazniais nebuvo
stebima.

Esant dideliam atstumui nuo kontakto briaunos, galima laikyti, kad
kontaktinio laiptelio srities jtaka néra stebima. Todél G ir 2D smailiy banginiy
vektoriy fiksuotag mody padétj atitinka Ramano mody banginiai vektoriai,
gauti ant metaly ir izoliatoriaus ploks¢iy sric¢iy. Fiksuota mody padéti
atitinkancios vertés G smailei yra zymimos VI, VIII (reljefiniams dariniams
su Au sluoksniu — 5.8. pav.) bei 9 ir 10 (reljefiniams dariniams su Ni
sluoksniu — 5.9. pav.). Fiksuota mody padétj atitinkancios vertés 2D smailei
atitikty zyméjimus V, VI (dariniams su Au sluoksniu — 5.8. pav.) bei 7 ir 8
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(dariniams su Ni sluoksniu — 5.9. pav.). Pateikti VI, VIII, 8 ir 10 Zyméjimai
atitinka grafeng ant metalo, o Zyméjimai V, VII, 7 ir 9 — grafeng ant
izoliatoriaus. Tuo atveju, kai |w¢| < 2 pm, komponentés I prigimtis gali bati
siejama su grafeno laksto sgveika su Au padéklu. Juo labiau, kad komponenté
I gali biti siejama su VI esant dideliam atstumui iki kontakto briaunos.
Remiantis Ramano Zemélapiy analize, kontaktinio laiptelio srityje, kur [w¢| >
4 um, galima teigti, kad grafeno sgveika su izoliuojanciu padéklu gali biti
reikSmingiausia, kai atstumas iki kontakto briaunos yra didelis ir tuomet
komponent¢ I gali buti priskiriama V.

5.8. pav. pateikta G smailés IV komponenté yra siejama su ploksc¢iajai Au
sriciai bidinga VIII komponente, kai kontaktinio laiptelio plotis W, — . Be
to, i$ G smailés pasiskirstymo iSplaukiancios Il komponentés prigimtis galéty
buti sicjama su grafeno sgveika su ploks¢igja izoliatoriaus dalimi.
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5.9. pav. Detektuojamy G ir 2D komponenciy charakteristiky pokyciai Ni
bandinyje, susij¢ su atstumo iki kontakto briaunos didinimu. Adaptuota pagal
[150].

Tiriant 2D smailés statistinj pasiskirstyma reljefiniuose grafeno dariniuose
su Ni sluoksniu, gauta 1 komponenté, pateikta 5.9., praktiskai nepriklauso nuo
atstumo iki kontakto briaunos w.. Be to, 1 komponent¢ atitinka 7 komponentg
(kaip buvo minéta anks¢iau, 7 komponenté yra plokscios izoliatoriaus srities
charakteristika). Kontaktinio laiptelio srities 4 komponent¢ atitinka plokscios
izoliatoriaus srities 9 komponente, iSplaukiancig i§ G smailés statistinio
pasiskirstymo. Grafeno dariniuose su Ni sluoksniu kontaktinio laiptelio srityje
3 ir 6 komponentés yra tapacios plokscios Ni srities atitinkamiems 2D ir G
dazniams. Kontaktinio laiptelio komponené¢iy panasumas su ploks$ciyjy sriciy
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dazniais buvo stebimas esant nedideliam atstumo iki kontakto briaunos
(lwcl = 2 um) ir kai atstumas iki kontakto briaunos yra didelis (|lw¢| =
8 um). Manoma, kad kontaktinio laiptelio srities 1, 3 ir 6 komponenciy
prigimtis galéty buiti paaiskinta remiantis grafeno ir padéklo sgveika. Kita
vertus, papildomos komponentés, kurios buvo gautos tiriant 2D modos
statistinj pasiskirstyma kontaktinio laiptelio srityje, ir 5.9. pav. pazymétos 2
(priskiriama 2D dazniui) bei 5 (priskiriama G dazniui), nebuvo siejamos su
metalo ar izoliatoriaus ploksciaja sritimi. 5.9. pav. pateikta 2 komponenté yra
beveik viduryje tarp ploks¢iyjy izoliatoriaus (5.9. pav. pazyméta 7) ir metalo
(5.9. pav. pazyméta 8) komponenéiy. Kai |wg|= 8 um, G smailéms
priskiriama 5 komponenté, pateikta 5.9. pav., yra pasislinkusi j trumpyjy
bangy puse metalo ploks¢iajai sriciai priskiriamos komponentés atzvilgiu.

Analizuojant Ramano spektry panaSumg skirtingose bandinio vietose,
buvo jvesti parametrai, kurie sieja grafeno sluoksnio ir padéklo sgveiky
tapatumg. 5.10. pav. pateikta reljefiniy grafeno dariniy su Au sluoksniu
kontaktinio laiptelio srities Asj (Aso) parametro priklausomybé nuo atstumo iki
kontakto briaunos w,. Kad biity gauti parametrai, kurie sieja grafeno sluoksnio
tapatumg su padéklu, buvo analizuojamos kontaktinio laiptelio srities
histogramos. Pirmiausia buvo susumuoti histogramy, pateikty 5.5. pav., 5.6.
pav. ir 5.7. pav., G ir 2D smailiy sklaidos jvykiai, atitinkantys normalyjj
skirstinj. Tuomet sklaidos jvykiy suma buvo padalinama i§ komponenciy
ploto, kuris buvo gaunamas aproksimuojant statistinius G ir 2D smailiy
pasiskirstymus Gauso funkcija. Tokiu baidu kiekvienai kontaktinio laiptelio
komponentei buvo suskaiCiuotas parametras Aaj. Kiekvienas komponentés
parametras Aaj buvo normuojamas j minimalig Aaj verte (Asoj = Aaj/Amin),
gauta, kai atstumas iki kontakto briaunos |w¢| = 2 um. Be to, komponentés,
kuriy gautas intensyvumas buvo didZiausias, buvo laikomos
dominuojanciomis bei jy atzvilgiu buvo lyginami kitimai tarp skirtingy
komponenéiy. Sis palyginimas buvo atlickamas didinant atstuma iki kontakto
briaunos w.. Kity komponenciy parametras Asyy buvo sunormuotas
dominuojancios komponentés atzvilgiu. Tokiu biidu buvo suskai¢iuojamas
santykis tarp nefiksuotag mody padétj atitinkan¢ios komponentés (Asgj) ir tg
komponentg atitinkancios fiksuota mody padét; atitinkancios komponentés
(Aso). Sis santykis yra lygus — Asj (Aso) = Asoj/Aso.

5.10. pav. yra pateikta sunormuoto parametro Asj (Aso) = Aso/Aso
priklausomybé nuo atstumo iki kontakto briaunos wg, Kuri buvo gauta
reljefiniuose grafeno dariniuose su Au sluoksniu. Parametrai, nurodantys
dominuojancias  komponentes, pazyméti  pilnaviduriais simboliais.
Parametrai, nurodantys nefiksuotas mody padétis atitinkanc¢ias komponentes,
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pazyméti neuzpildytais simboliais. Sios analizés metu buvo nustatyta, kad
pagrindinés komponentés As, kurios buvo biidingos G ir 2D modoms,
nepriklausé nuo atstumo iki kontakto briaunos W..
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5.10. pav. G ir 2D mody parametry statistinio pasiskirstymo priklausomybé nuo
atstumo iki kontakto briaunos w; reljefiniuose grafeno dariniuose su Au sluoksniu.
Adaptuota pagal [150].

5.11. pav. yra pateikta sunormuoto parametro Asj (Aso) = Asoj/Aso
priklausomybé nuo atstumo iki kontakto briaunos W, kuri buvo gauta
reljefiniuose grafeno dariniuose su Ni sluoksniu. Fiksuoty mody padétis
atitinkancias komponentes (1 ir 4) nurodantys parametrai Asj (Aso) pazyméti
uzpildytais simboliais. Nefiksuoty mody padétis atitinkancias komponentes
nurodantys parametrai pazyméti neuzpildytais simboliais. Parodyta, kad
parametrai, atspindintys fiksuoty mody padétis atitinkan¢ias komponentes,
nepriklauso nuo atstumo iki kontakto briaunos w.. Todé¢l buvo daroma
prielaida, kad santykis Asj (Aso) yra viena i histogramos, gautos atskirose
bandinio srityse, ekstremumo sudedamyjy daliy. Laikant, kad kiekvienas
Ramano Zemélapio pikselis yra histogramy elementy atskiras atsitiktinis
jvykis, buvo jvertintas Ramano zemélapiy pikseliy standartinis nuokrypis o.

Standartinis nuokrypis ¢ buvo naudojamas siekiant atskirti fiksuoty mody
padétis atitinkancias komponentes nuo nefiksuota mody padétj atitinkanciy
komponenciy. Be to, reljefiniuose grafeno dariniuose su metaliniais
sluoksniais buvo palygintos toli siekian¢ios deformacijos, gautos naudojant
1o ir 20 pasikliovimo intervalus. Taikant 1o pasikliovimo intervala G ir 2D
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mody pasiskirstymo komponenciy parametras As;j yra analizuojamas su 0,3As;
jautrumu, o taikant 2o pasikliovimo intervalg — su 0,5As; jautrumu.
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5.11. pav. G ir 2D mody parametry statistinio pasiskirstymo priklausomybé nuo
atstumo iki kontakto briaunos w; reljefiniuose grafeno dariniuose su Ni sluoksniu.
Adaptuota pagal [150].

Taikant 2o pasikliovimo intervala Ramano zemélapiy duomenims buvo
jvertinta 2D smailés padéties (pos(2D) priklausomybé nuo G smailés padéties
(pos(G)) reljefiniuose grafeno dariniuose, esant skirtingam atstumui iki
kontakto briaunos w,. Sie rezultatai reljefiniuose grafeno dariniuose su Au
sluoksniu pateikti 5.12. pav. 5.13. pav. pateikti tokio tipo rezultatai
reljefiniuose grafeno dariniuose su Ni sluoksniu. 5.12. (a) pav. ir 5.13. (a) pav.
parodyta pos(2D) priklausomybé nuo pos(G) buvo gauta, kai atstumas iKi
kontakto briaunos yra 2 um. 5.12. (b) pav. ir 5.13. (b) pav. pateikta pos(2D)
priklausomybé nuo pos(G), kai w, =4 um, 0 5.12. (c) pav. ir 5.13. (c) pav.,
kai w. = 8 pm. 5.12. pav. pateiktame grafike, kai W, > 2 um ir yra taikomas
1o pasikliovimo intervalas, tik pagrindiniy komponenciy reik§més didesnés
nei 0,3As;. Ta¢iau naudojant 20 pasikliovimo intervalg (0,05As), gali biti
stebimos kontaktinio laiptelio srities ir nefiksuota mody padétj atitinkancios
komponentés. Reljefiniuose grafeno dariniuose su Au sluoksniu, Kkai
pasikliovimo intervalas yra 20, Salutinés komponentés stebimos net kai
8 um >w, >4 pm. Atsizvelgiant j tai gauta, kad deformacijos nuotolis grafeno
dariniuose su Ni sluoksniu buvo zymiai didesnis. Tai matyti 5.11. pav.
pateiktoje sunormuoto parametro As priklausomybéje nuo atstumo iki
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kontakto briaunos, kur buvo stebimos visos w,. srities komponentés, esant 2¢

pasikliovimo intervalui. Kai yra taikomas 1o pasikliovimo intervalas, grafeno
dariniuose su Ni sluoksniu, esant 4 um >w, > 2 pm atstumui iki kontakto
briaunos, buvo stebimos kontaktinio laiptelio sri¢iai biidingos 2 ir 5
komponentés. Sios komponentés yra pateiktos 5.11. pav. Be to, taikant 1o
pasikliovimo intervalg, 2 komponenté (5.11. pav.) buvo stebima net toli nuo
kontakto briaunos esancioje srityje.

Analizuojant G ir 2D smailiy padéciy statistinius skirstinius, buvo isskirtos
komponentés, kurios atitinka fiksuotg ir nefiksuota mody padétj. Tam tikros
G ir 2D skirstiniy komponentés, gautos kontaktinio laiptelio srityje, gali buti
priskiriamos fiksuota mody padét] atitinkancioms komponentéms. Be to,
keiciant atstumg iki kontakto briaunos, buvo stebimas nefiksuotg mody padétj
atitinkan¢iy mody asimptotinis Kitimas.

5.2. STATISTINE KORELIACIJU TARP 2D IR G SMAILIU
PADECIU ANALIZE

Dél grafeno sluoksnio deformacijy atsirad¢ kriivininky tankio bei gardelés
jtempimo pokyciai buvo tiriami analizuojant G ir 2D smailiy padéciy
koreliacija. Metodas, leidZiantis nustatyti legiravimo ir jtempimo poky¢ius
grafeno lakste, buvo pristatytas [146] bei plétotas kituose darbuose [151]—
[155].

5.12. pav. ir 5.13. pav. pateikti duomenys yra gauti skirtingose
reljefiniuvose grafeno dariniy srityse. Zali skrituliai Zymi pos(2D)
priklausomybe nuo pos(G), gauta grafeno srityje ant izoliatoriaus. Raudoni
neuZzpildyti trikampiai Zymi duomenis, gautus ant metalinés srities. OranZiniai
penkiakampiai — duomenis, gautus kontaktinio laiptelio srityje. Tamsiai
raudonos spalvos istisiné rodyklé zymi mechaninio jtempimo laipsnj ¢ grafeno
sluoksnyje atitinkantj vektoriy, zalia istisiné rodyklé¢ — krtvininky tankj p
grafeno lakste atitinkantj vektoriy.
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5.12. pav. 2D smailés padéties priklausomybé nuo G smailés padéties reljefiniuose
grafeno dariniuose su Au sluoksniu. Pasikliovimo intervalas — 2¢. (a) W, = 2 pm.

(b) we =4 pm. (c) w. = 8 um. 1 Zymi izoliatoriaus sritj, 2 — metalo, 3 — kontaktinio
laiptelio sritj.
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5.13. pav. 2D smailés padéties priklausomybé nuo G smailés padéties reljefiniuose
grafeno dariniuose su Ni sluoksniu. Pasikliovimo intervalas — 2¢. (a) w, = 2 um.

(b) we =4 pm. (c) w. =8 pm. 1 Zymi izoliatoriaus sritj, 2 Zymi metalo sritj, 3 Zymi

kontaktinio laiptelio sritj
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Naudojantis metodika, leidziancia grafiskai jvertinti kriivininky tankj bei
mechaninj jtempima, buvo suformuoti 2D smailés padéties priklausomybés
nuo G smailés padéties rinkiniai. Tokie rinkiniai, suformuoti tiriant reljefinius
grafeno darinius su Au sluoksniu, yra pateikti 5.14. pav. Analogiski rinkiniai,
gauti tiriant reljefinius grafeno darinius su Ni sluoksniu, yra pateikti 5.15. pav.
5.14. pav. ir 5.15. pav. pateikti rinkiniai buvo suformuoti remiantis tais paciais
duomenimis, kurie buvo naudojami histogramoms, pateiktoms 5.5. pav., 5.6.
pav. ir 5.7. pav. sudaryti. Verta pazyméti, kad pos(2D) priklausomybés nuo
pos(G) sudarymui buvo naudojami 1o ir 2o pasikliovimo intervalai. pos(2D)
priklausomybés nuo pos(G), patenkancios i 1o pasikliovimo intervala, yra
pateiktos 5.14. (a) ir 5.15. (a) pav. 5.15. (b) ir 5.15. (b) pav. yra pateiktos
pos(2D) priklausomybés pos(G), patenkancios i 2o pasikliovimo intervala.

5.14. pav. ir 5.15. pav. pos(2D) priklausomybiy nuo pos(G) rinkiniuose yra
pastebimi aiSkiai iSsiskiriantys duomeny klasteriai. Kiekvienas klasteris yra
siejamas su tam tikra reljefinio darinio sritimi. 5.12. — 5.15. pav. pateiktuose
pos(2D) priklausomybiy nuo pos(G) rinkiniuose kontaktinio laiptelio sri¢iai
priskiriami duomenys yra iSsidéste tarp duomeny, kurie yra priskiriami metalo
ir izoliatoriaus sritims. 5.14. pav. ir 5.15. pav. pateikty kontaktinio laiptelio
sriCiai priskiriamy duomeny i$sidéstymo désningumas yra paZymétas
vektoriumi ze. Duomenims, kurie sudaré klasterj, gautg ant ploks¢ios metalo
dalies (zm), budingas maziausias G smailés daznis lyginant su duomenims,
gautais kituose reljefiniy grafeno dariniy srityse. 5.14. (a) pav. ir 5.15. (b) pav.
pateiktuose pos(2D) nuo pos(G) rinkiniuose, kurie buvo gauti 1o pasikliovimo
intervale, sandiira tarp metalo ir kontaktinio laiptelio sri¢iy stebéta ties G
smailés 1585 — 1586 cm™ dazniu. Skirtingai nei metalo atveju, pos(2D) nuo
pos(G) rinkiniams, gautiems ant ploksCios izoliatoriaus dalies (Zsio,) buvo
biidingas ryskus G daznio pasislinkimas j trumpyjy bangy puse. Siame tyrime
buvo stebima, kad G smailés daznis, kuris buvo stebimas kontaktinio laiptelio
ir izoliatoriaus klasteriy sandairoje, priklausé nuo skirtingy metaly (Au ir Ni).
Be to, reljefiniy dariniy pos(2D) nuo pos(G) rinkiniy klasteriai persiklojo su
greta esanciais. Kai pos(2D) nuo pos(G) rinkiniams buvo taikomas 2o
pasikliovimo intervalas, persiklojimas Salia esanciy klasteriy buvo akivaizdus.
Deformacijy isplitimo tyrimo metu gauta, kad klasteriy tarpusavio
persiklojimas buvo didesnis reljefiniuose grafeno dariniuose su Ni sluoksniu
nei su Au sluoksniu.

Analizuojant pos(2D) nuo pos(G) rinkinius, buvo tiriama, koks yra
kriivininky tankio bei mechaniniy deformacijy indélis grafeno lakste,
perneStame ant reljefiniy dariniy su metaliniais sluoksniais. pos(2D) nuo
pos(G) rinkiniy analizei buvo naudojama metodika, leidZianti atskirti
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kriivininky tankj nuo mechaniniy deformacijy, pasireiskianciy grafeno
sluoksnyje. 5.14. pav. ir 5.15. pav. pateiktuose grafikuose tamsiai raudonos
spalvos istisinis vektorius atitinka mechaniniy deformacijg asj. Punktyrinés
tos pacios spalvos kreivés, kurios yra lygiagrecios istisinei, iliustruoja bendra
itempimy laipsnio ¢ (%) tendencijas pos(2D) nuo pos(G) klasteriuose,
gautuose skirtingose reljefiniy dariniy srityse. 5.14. pav. ir 5.15. pav.
nurodytuose pos(2D) nuo pos(G) rinkiniuose yra jvesta ir kriivininky tankio
asis — iStisas zalios spalvos vektorius. Punktyriniai Zalios spalvos vektoriai,
lygiagretiis istisinei linijai yra p (102 cm™) tendencijas klasteriuose
iliustruojancios pagalbinés asys.

5.14. (a) pav. pateiktame grafike, kuriame duomenys buvo gauti
reljefiniuose grafeno dariniuose su Au sluoksniu taikant 1o pasikliovimo
intervala, bei, kai W, =2 um. Mélyni penkiakampiai atitinka duomenis,
gautus kontaktinio laiptelio srityje. Siy duomeny issidéstyma iliustruoja
vektorius z.. Nustatyta, kad jtempimy kitima kontaktinio lieptelio srityje
atitinkantis z. iSsidéstes ruoze nuo —0,23 % iki 0. p (102 cm™) kitimas
kontaktinio laiptelio srityje buvo stebimas nuo 3 x (10 cm™@) iki
4 x (10*? cm™).

e (%) ir p (10?2 cm2) kitimai siauro plo¢io kontaktinio laiptelio srityje (kai
W =2 pm) buvo palyginti su gerokai praplésta kontaktinio laiptelio sritimi,
t.y., kai w, = 8 pm. w,. srities pos(2D) nuo pos(G) duomenis, Kai w, = 8 pm,
5.14. (b) pav. nurodo mélyni trikampiai (5). Esant tarpiniam atstumui iki
kontakto briaunos, t. y., kai w. =4 um, kontaktinio laiptelio srities rezultatai
5.14. (b) pav. iliustruoti rozinémis zvaigzdutémis (4). Padidinus atstumg iki
kontakto briaunos w., buvo stebimas duomeny klasterio, atitinkancio
kontaktinj laiptelj, padidéjimas bei padidéjes persiklojimas su ploksciy sriciy
klasteriais. Kairéje puséje esanti z. klasterio dalis, kuri persikloja su plokscia
metalo dalimi zm, yra pazyméta p, vektoriumi. ISplétus atstumg iki kontakto
briaunos, t. y. kai W, >4 um, ze klasterio dalis persiklojo su plokscia
izoliatoriaus dalimi zsio, ir Sis persiklojimas yra pazymétas vektoriumi p.
Remiantis ¢ (%) atskyrimo nuo p (102 cm™2) grafeno lakste analize nustatyta,
kad p: vektoriy atitinkantys jtempimai buvo lygias —0,14 %, o kriivininky
tankis grafeno lakste kito nuo p = 2 iki 5 x (102 cm™2). Legiravimas grafeno
lakste, esanc¢iame ant plokscios izoliatoriaus srities, kito nuo p = 2 iki
4 x (10'? cm™2). Jtempimai zn srityje kito nuo —0,05 % iki —0,2 %.
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5.14. pav. 2D smailés padéties priklausomybé nuo G smailés padéties reljefiniuose
grafeno dariniuose su Au sluoksniu. Adaptuota pagal [150].

5.15. pav. pateikti pos(2D) nuo pos(G) klasteriai, gauti reljefiniy dariniy
srityse su Ni sluoksniu, esant skirtingam atstumui iki kontakto briaunos we.
5.15. (a) pav. z. srities duomenys, kai w. =2 um, pazyméti meélynais
penkiakampiais (3). Duomenys, kai W, =4 um, nurodyti rozinémis
zvaigzdutémis (4). Mélyni trikampiai (5) Zymi duomenis, kurie buvo gauti,
kai w, = 8 um. 5.15. (a) pav. pateikti duomenys yra gauti kontaktinio grafeno
reljefiniuose dariniuose su Ni sluoksniu taikant 1o pasikliovimo intervalg.
Nustatyta, kad p-tipo legiravimas kontaktinio laiptelio srityje kito nuo p =
3 x (102 cm?) iki p = 10 x (10* cm2). Mechaninés deformacijos toje pacioje
srityje kito nuo 0 iki 0,15 %. Ramano Zemélapiy analizei grafeno dariniuose
su Ni sluoksniu buvo taikomas 2¢ pasikliovimo intervalas. Sj kriterijy
atitinkantys duomenys yra pateikti 5.15. (b) pav. Nustatyta, kad esant 2o
pasikliovimo intervalui, z. klasterio persiklojimas su greta esanciais ploks¢iy
sri¢iy klasteriais, kai W, = 8 um, yra nezymus. Taigi, atstumas, kuriam esant
nebestebimos mechaninés deformacijos, grafeno reljefiniuose dariniuose su
Ni sluoksniais yra trumpesnis nei bandiniuose su Au sluoksniais.

79



[ N

267 L 2670~ L
1580 1585 1500 1595 1600 16 1580 1585 1500 1595 1600 16
pos{G), cm’ pos(G), cm’

(@) (b)
5.15. pav. 2D smailés padéties priklausomybé nuo G smailés padéties reljefiniuose
grafeno dariniuose su Ni sluoksniu. Adaptuota pagal [150].

Taigi analizuojant pos(2D) nuo pos(G) rinkinius, yra stebimi Kklasteriai,
kurie biidingi tam tikrai reljefinio darinio sriiai. Nepaisant to, jog yra
matomas Salia esan¢iy duomeny klasteriy persiklojimas, taciau taikant 1o ir
20 pasikliovimo intervalus galima jvertinti mechaniniy deformacijy ir
kriivininky tankio charakteristikas grafeno lakste.

5.3. ELEKTRINIO KONTAKTO GRAFENO DARINIUOSE
SARYSIS SU ILGO NUOTOLIO DEFORMACIJY KITIMU

Tiriamojo bandinio elektriniy varzy grandiné, pateikta 5.16. pav.,
iliustruoja vdV tipo kontaktg. Tokia elektriné grandiné siiloma kaip tinkama
paaiskinti sarySius tarp reljefiniy grafeno dariniy mechaniniy deformacijy ir
kriivininky tankio kitimo ir grafeno laksto su metaliniai kontaktais elektriniy
charakteristiky.

vdV tipo kontaktas yra budingas dvimaciy dariniy konstrukcijoms,
tokioms kaip metalo ir grafeno sandiira. Pateiktoje grandinéje dydis Rvaw Zymi
kontakting bandinio varza. Dydis Rerowd atitinka varza, atsirandancia dél sroviy
sutankéjimo ties kontakto krastu. Kadangi elementas Rvaw yra lygiagretus
metalinio sluoksnio pavir$iui, todél varzos Rvaw ir Recowd pateiktoje
ekvivalentinés grandinés schemoje yra sujungtos lygiagreciai.
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5.16. pav. Ekvivalentiné elektriné schema, kurioje 1 zymi grafeno laksta, 2 —
metalinj kontakta. Varzos, sudarandios elektring granding, suZymétos
atitinkan¢iomis komponentémis. Adaptuota pagal [150].

Varzos komponenté Rq atitinka sluoksnio, esancio $alia metalinio kontakto
krasto, varza. Grafeno sluoksnio, esancio ant izoliatoriaus, varzg atitinka
komponenté Rsh. Nuosekliai sujungtos komponentés Rg ir Rsh sudaro bendra
varza, 5.16 pav. pazyméta dydziu Rrr. Kadangi kriivininky tankio nuotolis
nuo kontakto briaunos sieké kelis mikrometrus, Sis veiksnys turéty daryti jtaka
varzy grandinéje pateiktai Ro komponentei. Tad nuoseklioji sluoksnio varzos
komponenté Rt yra taip pat jautri toli nuo kontakto briaunos iSplitusioms
deformacijoms.

5.4. ANTROS REZULTATU DALIES ISVADOS

1. Tiriant deformacijas grafeno reljefiniuose dariniuose su metaliniais
sluoksniais buvo gauti skirtingo pobudzio statistiniai Ramano G ir 2D smailiy
pasiskirstymai ant ploksciyjy bandinio sri¢iy (viena normaliojo skirstinio
komponenté¢) ir ant pereinamosios kontaktinio laiptelio srities (kelios
normaliojo skirstinio komponentés).

2. Parodyta, kad kontaktinio laiptelio srityje yra sukuriamos ilgo
nuotolio deformacijos, kurios i$plitusios grafeno sluoksnyje toli nuo kontakto
krasto ribos.

3. Nustatyta, kad abiejy Au ir Ni bandiniy grafeno peréjimo nuo
kontakto ant SiO; padéklo srityse pasireiskia gniuzdymo deformacija.
Reljefiniuose dariniuose su metaliniais sluoksniais jtempimai grafeno lakste
nesieké ¢ > —0,25 %.

4. Sukonstruotuose pos(2D) nuo pos(G) rinkiniuose buvo stebimas
Ramano duomeny Kklasteriy susidarymas. Kiekvienas Kklasteris yra
priskiriamos specifinei reljefinio darinio sriciai.

81



5. Parodyta, kad naudojant skirtingus (lo arba 2¢) pasikliovimo
intervalus, gali buti jvertintas ze klasterio persiklojimas su greta esanciais
ploksciy sriciy klasteriais.

6. Tyrimo metu gauta, kad kravininky tankis p bandiniuose grafeno
sluoksnyje, esaniame ant Au pavirSiaus, buvo toks pats kaip ir ant SiO;
pavirsiaus ir lygus p = (2 — 4) x 10*® cm 2. Ni bandiniuose pastebétas stiprus
p pasikeitimas tarp metalo ir SiO; sri¢iy.

7. Tiriant ilgo nuotolio p ir & poky¢ius grafene ant skirtingy pavirsiy,
buvo pasiiilytas ekvivalentinés elektrinés grandinés modelis, kuris jtraukia p
ir ¢ kitimus grafeno sluoksnyje.

8. Parodyta, kad ilgo nuotolio deformacijos grafeno sluoksnyje gali
daryti jtaka kontaktinei ir sluoksnio varzoms.

Remiantis penktojo skyriaus rezultaty tyrimy iSvadomis, pateikiami
doktorantiiros antrasis ir tre¢iasis ginamieji teiginiai:

2. Mechaniskai uzkeliant dvimacius grafeno lakstus ant plony metaly
sluoksniy ir izoliuojan¢io padéklo, yra suformuojami reljefiniai dariniai,
kuriuose grafeno savybes lemia didelio nuotolio deformacijos, detektuojamos
zenkliai toliau nuo bet kurio elemento ribos negu reljefo auksciy kitimas ir
atstumas tarp skirtinguose auks$Ciuose esanéiy atramy, tarp kuriy kabo
grafenas. Deformacijos tipas, i$plitimo nuotolis bei grafeno gardelés matmeny
pokytis priklauso nuo metalo sluoksnio storio ir medziagos bei nuo reljefinio
darinio formavimo technologijos.

3. Didelio pavirSiaus ploto Ramano spektriniy linijy Zemélapiy
statistiné analizé leidzia identifikuoti grafeno =zonas, besiskiriancias
dominuojan¢iy deformacijy bei legiravimo charakteringaisiais parametry
rinkiniais, net ir tuo atveju, kai kelios zonos persikloja viename plote.
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6. GRAFENO SLUOKSNIO SU KONTAKTAIS ILGALAIKIO
STABILUMO TYRIMAS

Siame skyriuje pristatomi rezultatai, gauti tiriant ilgalaikj stabiluma CVD
grafeno ir metalo dariniuose. CVD grafeno varZiniai dariniai buvo
analizuojami siekiant iStirti aplinkos poveikio nulemtus elektriniy
charakteristiky pokyc€ius. Grafeno varziniy dariniy voltamperinés
charakteristikos buvo registruojamos isSkart po bandiniy gamybos. Tesiant
grafeno dariniy ilgalaikio stabilumo tyrima, VACh matavimai buvo atlikti po
bandiniy gamybos praéjus 6 paroms, 12 paroms ir 134 paroms. Galiausiai
VACh matavimai buvo atlickami po skirtingy trukmiy temperattrinio
poveikio, kurio tikslas buvo atstatyti pakitusias elektrines charakteristikas.

6.1. GRAFENO VARZINIU DARINIU VOLTAMPERINES
CHARAKTERISTIKOS PO SAVYBIU SENEJIMO IR
ATSTATYMO

Varziniy dariniy, kuriy atstumas tarp Au kontakty ds = 5 pm, VACh
matavimai buvo atlikti + 1 V intervale. Sie rezultatai yra pateikti 6.1. pav. 6.1.
(a) pav. (= 1 V jtampos intervale) ir 6.1. (b) pav. (iSdidintos jtampos jtampy
skalés intervale). VACh matavimai gauti iSkart po bandiniy gamybos ir
praéjus tam tikram laikui. Nustatyta, kad iSkart po gamybos (mélyna tiesé)
srové, esant 1 V jtampai, sieké ~18 mA. Ilgéjant trukmei, praéjusiai po
bandiniy gamybos, buvo stebimas srovés didéjimas. Pra¢jus SeSioms paroms
po bandiniy gamybos (roZiné tiesé), srové, kai U = 1 V, buvo lygi 23 mA, o
po 12 pary (punktyriné ruda kreivé) srovés verté sieké 25 mA. Tesiant
ilgalaikio stabilumo tyrimus, VACh matavimai buvo atlikti praéjus keliems
ménesiams po gamybos (punktyriné oranziné ties¢). Siy matavimy metu buvo
gauta, kad srove, kai U =1 V, buvo lygi 27 mA. Nustatyta, kad po bandiniy
gamybos praéjus 134 paroms, srovés padid¢jimas grafeno varziniuose
dariniuose, kuriy atstumas tarp Au kontakty ds = 5 um, sieké 44 %.

Elektriniy charakteristiky atstatymui buvo atlieckama grafeno dariniy
temperatirinio apdirbimo procediira. Todél bandiniai buvo iSkaitinami Ar
dujy sraute 573 K temperatiiroje. 6.1. (C) pav. ir 6.1. (d) pav. pavaizduotas
voltamperiniy charakteristiky kitimas, kei¢iant grafeno varziniy dariniy su Au
kontaktais ikaitinimo trukme. Siuose darniuose atstumas tarp Au kontakty
ds =5 um. Remiantis VACh matavimais prie$ grafeno dariniy iskaitinima,
buvo nustatyta, kad srové (mélyna tiesé), kai U = 1 V, buvo lygi 27 mA.
Pastebéta, jog ilginant iSkaitinimo trukme, varziniy dariniy elektrinis laidumas
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mazéjo. Po vienos minutés iskaitinimo (roziné ties¢), kai U =1V, srové buvo
lygi 19 mA. Tesiant grafeno dariniy iSkaitinimg srové kiek sumazéjo ir, Kai
ta. =2 min. (ruda tiesé), srové buvo lygi 18 mA, esant 1 V jtampai. Po 3 min.
iSkaitinimo (oranziné punktyriné tiesé¢) srovés verté praktiskai nepakito ir
voltamperiné charakteristika persiklojo su VACh, kuri buvo pamatuota, kai
tan. = 2 min. Nustatyta, kad po varziniy dariniy iskaitinimo elektrinis laidumas
padidéjo ir sieké vertes, kurios buvo stebimos iki jvykstant dél aplinkos
poveikio nulemtiems pokyciams.
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6.1. pav. Grafeno dariniy su Au kontaktais VACh kitimas (a) ir (b) dél aplinkos
poveikio. VACh kitimas (c) ir (d) kei¢iant i§kaitinimo trukme. ds =5 pm.

Grafeno varziniy dariniy voltamperinés charakteristikos po bandiniy
gamybos buvo pamatuotos, esant skirtingam atstumui tarp metaliniy kontakty
ds. 6.2. pav. pateiktos VACh grafeno dariniy su Au kontaktais. Siuo atveju
atstumas tarp Au kontakty ds buvo lygus 30 pm. ISmatuotos VACh = 1 V
intervale pateiktos 6.2. (a) pav. Sios voltamperinés charakteristikos su i$plésta
srovés skale pateiktos 6.2. (b) pav.

6.2. (b) pav. pateiktame grafike parodyta, kad iSkart po gamybos srove,
esant 1 V jtampai, sieké ~9 mA. Ilgéjant trukmei, pra¢jusiai po bandiniy
gamybos, buvo stebimas srovés didéjimas. Praéjus SeSioms paroms, Kai
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pridéta jtampa buvo lygi 1 V, srové buvo lygi 14 mA, 0 po 12 pary srovés
verté sieké 14.5 mA. Galiausiai VACh matavimai buvo atlikti pragjus keliems
ménesiams po gamybos. Siy matavimy metu buvo gauta, kad srove, kai U =
1V, buvo lygi ~16 mA. Nustatyta, kad nuo bandiniy gamybos praéjus
134 paroms srovés padidéjimas sieké 66 %. Remiantis VACh rezultatais buvo
gauta, kad po bandiniy gamybos grafeno dariniy elektrinio laidumo
padidéjimas, kai ds = 30 um, buvo didesnis nei dariniy, kuriy atstumas tarp
kontakty ds = 5 um.

Siekiant atstatyti pakitusj elektrinj laiduma, bandiniai buvo iskaitinti. 6.2.
(c) pav. ir 6.2. (d) pav. pateiktos grafeno varziniy dariniy, kuriy ds = 30 pm,
VACh prie§ iskaitinimo procediirg ir kei¢iant bandiniy iSkaitinimo trukme.
6.2. (d) pav. pateiktos tos pacios VACh su iSplésta srovés skale. Pateiktame
grafike pateiktos VACh charakteristikos, kai tan. = 0 min., mélyna ties¢, kai
tar. =1 min., rozing, kai ta. = 2 min., ruda punktyring, ta, = 3 min., oranziné
punktyriné tiesé. Po iSkaitinimo procediiros buvo stebétas elektrinio laidumo
didéjimas, ilginant temperatiirinio apdirbimo laika. Po 3 minuciy grafeno
dariniy iSkaitinimo sroviy vertés sieké reik§mes, kurios buvo registruojamos
i8kart po grafeno dariniy su Au kontaktais gamybos.
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6.2. pav. Grafeno dariniy su Au kontaktais VACh kitimas (a) ir (b) dél aplinkos
poveikio bei (¢) ir (d) kei¢iant i§kaitinimo trukme. ds = 30 um.
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Kita bandiniy grupé, kuri buvo naudojama ilgalaikio stabilumo
tyrimuose, yra grafeno varziniai dariniai su Ni kontaktais. Grafeno dariniy su
Ni kontaktais VACHh, kai atstumas tarp kontakty ds = 5 pm, pateiktos 6.3 pav.
6.3 (a) ir (b) pav. pateiktos VACh, kurios buvo gautos iskart po bandiniy
gamybos ir praéjus tam tikram laikui. Po bandiniy gamybos srové, esant 1 V
itampai (mélyna ties¢), siecké 9 mA. Grafeno varziniy dariniy su Ni kontaktais
sroviy vertés, esant tai paciai pridétai jtampai, buvo apie du kartus mazesnés
nei grafeno dariniy su Au kontaktais. Kita vertus, panasiai kaip ir dariniams
su Au kontaktais, grafeno varziniams dariniams su Ni kontaktais buvo
budingas srovés didéjimas, kuris buvo stebimas atlieckant VACh matavimus
po bandiniy gamybos. Gautos VACh pavaizduotos 6.3. (a) pav., 0 pastarosios
VAChH su isplésta srovés skale pateiktos 6.3. (b) pav. Pastebéta, kad sroves
padidéjimas beveik sieké 2 kartus.

Siekiant atstatyti pakitusias grafeno dariniams su Ni kontaktais sroviy
vertes, buvo atliekama iskaitinimo procedira. Ilginant iskaitinimo trukme tan,
buvo stebimas srovés didéjimas. ISmatuotos VACh, kurios buvo gautos pries
grafeno dariniy (mélyna ties¢) iskaitinimg ir ilginant iSkaitinimo trukme,
pateiktos 6.3. (c) ir (d) pav. Kai iskaitinimo trukmé buvo lygi 3 min., iSmatuota
srové, esant 1 V jtampai (oranziné punktyriné tiesé), sické 9 mA. Si verté buvo
panasi | ta, kuri buvo gauta iSkart po bandiniy gamybos. Taigi po grafeno
dariniy su Ni kontaktais iSkaitinimo, kuriy ds = 5 pm, buvo stebimas sroveés
sumazgéjimas, kuris sieké beveik du kartus.

86



16F

/, mA

-16F . . . L . . . . .
-1.0 -0.5 0.0 0.5 1.0 0.80 0.85 0.90 0.95 1.00

16}

1.0 05 0.0 05 1.0 080 085 090 095 100
uv uv

6.3. pav. Grafeno dariniy su Ni kontaktais VACh kitimas (a) ir (b) dél aplinkos

poveikio. VACh kitimas (c) ir (d) kei¢iant i$kaitinimo trukme. ds =5 pm.

Grafeno varziniy dariniy su Ni kontaktais, kuriuose atstumas tarp
kontakty ds = 30 um, VACh matavimy rezultatai yra pateikti 6.4. pav. I§ karto
po bandiniy gamybos ir pra¢jus tam tikram laikui VACh matavimy rezultatai
pateikti 6.4. (a) ir (b) pav. Po bandiniy gamybos srove, esant 1 V jtampai
(mélyna tiesé), buvo lygi ~4 mA. Véliau praéjus tam tikram laikui po gandiniy
gamybos buvo stebimas varziniy dariniy srovés padidéjimas. Siy dariniy
srovés vertés buvo apie du kartus mazesnés nei grafeno dariniy su Ni
kontaktais, kuriy ds = 5 pm.

Grafeno dariniai su Ni kontaktais buvo iskaitinti. VACh matavimai, gauti
pries iskaitinimo procediirg ir ilginant iSkaitinimo trukme tan, yra pateikti 6.4.
(c) pav. ir 6.4. (d) pav. (matavimai pateikti iSpléstoje jtampos skaléje). Po
1 min. kontakty iskaitinimo buvo stebimas srovés sumazéjimas. Srové
sumazéjo, kai tan. = 2 min. Ta¢iau VACh priklausomybés, kurios buvo gautos,
kai ta. = 2 min. ir 3 min., praktiskai persiklojo.
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6.4. pav. Grafeno dariniy su Ni kontaktais VACh kitimas (a) ir (b) dél aplinkos
poveikio bei (c) ir (d), kei¢iant iSkaitinimo trukme. ds = 30 um.

Apibendrinant voltamperiniy charakteristiky matavimus, kurie buvo
atlikti siekiant fiksuoti ilgalaikj stabilumag grafeno varziniuose dariniuose,
buvo stebimas srovés kitimas. Buvo gauta, kad po bandiniy gamybos
iSmatuota srové didéjo grafeno dariniuose su Au ir Ni kontaktais. Toks pats
varzy kitimas buvo stebimas grafeno varziniuose dariniuose, kuriy
konstrukcijoje atstumas tarp kontakty buvo skirtingas (ds =5 pm ir 30 um).

6.2. GRAFENO VARZINIU DARINIU ELEKTRINIU
CHARAKTERISTIKU KITIMAS BANDINIU IR SAVYBIU
ATSTATYMO METU

Tiriant grafeno varziniy dariniy ilgalaikj stabilumg buvo atlikti
voltamperiniy charakteristiky matavimai bandiniuose, kuriuose atstumas tarp
metaliniy kontakty ds buvo lygus 5 pm, 10 um, 15 pum, 20 pm, 25 pm ir
30 um. VACh matavimai buvo atlikti abiejy tipy grafeno varZiniams
dariniams — su Au ir Ni kontaktais. VACh matavimai buvo atliekami iskart po
bandiniy gamybos ir praéjus tam tikram laikui po bandiniy gamybos. Siekiant
atstatyti pakitusias varziniy dariniy VACh, buvo atliekama dariniy i8kaitinimo
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procedira. Taigi, VACh matavimai buvo atlickami ir prie§ kontakty
iSkaitinima, ir po kontakty iSkaitinimo. Grafeno dariniy VACh buvo
aproksimuojamos klasikiniu Omo désniu. Tokiu biidu buvo jvertinta
kiekvieno grafeno darinio varza Rq. Tipinés Au ir Ni CTLM dariniy elektriniy
varzy verciy priklausomybés, esant skirtingam atstumui tarp vidiniy ir iSoriniy
CTLM kontakty ds, pateiktos 6.5. pav. Laikas, praéjes po CTLM bandiniy
gamybos, apibréziamas kaip bandiniy senéjimo trukmé — turirr, iSkaitinimo
trukmé — tan.

Abiejuose 6.5. (a) ir (b) pav. pateiktas grafikuose vaizduojamas CVD
grafeno dariniy varzos Rg(t) kitimas, kuris buvo gautas bandiniy senéjimo
metu. Sis kitimas buvo sunormuotas j pradine verte Ru(to), Kai tair. = 0 min.
Siekiant jvertinti R(tair) kitimag dél aplinkos poveikio nulemty poky¢iy, buvo
naudotas Rg(t)/Rq(to) sarysis. CVD grafeno dariniy varzos Rq, gautos atliekant
kontakty iSkaitinima, sunormuotos j varzy vertes, gautas, kai ta,. = 124 min.

Varzos kitimas bandiniy senéjimo metu pateiktas kairéje 6.5. (a) ir (b)
paveiksléliy pusése. Ilgalaikio stabilumo eksperimento metu nustatyta, kad po
gamybos CVD grafeno prietaisy varza Ry sumazéjo beveik 40 %. Au CTLM
bandiniams santykiné verté Rq(t)/Ra(to) pakito nuo Rg(t)/Rda(te) = 1 iki
Ra(t)/Ra(t)) = 0,6. Ni CTLM bandiniams dydis R4(t)/Rd(to) sumazéjo nuo
Ra(t)/Ra(to) = 1 iki Ra(t)/Rq(to) = 0,65.

Tolimesnio eksperimento etapo metu buvo atlickamas CTLM bandiniy
i8kaitinimas 573 K temperatiiroje. Varzos kitimas bandiniy iSkaitinimo metu
pavaizduotas 6.5. (a) ir (b) paveiksléliy deSinéje puséje. Tyrimo metu gauta,
kad CVD grafeno dariniy su Au bei Ni kontaktais varza Ry padidéjo dél
temperatirinio poveikio. Po kontakty iSkaitinimo santykinés varzy vertés
atstatytos j pradines vertes. Staigus varzos padidédamas per pirmasias kelias
iSkaitinimo minutes buvo stebimas grafeno dariniuose su Au ir Ni kontaktais.
Grafeno dariniy su Au kontaktais varza Ry pasiecké prading verte
Ra(t)/Rd(to) = 1, kai tan. = 3 min. llginant iskaitinimo trukmg, Rqg verté nekito.
Skirtingai nei Au bandiniams, Ni bandiniams buvo buidingas Rq¢ padidéjimas
per pirmasias kelias iSkaitinimo minutes. Sis Ry padidéjimas Ni bandiniuose
pasieké Rq(t)/Ra(to) = 1,4 vertg. Kai iSkaitinimo trukmé buvo ilgesné nei 4
minutés, Rq pradéjo mazéti, kol galiausiai pasieké Ra(t)/Ra(to) = 1 santyking
verte.
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6.5. pav. Varziniy dariniy santykinés varzos priklausomybé nuo bandiniy senéjimo
trukmés tair ir iSkaitinimo trukmés tan.., €sant skirtingam atstumui tarp vidinio ir
iSorinio CTLM kontakty ds. Pateikti rezultatai gauti tiriant (a) Au CTLM bandinius
bei (b) Ni CTLM bandinius. Adaptuota pagal [156].

Naudojantis varZzos Ry priklausomybe nuo atstumo tarp kontakty ds buvo
jvertinta grafeno deriniy su Au ir Ni kontaktais kontaktiné varza. 6.6. pav.
pateikta CTLM bandiniy kontaktinés varzos Rc priklausomybé nuo senéjimo
trukmés tgire ir iSkaitinimo trukmés ta. Grafeno dariniy su Au kontaktais
kontaktinés varzos Rc priklausomybé nuo sen¢jimo ir iskaitinimo trukmiy yra
pateikta 6.6. (a) pav. Grafeno dariniy su Ni kontaktais Rc priklausomybé nuo
senéjimo trukmés tarir ir iSkaitinimo trukmés tan. yra pateikta 6.6. (b) pav.

Grafeno dariniy su Au ir Ni kontaktais santykinis kontaktinés varzos
sumaz¢jimas sen¢jimo metu buvo panasus. Nustatyta, kad CTLM bandiniy su
Au ir Ni kontaktais Rc(t)/Rc(to) sumazéjimas buvo ~0,7. I8kaitinimo metu
kontaktin¢ varza padid¢jo. Au CTLM bandiniy Rc per 15 minuciy pasieke
maksimalig verte, kuri buvo lygi Re(t)/Rc(to) = 1. Kai iskaitinimo trukmé buvo
vir§ 15 minuciy, kontaktiné varza nekito. Kontaktiné varza Ni CTLM
bandiniy pasieké santyking maksimalia verte po keliy minuciy iskaitinimo,
kuri buvo lygi Rec(t)/Rc(to) = 1,45. Toliau ilginant iskaitinimo trukme tan,
kontaktiné varza maz&jo ir Rc verté artéjo prie santykinés vertés
Rc(t)/Re(to) = 1. Lyginant su Au CTLM bandiniais, Ni CTLM bandiniams
buvo budingas greitesnis Rc atsistatymas dél kontakty iSkaitinimo j vertes,
kurios buvo biidingos iki CVD grafeno bandiniy poky¢iy, nulemty dél
aplinkos poveikio. Be to, iSkaitinimo eksperimento metu buvo gauta, kad
abiejy Au ir Ni CTLM bandiniy kontaktinés varzos Rc vertés po
temperatirinio apdirbimo sieké vertes, kurios buvo stebimos iskart po
bandiniy gamybos.
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6.6. pav. Kontaktinés varzos Rc kitimas (a) Au ir (b) Ni CTLM bandiniuose nuo
bandiniy senéjimo ir iskaitinimo trukmiy. Adaptuota pagal [156].

Kita CVD grafeno dariniy ilgalaikio stabilumo eksperimento dalis buvo
sluoksnio varzos Rsh kitimo nuo senéjimo trukmés tarir ir iSkaitinimo trukmés
tan. tyrimas. Grafeno dariniy su Au ir Ni kontaktais sunormuotos sluoksnio
varzos rezultatai, gauti naudojantis varzos Rq priklausomybe nuo atstumo tarp
kontakty ds, yra pateikti 6.7. (2) pav. ir 6.7. (b) pav.

llgalaikio stabilumo tyrimo metu gauta, kad Rsh senéjimo metu sumazéjo.
Santykiné sluoksnio varza Au CTLM bandiniams dél aplinkos poveikio
nulemty poky¢iy sumazéjo nuo Rsn(t)/Rsn(to) = 1 iki Rsn(t)/Rsn(to) = 0,55. Dél
bandiniy iSkaitinimo Rsn didéjo. Kai iskaitinimo trukmé ta, = 2 min., Au
CTLM bandiniy sluoksnio varza pasieké maksimalig santyking verte ir buvo
lygi Rsn(t)/Rsn(to) = 2,1. Tolimesnio iSkaitinimo metu santykiné Rsy verté
mazejo, kol galiausiai pasieke vertes, buidingas iki CVD grafeno dariniy
senéjimo pradzios. Senéjimo metu taip pat buvo stebéta Ni CTLM bandiniy
santykinés sluoksnio varzos mazéjimas, kuris kito nuo Rsn(t)/Rsn(to) = 1 iki
Rsn(t)/Rsn(to) = 0,57. Sis Rsn kitimas dél sen¢jimo buvo labai panasus kaip ir
Au CTLM bandiniy. Rsh iSkaitinimo metu didéjo, kol galiausiai pasieké
pradines vertes, budingas iki CVD grafeno dariniy senéjimo.
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6.7. pav. Sluoksnio varZzos Rsn kitimas (a) Au ir (b) Ni CTLM bandiniuose
priklausomai nuo bandiniy senéjimo ir i§kaitinimo trukmiy. Adaptuota pagal [156].

6.8. pav. pateiktas santykinés pernaSos ilgio vertés

Lc(t)/Le(to)

priklausomybé nuo senéjimo ir iSkaitinimo trukmiy. Dydis Lc(t)/Lc(to)
grafeno varziniuose dariniuose su Au kontaktais bandiniy senéjimo metu
padidéjo 30 %. Sis kitimas pateiktas 6.8. (a) pav. Santykinis dydis Lc(t)/Lc(to)
grafeno dariniuose su Ni kontaktais senéjimo metu padidéjo 40 %. Au CTLM
bandiniy iSkaitinimo metu ai$kus pernasos ilgio Kkitimas nebuvo stebimas.
Kontakty iSkaitinimo metu Ni CTLM bandiniy santykinis dydis Lc(t)/Lc(to)
maz¢jo.
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6.8. pav. Santykinio pernasos ilgio kitimas (a) grafeno dariniuose su Au kontaktais
ir (b) Ni kontaktais.

Grafeno varziniams dariniams su metaliniais kontaktais buvo biidingas

elektrinio laidumo kitimas, kuris buvo stebimas praéjus tam tikram laikui po

bandiniy gamybos. Ilgalaikio stabilumo tyrimo metu buvo stebimas Au ir Ni
bandiniy varzos Ry, taip pat ir kiekybiskai atskirty kontaktinés Rc ir sluoksnio
varzos Rsh mazéjimas ilgéjant laikui po CTLM bandiniy gamybos. Be to, dél
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aplinkos poveikio nulemti poky¢iai 1émé pernasos ilgio vertés Lc didéjima.
Pakitusioms elektrinéms charakteristikoms grafeno dariniuose atstatyti buvo
atlickama iSkaitinimo procedira argono dujy sraute 573 K temperatiiroje.
llginant kontakty iskaitinimo trukme, mazéjo grafeno dariniy elektrinis
laidumas. Parametrai Rq, Rc ir Rsh didéjo ir sieké vertes, kurios buvo budingos
po varziniy grafeno dariniy gamybos.

6.3. GRAFENO VARZINIU DARINIU RAMANO MATAVIMALI
SENEJIMO IR ISKAITINIMO METU

Grafeno varziniy dariniy su Au ir Ni kontaktais Ramano spektry
matavimai buvo atlikti siekiant paaiSkinti mechanizmus, kurie lemia varzy
kitimg. Varzy kitimas buvo stebimas dél aplinkos poveikio ir elektriniy
charakteristiky atstatymo kontakty iSkaitinimo metu. CTLM dariniy Ramano
charakterizavimui naudotas 532 nm bango ilgio zadinimas. Ramano spektrai
iSmatuoti dideliuose Au ir Ni CTLM bandiniy plotuose.
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6.9. pav. Ramano matavimai. (a) Au CTLM dariniy pos(G) Zemélapis bei (b) Au
CTLM dariniy pos(2D) zemélapis.

1574 2666

2660

Tipiniai grafeno Ramano smailiy padé¢iy pos(G) ir pos(2D) zemélapiai
yra pateikti 6.9. pav. Rodyklémis suzymétos ziediniy metaliniy kontakty ir
izoliatoriaus sritys, kurias galima i3skirti sudarytame 60 x 60 pm? ploto
Ramano zemélapyje. G smailés padéties Ramano Zemélapyje metaliné sritis
i8siskiria mazesniu dazniu nei grafeno sluoksnio sritis, esanti ant izoliatoriaus.
2D smailés padéties zemélapyje SiO» sritis iSsiskiria tolygesniu 2D daznio
pasiskirstymu nei grafeno sluoksnyje, esan¢iame ant metalo. Ties metalinio
kontakto briauna yra stebimas 2D smailés padéties pasislinkimas ] ilgyjy

bangy puse.
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Vienasluoksnio CVD grafeno Ramano spektrai, gauti ant Ni, Au, SiO»
pavirS$iy bei metalo kontakto laiptelio srityje, yra pateikti 6.10. (a) pav.
Grafeno Ramano spektrai buvo sunormuoti j 2D smailés auksc¢iausia padét;.
Ramano spektrai, esantys ant skirtingy sriéiy, pasizymi skirtingu G ir 2D
smailiy plo¢iu pusiniame aukstyje ir smailiy padéciy vertémis. Metodas,
leidziantis identifikuoti deformacijy iSplitima srityje, esancioje Salia metalinio
kontakto briaunos, pristatytas pateiktoje publikacijoje [150]. Sis metodas
atskiria grafeno sluoksnj, esantj ant plokscios SiO; dalies ir metaly pavirsiy,
nuo grafeno lakSto, esanCio ant kontakto laiptelio srities. Analizuojant
Ramano zemélapius laikyta, kad atstumas, kuris atskiria ploks¢igsias bandinio
dalis nuo kontaktinio laiptelio srities, yra 8 um. Todél Ramano spektrai, gauti
ant ploksc¢iyjy sriciy ir srityje, nutolusioje nuo metalinio kontakto briaunos per
8 um, buvo analizuoti atskirai.

Atsizvelgiant | [150] publikacijoje pateikta metodika, analizuojant
Ramano spektrus ploksciose izoliatoriaus bei metalo srityse, buvo tiriama
statistiné grafeno Ramano spektry G ir 2D smailiy padéciy sklaida. 6.10. pav.
pateikta Ramano spektry G ir 2D smailiy padéciy sklaida buvo suformuota i$
duomeny, gauty tiriant grafeno varzinius darinius su Au sluoksniu. 6.11. pav.
pateikta Ramano spektry G ir 2D smailiy padéciy sklaida buvo suformuota i$
duomeny, gauty tiriant grafeno varzinius darinius su Ni sluoksniu. 6.10. pav.
ir 6.11. pav. pateikta Ramano spektry G ir 2D smailiy padéciy sklaida buvo
gauta prie§ varziniy dariniy iSkaitinimo etapa.

Histogramos, pateiktos 6.10. pav. ir 6.11. pav., buvo analizuojamos
aproksimuojant Gauso skirstiniu, kurio gaubtiné yra taip pat pateikta
nurodytuose paveiksléliuose. Normaliojo skirstinio analizé leido iSskirti
labiausiai tikétinus smailiy maksimumus, tokiu biidu buvo rastas kiekvienos
komponentés labiausiai tikétinas G ir 2D mody banginis vektorius.
Ploksciosios izoliatoriaus su grafeno sluoksniu dalys pasizyméjo vienu Gauso
skirstiniu apraSomu maksimumu.

2D smailés padéties sklaida, gauta tiriant grafeno lakstg ant izoliatoriaus
su Au sluoksniu, yra pateikta 6.10. (a) pav. Sio maksimumo banginis vektorius
yra 2692 cm™t. Ramano smailiy padéties sklaidoje, sudarytoje i§ grafeno,
esancio kontaktinio laiptelio srityje (6.10. (b) pav.), buvo stebimi du
maksimumai, kuriy padétys 2686 cm™ ir 2691 cm™. G smailés padéties
sklaida, gauta tiriant grafeno laksta, esantj ant Au pavirsiaus, pateikta 6.10. (C)
pav., o Sioje sklaidoje stebimo maksimumo banginis vektorius yra 1583 cm™.
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6.10. pav. G ir 2D smailiy skirstiniy histogramos, gautos ant plokscios (a)
izoliatoriaus dalies ir (b) kontaktinio laiptelio srities ir (c¢) plokSCiosios metalo
srities.

G smailés padéties sklaida, gauta tiriant grafeno lakstg ant izoliatoriaus
su Ni sluoksniu, yra pateikta 6.11. (a) pav. Sio maksimumo banginis vektorius
yra 1603 cm™. Ramano G smailiy padéties sklaidoje, sudarytoje i$ rezultaty,
kurie buvo gauti tiriant grafeno lakstag, esantj kontaktinio laiptelio srityje
(6.10. (b) pav.), buvo stebimi trys maksimumai. Siy maksimumy banginiai
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vektoriai yra 1582 cm™, 1999 cm™ ir 1602 cm™. G smailés padéties sklaida,
gauta tiriant grafeno laksta, esantj ant Au pavirSiaus, pateikta 6.10. (c) pav., 0
Sioje sklaidoje stebimo maksimumo banginis vektorius yra 1584 cm™.

;a)
40;

Counts

Ll
N e R N
1590 1595

(=]
T

1600
pos(G), cm’

i

0- 4 E I

1565 1575 1585 1595
-1

pos(G), cm

TN

0 =n - i k] ' /( i
1565 1580 L 159
pos(G), cm
6.11. pav. G ir 2D smailiy skirstiniy histogramos, gautos ant plokscios (a)
izoliatoriaus dalies ir (b) kontaktinio laiptelio srities ir (c¢) plokSCiosios metalo

srities.

6.1. ir 6.2. lentelése pateiktos grafeno dariniy su Au sluoksniu G ir 2D
smailiy padéciy sklaidos maksimumy banginiy vektoriy padétys, gautos pries
bandiniy iskaitinimag (tan, = 0 min.) ir po (tan. = 124 min.).
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6.1. lentelé. G ir 2D smailiy padéciy sklaidos banginiy vektoriy padétys.

Metalas SiO2
G,ecm?!  2D,cmt G, cmt 2D, cmt
tan. = 0 min. 1583,7 2691,4 1594,1 2692 4
tan. = 124 min. 1585,1 2690,7 1595,1 2691,6

6.2. lentelé. G ir 2D smailiy padéciy sklaidos banginiy vektoriy padétys.

Kontaktinis laiptelis

G,cm?*  G* cm™ 2D*, cm™! 2D, cm™
tan. = 0 min. 1586,8 1594,0 2686,1 2691,4
tan. = 124 min. 1586,1 1593,7 2678,3 2689,9

Didziausi banginio vektoriaus poky¢iai po 2 val. bandiniy iSkaitinimo buvo
gauti tiriant 2D smailés padéties sklaidos maksimumy pokycius grafeno,
esancio kontaktinio lapelio srityje. [157] darbe buvo parodyta, kad 2D smailés
padéties sklaidos labiausiai tikétino maksimumo 2D komponenté (kontaktinio
laiptelio srityje) yra priskiriama SiO> ploksciajai sri¢iai, 0 2D* komponenté
yra biidinga kontaktinio laiptelio sriciai.

6.3. ir 6.4. lentelése nurodytos G ir 2D smailiy padéciy sklaidos banginiy
vektoriy maksimumy padétys, gautos prie§ bandiniy iSkaitinimg ir po.
Pateiktos vertés buvo gautos tiriant grafeno dariniy su Ni sluoksniu G ir 2D
smailiy padéciy sklaidg. Nustatyta, kad didziausi sklaidos maksimumy
poky¢iai (9 cm™) buvo biidingi 2D** komponentei, kuri yra charakteringasis
grafeno, esanCio kontaktinio laiptelio srityje, 2D smailés sklaidos
maksimumas.
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6.3. lentelé. G ir 2D smailiy padéciy sklaidos banginiy vektoriy padétys.

Metalas SiO2
G, cm™ 2D, cm™ G,cm™ 2D, cm™
tan. = 0 min. 1584,0 2673,4 1603,3 2694,3
tan. = 124 min. 1585,6 2673,5 1599,7 2691,1

6.4. lentele. G ir 2D smailiy padéciy sklaidos banginiy vektoriy padétys
kontaktiniame laiptelyje.

Smailés padétis, cm™*
G* G** G 2D* 2D** 2D
tan. = 0 min. 1582,3 1598,7 16024 2672,8 2687,2 2693,8
tan. =124 min.  1586,9 1598,2 1600,9 2671,0 2678,2 2690,9

CVD grafeno Ramano spektry 2D smailés padéties priklausomybé nuo
G smailés padéties leidzia jvertinti jtempimo ¢ ir legiravimo p pokycius
grafeno sluoksnyje [146]. Tokios priklausomybés, gautos analizuojant
Ramano spektrus, iSmatuotus ant Au, Ni, SiO; pavir§iy bei kontaktinio
laiptelio srities, pateiktos 6.12. (b) pav.

Pateiktame 6.12. (b) pav. paveikslélyje nurodytos CVD grafeno, perkelto
ant skirtingy sri¢iy, 2D smailés padéties priklausomybé pos(2D) nuo G
smailés padéties pos(G). Skirtingos spalvos zZymi eksperimentinius rezultatus,
pamatuotus plokscioje Au sluoksnio srityje (raudoni taskai), plokséioje Ni
sluoksnio srityje (oranZiniai taskai). Ramano spektry pos(2D) nuo pos(G)
rinkinius, sudarytus i$ rezultaty, gauty plokséioje SiO, sluoksnio srityje Au
CTLM bandinyje, Zymi zali taskai, 0 gautus Ni CTLM bandinyje — purpuriniai
taskai. Juoda punktyriné rodyklé atitinka jtempimo & laipsnj grafeno
sluoksnyje. Mechaninés deformacijos grafeno lakste gali buti priskiriamos
gniuzdancio tipo deformacijoms, kai ¢ < 0. Kita vertus, grafeno sluoksnyje
gali biiti stebimos grafeno lakstg jtempiancios deformacijos, kai ¢ > 0. p-tipo
legiravima Zyminti skalé pazyméta juoda istisine rodykle.
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6.12. pav. (a) Grafeno Ramano spektrai ant skirtingy sri¢iy. (b) Grafeno Ramano
spektry pos(2D) priklausomybé nuo pos(G). Adaptuota pagal [156].

Metodika, kuri remiasi pos(2D) nuo pos(G) rinkiniy analize, buvo
nustatytas legiravimo p (10 cm™) kitimas kontaktinio laiptelio srityje.
Kriivininky tankio kitimas nuo senéjimo trukmés tgris: ir iSkaitinimo trukmés
ta. Au CTLM bandiniams pateiktas 6.13. (a) pav. Grafeno dariniy varzy
senéjimo metu p-tipo legiravimas p (10 cm™?) Au CTLM bandiniuose
kontaktinio laiptelio srityje sumazé&jo nuo p = 0,55 x 102 cm? iki p =
0,25 x 10" ¢cm™2. Dél varzy senéjimo kriivininky tankio sumazéjimas sieké
55 %. p-tipo kriivininky tankis padidéjo po iSkaitinimo, kur p (103 cm) kito
nuo p = 0,25 x 102 cm2 iki p = 0,8 x 10*® cm™2. Legiravimo verté, kuri buvo
biidinga Au CTLM bandiniams iki varzy senéjimo, buvo pasiekta, kai tan, =
4 min. Po tolimesnio 124 minu¢iy iSkaitinimo p (10® cm™?) verté reikSmingai
nepakito. Taigi, p-tipo legiravimas kitimas grafeno lakste, esanciame
kontaktinio laiptelio srityje, buvo atstatytas po iSkaitinimo procediiros.

Kriivininky tankio kitimas nuo sen¢jimo trukmés tgif ir iSkaitinimo
trukmés tan. grafeno lakste, esanciame kontaktinio laiptelio srityje Ni CTLM
bandiniuose, yra pateiktas 6.13. (b) pav. Kaip ir Au CTLM bandiniams,
legiravimo kitimas grafeno sluoksnyje, esan¢iame kontaktinio laiptelio srityje,
varzy senéjimo metu sumazéjo. p (10 cm2) verté dél varzy senéjimo kito
nuo p = 1,05 x 108 cm=2 iki p = 0,6 x 10* cm™ p-tipo legiravimo
sumaz¢jimas grafeno varziniuose dariniuose su Ni kontaktais buvo maZzesnis
nei su Au kontaktais ir sieké 43 %. Bandiniy i$kaitinimo metu buvo stebimas
p-tipo legiravimo didé¢jimas grafeno dariniy su Ni kontaktais kontaktinio
laiptelio srityje. Gauta, kad p-tipo krovininky tankis didéjo nuo p=
0,6 x 10 cm2 iki p = 0,95 x 10'® cm™2. Ramano spektry pos(2D) nuo pos(G)
rinkiniy analizé parodé, kad, kai tan. = 2 min., kriivininky tankis sieké vertes,
kurios buvo stebimos iki bandiniy senéjimo. Taigi, kaip ir Au CTLM, taip ir
Ni CTLM bandiniy dél bandiniy senéjimo pakites p-tipo legiravimas grafeno

99



sluoksnyje, esan¢iame kontaktinio laiptelio srityje, buvo atstatytas iskaitinimo
metu.
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6.13. pav. Kravininky tankio kitimas grafeno sluoksnyje, esan¢iame kontaktinio

laiptelio srityje. (a) bandinyje su Au kontaktais ir (b) bandinyje su Ni kontaktais.

(c) itempimy kitimas grafeno sluoksnyje pereinamojoje srityje bandiniuose su Au

ir Ni kontaktais. Adaptuota pagal [156].

Mechaniniy deformacijy kitimas senéjimo metu grafeno lakste,
esan¢iame kontaktinio laiptelio srityje, pavaizduotas 6.13. (c) pav.
Mechaniniy deformacijy vertés grafeno dariniuose su Au ir Ni sluoksniais
buvo labai panaSios bei dél bandiniy senéjimo Kito nezymiai. Pastarojoje
srityje grafeno bandiniy senéjimo metu jtempimai kito & = —0,14 — 0,07 %
intervale. ¢ (%) kitimas dél iskaitinimo (¢ =—0,12 - 0,18 %) buvo labai
panasus kaip ir jtempimy kitimas senéjimo metu. Taigi, jtempimai CVD
grafeno sluoksnyje, esan¢iame ant SiO», ir kitimas kontaktinio laiptelio srityje
buvo labai panasis, taciau kelis kartus mazesni nei grafene, perkeltame ant
metaliniy kontakty.

p-tipo legiravimo kitimas grafeno sluoksnyje, perkeltame ant metaliniy
kontakty, pavaizduotas 6.14. pav. 6.14. (a) pav. parodytas priemaiSiniy
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defekty, nulemty kriivininky koncentracijos, kitimas dél bandiniy senéjimo ir
kontakty iskaitinimo CVD grafeno sluoksnyje, esan¢iame ant Au kontakty
srities. Kitimy metu, jvykusiy dél aplinkos poveikio, p-tipo legiravimas
sumazéjo nuo p = 0,05 x 10 cm™2 iki p ~ 0. Bandiniy iSkaitinimo metu
krivininky tankis padidéjo per 2 iSkaitinimo minutes, taciau, kai tan. <4 min.,
kriivininky tankis sumazéjo.

p-tipo kravininky tankio kitimas dél bandiniy senéjimo ir kontakty
iSkaitinimo grafeno sluoksnyje, perkeltame ant Ni kontakty, pateiktas 6.14.
(b) pav. Legiravimo laipsnis grafeno sluoksnyje, esan¢iame ant Ni pavirsiaus,
buvo kelis kartus didesnis, nei p (10® cm™2) ant Au pavirSiaus. Nustatyta, kad
senéjimo metu kruvininky tankis grafeno sluoksnyje, esanciame ant Ni
kontakty, sumazéjo nezymiai ir kito nuo p=0,4x 10¥® cm™ iki p =
0,3 x 10" cm2, Bendras p (10'® cm2) sumaz¢jimas grafeno varziniy dariniy
senéjimo metu sieké 25 %. Dél kontakty iskaitinimo buvo stebimas p-tipo
legiravimo padidéjimas. Kriivininky tankis kito nuo p = 0,3 x 10 cm™2 iki
p =0,47 x 10 cm™2. Taigi, p-tipo legiravimas grafene, esan¢iame ant Ni
kontakty iskaitinimo metu pasieké vertes, kurios buvo biidingos iki bandiniy
sen¢jimo. Be to, ilgalaikio stabilumo eksperimento metu grafeno sluoksnyje
ant Ni kontakty buvo stebimas p-tipo legiravimas. ISmatuota kraivininky
tankio verté Au bandiniuose buvo nezymi. Nustatyta, kad kriivininky tankis
grafeno sluoksnyje, esan¢iame ant Au pavirSiaus, buvo p < 1 x 10?2 cm™2,
Gauti rezultatai patvirtina iSvadas, pateiktas literatiiroje, kur sen¢jimo metu
buvo stebimas p-tipo legiravimo mazéjimas grafeno sluoksnyje, esanéiame
ant metaliniy pavirsiy [154]. Be to, dél temperatiirinio poveikio buvo stebimas
p-tipo legiravimo grafeno sluoksnyje didéjimas [154].

0-4 T !fjl T T T T h" T T il“\ T T T T T N“ T
Me (Au) ] 1.01 M b
o 0.3 ] < 7
5 5 *
g 02 ] o
o o 05F ® * +
=2 2 e ¢
Q 0.1+ i Q
0.0—T . @ . dee T 'y e, R N B
0 o’ w0 3% 000y i 01 3alia
tdm‘r (mln anneal (mm) td”ﬁ» (mlﬂ) tanneal (mm)
(a) (b)

6.14. pav. Kriivininky tankio pokyciai grafeno sluoksnyje. Legiravimo kitimas
grafeno sluoksnyje, esan¢iame ant (a) Au kontakty ir (b) Ni kontakty. Adaptuota
pagal [156].
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Itempimy ¢ (%) kitimas ilgalaikio stabilumo eksperimento metu grafeno
sluoksnyje, esan¢iame ant metaliniy kontakty pavirSiaus, pateiktas 6.15. pav.
6.15. (a) pav. pateikti jtempimai CVD grafeno sluoksnyje, perkeltame ant Au
kontakty. pos(2D) priklausomybés nuo pos(G) analizé parode, kad anglies
vienasluoksniui, esan¢iam ant Au pavirSiaus, buvo budingas gniuzdantis
jtempimas, kadangi ¢ > 0. Siuo atveju & bandiniy sen¢jimo metu padidéjo du
kartus ir kito nuo e = —0,16 % iki ¢ = —0,35 %. Bandiniy i$kaitinimo metu
buvo stebimas gniuzdanéio jtempimo mazéjimas. Kai ta. = 2 min., ¢ pasieké
iki bandiniy senéjimo budingas vertes. Kai iSkaitinimo trukmé vir$ijo 3 min.,
buvo stebimas mechaniniy deformacijy padidéjimas, kuris po iSkaitinimo
eksperimento buvo lygus ¢ =—0,15 %.

Itempimy pokyc¢iy priklausomybé grafeno sluoksnyje, perkeltame ant Ni
kontakty, dél bandiniy senéjimo ir iskaitinimo pateikta 6.15. (b) pav. CVD
grafeno saveika su Ni padéklu pasizyméjo grafeno gardelés jtempimu, nes
viso ilgalaikio stabilumo eksperimento metu & < 0. Dél bandiniy senéjimo
buvo stebimas Zenklus mechaniniy deformacijy mazéjimas, kuris kito nuo ¢ =
0,6 % iki € =0,1 %. D¢l kontakty iSkaitinimo nezymiai padidéjo tempimai
grafeno lakste, kur & (%) kito nuo ¢ =0,1 % iki ¢ = 0,15 %. Kai tan = 3 min.,
buvo stebimas anglies vienasluoksn;j jtempiancio jtempimo ¢ (%) padidéjimas
CVD grafeno sluoksnyje, kuris, kai ta, > 3 min., sumazéjo.
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6.15. pav. Mechaniniy deformacijy kitimas grafeno sluoksnyje, esan¢iame ant
ploks¢iyjy metaliniy sri¢iy grafeno dariniuose su (a) Au kontaktais (b) Ni
kontaktais. Adaptuota pagal [156].

p-tipo legiravimo kitimai CVD grafeno lakste, esanCiame ant SiO:
padéklo, bandiniy senéjimo ir iSkaitinimo metu pateikti 6.16. (a) pav. Sioje
srityje kriivininky tankis grafene senéjimo metu kito p=0,4 —1,55 x 103 cm™
intervale. I8kaitinimo metu kriivininky tankis kito p = 0,6 — 1,5 x 102 c¢m™
intervale. Jdomu tai, kad p-tipo legiravimo kitimas grafene, perkeltame ant
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SiOz, neparodé aiskios tendencijos, taciau absoliutinés vertés buvo panasios
kaip ir grafene, esanc¢iame kontaktinio laiptelio srityje.

Mechaniniy deformacijy kitimai, kurie buvo stebimi grafeno sluoksnyje,
perkeltame ant SiO; padéklo, yra pateikti 6.16. (b) pav. & senéjimo metu kito
e=—0,16 — 0,04 % intervale. Sio kitimo absoliutinés vertés buvo kelis kartus
mazesnés nei mechaniniy deformacijy kitimai CVD grafeno sluoksnyje,
perkeltame ant metaliniy kontakty. [tempimai grafeno lakste, esanciame ant
izoliatoriaus pavirsiaus, iSkaitinimo metu kito labai panasiai kaip ir varziniy
dariniy senéjimo metu. & temperatiirinio poveikio metu kito ¢ =—0,16 —
0,02 % intervale.
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6.16. pav. (a) p-tipo krivininky tankio bei (b) mechaniniy deformacijy kitimas
grafeno sluoksnyje, esan¢iame ant izoliatoriaus srities. Adaptuota pagal [156].

Taigi grafeno Ramano analizé skirtingose varziniy dariniy srityse padéjo
nustatyti mechanizmy kitimus grafeno lakste, vykstan¢ius dél bandiniy
senéjimo ir kontakty iskaitinimo. Reik§mingiausi legiravimo pokyciai dél
bandiniy senéjimo jvyko grafeno sluoksnyje, esan¢iame kontaktinio laiptelio
srityje. Mechaniniy deformacijy pokyc¢iai dél bandiniy senéjimo jvyko
grafeno lakSte, esanCiame ant metaliniy kontakty. Grafeno dariniy
i8kaitinimas gali lemti nusédusio vandens pasalinimg nuo grafeno pavirsiaus.
Kriivininky tankio pokyc¢iai varzy sené¢jimo metu kontaktinio laiptelio srityje
gali biiti siejami su kontaktinés varzos kitimu bandiniams senstant. Yra
zinoma, kad vdV jéga daro didel¢ jtaka grafeno sluoksnio cheminiam
reaktyvumui [158]. Be to, junginiy absorbcija prie grafeno pavirSiaus ir
redukcija nuo jo stipriai lemia krivininky tankio kitimg [159], [160]. Tai
galéty buti viena i§ fizikiniy priezasc¢iy, kuri 1émé jvykusius legiravimo ir
mechaniniy deformacijy pokycius grafeno lakste, esanc¢iame ploksc¢io metalo
srityje, po CTLM dariniy iSkaitinimo.
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6.4. GRAFENO VARZINIU DARINIU SPM MATAVIMAI

Siekiant tirti mechanizmus, nulemtus ilgalaikio stabilumo grafeno
varziniuose dariniuose, grafeno bandiniai buvo charakterizuojami, atliekant
skenuojancio zondo mikroskopijos (SPM) matavimus. Matavimai, apimantys
didelius CTLM dariniy plotus, buvo atlikti po varziniy dariniy sen¢jimo ir po
grafeno dariniy iSkaitinimo.

Tipinis varzinio darinio, sudaryto i§ grafeno sluoksnio ir metaliniy
kontakty, morfologijos Zemélapis, kuris buvo gautas SPM mikroskopija tiriant
Au CTLM bandinj, yra pateiktas 6.17. (b) pav. SPM matavimai buvo
atliekami toje pacioje bandinio vietoje, kurioje buvo atlieckami ir Ramano
matavimai. Atominiy jégy mikroskopija gauta topografijos paveiksla sudaro
dvi aiskiai atsiskiriancios sritys. Vienoje i$ sriciy grafeno lakstas yra perkeltas
ant metaliniy kontakty. Siai sri¢iai budingas auks¢io padidéjimas, matomas
6.17. (a) pav. pateiktame auks¢io profilyje. Tarp kontakty yra metalinius
sluoksnius atskirianti izoliuojan¢io padéklo sritis, kuri 6.14. (a) pav.
pateiktame varzinio darinio aukscio profilio atvaizdavime iSsiskiria auks$cio

sumazéjimu.
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6.17. pav. Grafeno varzinio darinio SPM matavimai. (a) pateiktas CTLM bandinio
aukscio profilis ir (b) — topografijos Zemélapis.

Naudojantis viena i§ skenuojancio zondo mikroskopijos SKPFM
(skenuojancia Kelvino jégos zondo mikroskopija) moda buvo pamatuotas
grafeno dariniy su Au ir Ni kontaktais pavirSiaus kontaktinis potencialy
skirtumas (CPD). CPD profiliai, gauti matavimus atliekant ant metaliniy
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kontakty ir izoliatoriaus, pateikti 6.18. (a) ir (b) pav. 6.18. (a) pav. pateiktas
CTLM bandinio su Au kontaktais CPD profilis. Grafeno dariniuose su Au
sluoksniu kontaktinis potencialy skirtumas buvo panasus ir metalingje, ir
izoliatoriaus srityje. Taciau ties metalinio kontakto briauna buvo stebimas
CPD sumazéjimas. 6.18. (b) pav. yra pateiktas CTLM bandinio su Ni
sluoksniu kontaktinio potencialy skirtumo profilis. Pastaruoju atveju CPD
profilyje buvo stebimas potencialo padidéjimas metalingje bandinio dalyje.
Skirtumas tarp CPD vertés, esancios ant metalo ir izoliatoriaus, sieké ~0,05 V.

60 x 60 um? ploto CPD Zemélapiai, gauti grafeno darinius skenuojant
Kelvino jégos zondo mikroskopija, pavaizduotas 6.18. (C) pav. ir 6.18. (d) pav.
Kelvino jégos zondo mikroskopija sudarytas grafeno darinio su Au kontaktais
zemelapis pateiktas 6.18. (c) pav. Au bandiniams budingas panasus
kontaktinio potencialy skirtumas grafeno sluoksnyje, esan¢iame ant metalinés
ar izoliatoriaus sri¢iy. Grafeno darinio su Ni kontaktais CPD zemélapis
pateiktas 6.18. (b) pav. Pateiktame paveikslélyje matyti, kad kontaktinio
potencialy skirtumo verté, iSmatuota ant izoliatoriaus, skiriasi nuo kontaktinio
potencialy skirtumo vertés, iSmatuotos ant Ni srities. Pateikti rezultatai gauti
pries CTLM bandiniy iskaitinima.
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6.18. pav. (a) ir (b) CTLM bandiniy CPD profiliai. (c) ir (d) CTLM bandiniy
zemélapiai. (a) ir (c) — Au bandinys. (b) ir (d) — Ni bandinys.

Nelegiruoto grafeno islaisvinimo darbas We, yra lygus 4,53 eV [161].
Grafeno sluoksnis yra n-tipo laidumo, kai Wer < 4,53 eV. Grafeno sluoksnyje
legiravimas priskiriamas p-tipui, jei Wer > 4,53 eV. Pasitelkiant grafeno
dariniy CPD matavimus buvo nustatytas i§laisvinimo darbas Wg, grafeno
sluoksnyje prie§ iskaitinimo procediira ir po 124 min. ikaitinimo. Si
priklausomybé pateikta 6.19. pav. 6.19. pav. pateikta iSlaisvinimo darbo
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priklausomybé nuo iskaitinimo trukmés buvo gauta skirtingose grafeno
varziniy dariniy srityse, t. y. ant metalinio padéklo, ant kontaktinio laiptelio ir
ant izoliuojancio padéklo.

Iki CTLM bandiniy iSkaitinimo grafeno dariniai su Au kontaktais
pasizyméjo labai panaSia iSlaisvinimo darbo verte metalo, kontaktinio
laiptelio ir izoliatoriaus srityse. We: verté Siose srityse sieke 4,78 — 4,80 eV.
Po bandiniy iskaitinimo grafeno dariniy su Au kontaktais i§laisvinimo darbas
sumaz¢jo. Didziausias Wer pokytis jvyko grafeno sluoksnyje ant plokscios
metalo ir kontaktinio laiptelio sri¢iy. Wer grafeno lakste ant Au kontakty
sumazéjo 0,19 eV, o kontaktinio laiptelio srityje — 0,18 eV. Wg, pokytis
grafeno sluoksnyje, esanCiame ant izoliatoriaus buvo beveik du kartus
mazesnis nei kitose dalyse ir sické 0,11 eV.

Wer grafeno dariniuose su Ni kontaktais buvo mazesnis nei grafeno
dariniuose su Au kontaktais. I§laisvinimo darbas grafeno dariniuose su Ni
kontaktais buvo skirtingas atskirose srityse. Grafeno laksto Wgr verté
ploks¢ioje metalo, izoliatoriaus ir kontaktinio laiptelio srityse kito nuo
4,55 eV iki 4,62 eV. Po Ni CTLM bandiniy i8kaitinimo i$laisvinimo darbas
padidéjo. Didziausi Wer pokyciai jvyko ploks¢ioje metalo ir kontaktinio
laiptelio srityse, kur We, padidéjo ~0,12 eV. Kiek mazesnis Wer pokytis dél
bandiniy iSkaitinimo jvyko grafeno sluoksnyje, esan¢iame ant izoliatoriaus,
kur Wer padidéjo 0,1 eV. Taigi, didziausi Wer poky¢iai po grafeno dariniy
i8kaitinimo jvyko grafeno laksSte, esanCiame ant metaliniy pavirSiy bei
kontaktinio laiptelio srityje. Wer poky¢iai, izoliatoriaus srityje jvyke dél
grafeno dariniy iSkaitinimo, buvo mazesni nei kitose.

Metalas W Sio,
I * Aug ' * Au§ ' * Au
E - ® Nif ® Nif ® Ni
49 3 3 :
4.8 — 3 3 7

N ¢
- E - °

g‘—” 4.7 — e F 3 * 3
46 . b E E
45t
E I E 1 I F 1 [—

0 124 0 124 0 124
t . min

a

6.19. pav. Islaisvinimo darbo priklausomybés grafeno lakste Wer nuo iskaitinimo
trukmés. Adaptuota pagal [156].
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Tesiant grafeno dariniy ilgalaikio stabilumo analiz¢ CPD zemélapiai,
pateikti 6.20. pav., buvo perskai¢iuoti j i§laisvinimo darba. Tokiu biidu buvo
sudaryti iSlaisvinimo darbo zemélapiai. Véliau i§ sukonstruoty Wer Zemélapiy
buvo sudarytas i§laisvinimo darbo profilis, susidedantis i§ 3 x 3 um? ploto
vienas po kito sekanciy segmenty.

6.20. pav. pateiktas islaisvinimo darbo profilio kitimas grafeno dariniuose
su Au ir Ni kontaktais. W, profilio kitimas buvo jvertintas prie§ CTLM
bandiniy iskaitinimg ir po temperatiirinio kontakty apdirbimo. Ribos, kurios
atitinka metalinio kontakto briaunas, buvo nustatytos remiantis AFM
mikroskopijos topografijos matavimy metodika. Sios ribos yra pazymétos
raudonomis punktyrinémis linijomis. Kontaktinio laiptelio sritis, nuo metalo
briaunos i8plitusi per 8 pum, pazyméta zydru staciakampiu. We, profilio
kitimas grafeno dariniuose su Au kontaktais pazymétas 6.20. (a) pav. Siame
paveikslélyje zali taskai zymi vertes, gautas prie§ bandiniy kaitinima,
purpuriniai — po 124 min. bandiniy kaitinimo. 6.20. (a) pav. pateiktame
paveiksle buvo stebimas We, nestatus peréjimas nuo ploks§¢ios metalo link
ploks¢ios SiO; srities. Peréjimo nuotolis buvo arti 10 um. Sekant W, profilio
kitima i3 kairés j desine, buvo pastebétas Wer sumazéjimas, kai x = 15 um. Si
padétis praktiskai sutapo su fizine metalinio kontakto laiptelio vieta, nustatyta
tiriant bandinio morfologija. Wer didéjo, kai 18 um < x < 21 pm. Grafeno,
esancio ant izoliatoriaus, i$laisvinimo darbas buvo didesnis, nei We, grafeno
laksto, esancio ant metaliniy kontakty. Taciau artéjant nuo izoliatoriaus link
metalinio kontakto Wesr mazZéjo ir ties metalo sluoksnio krastu pasieké
minimumg. Galiausiai, kai x < 41 pm, iSlaisvinimo darbas did¢jo. Po Au
bandiniy iSkaitinimo procediiros Woer profilyje pasireiské nezymis
sumazéjimai ties metalo krastais, taciau toli iSplites Wgr peréjimas nebuvo
stebimas.

Grafeno dariniai su Ni kontaktais i$siskyré didesniu i$laisvinimo darbo
skirtumu tarp ploks¢iyjy metalo ir izoliatoriaus sri¢iy. Sis Wer profilio kitimas
pateiktas 6.20. (b) pav., kur zali taskai zymi We, profilj, gauta po bandiniy
sengjimo, o purpuriniai taskai Zymi iSlaisvinimo darbo profilj, gautg po
bandiniy kaitinimo, trukusio 124 min. Ties metalo laiptelio krastu, kai
X =15 um, iSlaisvinimo darbas sumaZzéjo ir tolstant i izoliatoriaus sritj, kai
X <15 um, Weg, didéjo. ISlaisvinimo darbo kitimas tolstant nuo plokscios
metalo dalies iki izoliatoriaus srities buvo iSplites ir sieké 10 pm. Taciau
grafeno lak$tui pereinant nuo izoliatoriaus link metalo, kai x < 41 pm, Wer
kito tolygiai. Todél buvo stebimas Wer mazéjimas, net ir esant toli nuo fizinio
metalinio kontakto briaunos (x < 55 um). Grafeno dariniuose su Ni kontaktais
rySkus iSlaisvinimo darbo skirtumas tarp ploks$ciyjy izoliatoriaus ir metalo
sri¢iy iSliko ir po kontakty iSkaitinimo. Be to, W, peréjimas nuo plokscios
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metalo srities link izoliatoriaus srities isliko tolygiai didéjantis. Wg peréjimas
nuo izoliatoriaus link metalo iSliko tolygiai mazgéjantis.

ettty PRCC
i— “ i i 124 mi: %‘54‘6 .§§.+ §*§%++
Tttt diagy |

4'53 10 i2'0 30 4'5 i'o éoﬁ 4-5%++%+ i 30 4(:)i é%i.éﬁ(;

(a) (b)
6.20. pav. I8laisvinimo darbo profilio kitimas grafeno bandiniuose su Au (a) ir Ni
(b) sluoksniais. (a) zali taskai Zymi Wg, profilj pries§ bandiniy kaitinimg, purpuriniai
taskai — We, profilj, gauta prie$ bandiniy kaitinima. (b) Zali taskai — We, profilis
pries bandiniy kaitinima, purpuriniai — po. Vertikali raudona punktyriné linija zymi
metalo briaunos krasta, Zydras stac¢iakampis — kontaktinio laiptelio sritj.

Wer profilio analizé parodé, jog iSlaisvinimo darbas priklauso nuo
medziagos, ant kurios perkeltas grafenas, bei nuo reljefiniy ypatumy. Skirtingi
iSlaisvinimo darbai atskirose grafeno dariniy srityse galéty buti nulemti
skirtingo grafeno laksto legiravimo. Sie rezultatai galéty bati siejami su
grafeno dariniy analize Ramano mikroskopija, kur buvo stebimas skirtingas
kriivininky tankis atskirose bandiniy srityse.

6.5. GRAFENO VARZINIU DARINIU EKVIVALENTINES
GRANDINES MODELIS

6.21. pav. pateiktas ekvivalentinés grandinés modelis. Pateiktas brézinys
iliustruoja elektrinj kontaktg tarp grafeno laksto (1) ir metalinio sluoksnio (2).
Sis modelis yra dalis ekvivalentinés varzy schemos, kuri buvo pateikta
disertacijos 5 skyriuje apie ilgo nuotolio deformacijas planariniuose grafeno
dariniuose.
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6.21. pav. Ekvivalentinés grandinés schema grafeno dariniuose su metaliniu
sluoksniu.

Sheel

Salia metalinio kontakto briaunos yra pateiktos Reows if Ro, Kurios
nurodytos 6.21. pav. D¢l bandiniy senéjimo ir atstatymo iSkaitinant jvyke
didziausi kruvininky tankio ir mechaniniy deformacijy pokyciai galéty biiti
siejami Su Rerowd if Ro komponenéiy kitimu. Si prielaida paremta tuo, kad
dominuojantys p (10 cm™) ir ¢ (%) kitimai, nulemti ilgalaikio stabilumo,
buvo stebimi kontaktinio laiptelio srityje, esancioje Salia kontakto briaunos.

Tiriant i§laisvinimo darbo profilio kitimg grafeno dariniuose, buvo
stebimas nestaigus We: peréjimas nuo ploksc¢iosios metalinio sluoksnio iki
ploksciosios izoliatoriaus srities. Pereinamoji sritis yra priskiriama kontakto
laiptelio sri¢iai. Taigi, Wer kitimai grafeno lakste, esanciame kontaktinio
laiptelio srityje, gali biiti siejami su Fermio energijos kitimu. Todél yra galimi
krivininky tankio kitimai, lemiantys grafeno sluoksnio elektrinio laidumo
poky¢ius Salia kontakto briaunos. Be to, Wg, kitimai Salia metalinio kontakto
krasto gali daryti jtaka Rerowd I Rg komponencéiy kitimu.

6.6. TRECIOS REZULTATU DALIES ISVADOS

1. llgalaikio stabilumo tyrimo metu buvo stebimas elektriniy
charakteristiky kitimas dél aplinkos poveikio nulemty pokyciy. Parodyta, kad
po varziniy dariniy gamybos dél bandiniy senéjimo pakitusios elektrinés
charakteristikos gali biiti atstatytos bandinius iSkaitinant.

2. Dél varzy senéjimo labiausiai pakito kriivininky tankis grafeno
lakste, esanCiame ant kontaktinio laiptelio srities. Dél temperattirinio poveikio
p-tipo legiravimas grafeno sluoksnyje didéjo.

3. Itempimy analizé grafeno varziniuose dariniuose parod¢, kad
didziausias deformacijy pokytis, kuris priklausé nuo kontaktui naudoto
metalinio sluoksnio, jvyko grafeno sluoksnyje, esanciame ant plokscios
metalo srities. Grafeno varzZiniy dariniy senéjimo metu bandiniams su Au
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kontaktais buvo budingas gniuzdanciojo jtempimo didéjimas, 0 bandiniams
su Ni kontaktais — grafeno laksta jtempianciy deformacijy mazéjimas.

4. D¢l grafeno dariniy iSkaitinimo iSlaisvinimo darbas grafeno
bandiniuose su Au ir Ni kontaktais kito skirtingai. Nustatyta, kad didZiausias
We:r pokytis jvyko grafeno sluoksnyje, esanCiame ant ploks¢ios Au ir Ni sriciy
bei kontaktinio laiptelio srities.

5. Nustatyta, kad varziniy dariniy kontaktiné sritis yra jautriausia
senéjimui ir pakitusiy savybiy atstatymui grafeno bandiniy dalis. Kriivininky
tankis, mechaninés deformacijos ir iSlaisvinimo darbas maziausiai pakito
grafeno sluoksnyje, esan¢iame ant izoliatoriaus.

6. Pateiktas ekvivalentinés grandinés modelis, kuris sieja kravininky
tankio bei iSlaisvinimo darbo dél ilgalaikio stabilumo nulemtus kitimus
grafeno lakste, esan¢iame kontaktinio laiptelio srityje, su varzy Rerowd I Ro
komponenciy kitimu.

Remiantis tyrimy iSvadomis, suformuluotas doktorantiiros mokslinio
tiriamojo darbo ginamasis teiginys: reljefinio pavir§inio darinio su virSutiniu
dvimacio grafeno lakStu elektriniy charakteristiky ilgalaikis senéjimas
normalioje aplinkoje yra nulemtas dominuojancéiy grafeno deformacijy
pokyc¢iy kontaktingje srityje ir pavirsinio elektrinio kriivio sukurty legiravimo
poky¢iy laidziajame grafeno kanale tarp kontakty. Grafeno jtempimai
kontaktingje srityje ir legiravimas tarpkontaktiniuose kanaluose gali buti
atstatyti j prading po bandinio pagaminimo atitinkanéig biiseng trumpu
(< 10 minuciy) atkaitinimu inertiniy dujy atmosferoje ne didesnéje nei 575 K
temperatiiroje.
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7. GRAFENO VARZINIU DARINI\ TEMPERATURINES
PRIKLAUSOMYBES TYRIMAS

Siame skyrelyje pateikti rezultatai, kurie buvo gauti tiriant grafeno varziniy
dariniy elektriniy parametry kitimg esant skirtingai temperatiirai. Siekiant
stabilizuoti kaitinimo atmosfera, bandiniai buvo kaitinami suspausto sauso oro
atmosferoje. VACh matavimai buvo atliekami keliose CTLM bandiniy su Au
ir Ni kontaktais matricose bei esant skirtingai temperatiirai (T = 293 K, 323 K,
373 K, 423 K ir 523 K).

7.1. VACH PRIKLAUSOMYBE NUO TEMPERATUROS

Tiriant temperatiiring grafeno varziniy dariniy priklausomybe, skirtingose
temperattirose buvo pamatuotos dariniy VACh. ISmatuotos VACh buvo
tiesinés. 7.1. pav. pusiau logaritminiame mastelyje pateiktos grafeno varzinio
darinio su Au kontaktais, kuriame atstumas tarp kontakty ds = 5 pum,
voltamperinés charakteristikos. Sios VACh buvo imatuotos esant skirtingai
temperattirai. Kambario temperatiiroje (T = 293 K) srové, kai pridéta jtampa
U = £1V, sieké 17 mA. Didinant temperatiira, buvo stebimas sroveés
maz¢jimas. Kai pridéta jtampa U =+1 V, esant 293 K temperatiirai, iSmatuota
srové buvo 11 mA.

16.00F 10.00%

14.00- :

12.00f I

1,00

<10.00F :
£

8.00F 0.10

6.00F

0.01;

(b)

7.1. pav. Grafeno varzinio darinio su Au kontaktais temperatiirinés VACh.
Atstumas tarp metaliniy kontakty ds = 5 um. (a) Susiaurinta jtampos skalé. (b)
i§plésta jtampos skalé.
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(b)
7.2. pav. Grafeno varzinio darinio su Ni kontaktais temperatirinés VACh.
Atstumas tarp metaliniy kontakty ds = 5 um. (a) susiaurinta jtampos skalé. (b)

i§plésta jtampos skalé.

Grafeno varzinio darinio (ds = 5 pum) su Ni sluoksniu voltamperinés
charakteristikos, gautos skirtingoje temperatiiroje, pusiau logaritminiame
mastelyje pateiktos 7.2. pav. Grafeno dariniuose su Ni kontaktu buvo stebima
kiek mazesné iSmatuota srové nei dariniuose su Au kontaktu. Kambario
temperattroje (T =293 K) srové, kai pridéta jtampa U = £1 V), sieké 10 mA.
Pakélus temperatiirg iki 523 K, iSmatuotas srovés mazgjimas sieke beveik du
kartus, kur srové, kai pridéta jtampa U = +1 V), sieké 6 mA.

7.2. ELEKTRINIU PARAMETRU PRIKLAUSOMYBE NUO
TEMPERATUROS

Siame skyrelyje aptariama grafeno bandiniy su metaliniais sluoksniais
elektriniy parametry priklausomybé nuo temperatiiros. Grafeno dariniy
voltamperinés charakteristikos, kurios buvo iSmatuotos, esant skirtingam
atstumui tarp metaliniy kontakty ds, buvo aproksimuojamos klasikiniu Omo
désniu. Tokiu biidu buvo jvertinta grafeno dariniy varzos Rq priklausomybé
nuo temperatiiros T.

Grafeno dariniy su Au sluoksniu varzos priklausomybé nuo temperattiros
yra pateikta 7.3. (a) pav. Varzos vertés eksperimento metu, priklausomai nuo
atstumo tarp kontakto ds, kito intervale nuo 40 Q iki 145 Q. Didinant
temperattirg, buvo stebimas visy CTLM matricos elementy varzos didéjimas.
Grafeno dariniy su metaliniu sluoksniu Rq, pakélus temperatiirg nuo 293 K iki
523 K, padid¢jo beveik du kartus.

Bandiniy su Ni metaliniu sluoksniu varzos temperattriné priklausomybé
pateikta 7.3. (b) pav. Bandiniams su Ni sluoksniu buvo biidinga kiek didesné
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varzos verté nei bandiniams su Au sluoksniu, todél 7.3. (b) pav. pateiktoje
temperatiirinéje Rq priklausomybéje varzos vertés kito intervale nuo 60 Q iki
165 Q. Padidinus temperattirg nuo 293 K iki 523 K, visy CTLM matricos
elementy su Ni sluoksniu varza padidéjo beveik du kartus.
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7.3. pav. Grafeno varziniy dariniy varzos priklausomybé nuo temperatiiros.

Elektrinio laidumo kitimas dél keiiamos temperatiiros grafene gali
priklausyti nuo kriivininky koncentracijos grafeno lakSte [162]. Taciau
didesng jtakg grafeno elektriniam laidumui daro elektrony sklaida akustiniais
bei optiniais fononais [163]. Tai galéty bati viena i§ prieZasCiy, lemian¢iy
grafeno dariniy varzos didéjima didinant temperatiirg.

Remiantis Rq(T) priklausomybémis bei (7.1) israiSkoje pateiktu sarySiu
buvo apskaiciuotas grafeno bandiniy varzos temperatiirinis koeficientas.
Siame sarysyje Rdo yra varZa, i$matuota kambario temperatiroje (To).

Rd = RdO(l + a(TO - T)) (71)

7.4. (a) pav. pateiktas temperatiirinis grafeno dariniy, kuriuose atstumas
tarp kontakty ds = 10 um ir 30 um, varzos koeficiento jvertinimas bandiniuose
su Au sluoksniu. Nustatyta, kad vidutiné varzos temperatiirinio koeficiento
verté, vertinant visus grafeno elementus, sudarané¢ius CTLM bandinio matrica
su Au sluoksniu, yra a = 0,003 K™*. Temperatirinio koeficiento jvertinimas
bandiniuose su Ni sluoksniu pateiktas 7.4. (b) pav. Vidutiné temperatirinio
koeficiento verté grafeno dariniuose su Ni sluoksniu a = 0,002 K. Taigi,
nepriklausomai nuo metalo buvo gauta, kad varzos temperatiirinio koeficiento
verté varziniuose dariniuose su Au ar Ni sluoksniu buvo ganétinai panasi.
Zinoma, kad varziniuose temperatiiros detektoriuose varzos temperatiirinio
koeficiento verté yra 1072 K™ eilés [164]. Didesné a verté galéty daryti jtaka
detektoriaus temperatiiriniam jautrumui.
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7.4. pav. Grafeno varziniy dariniy varzos priklausomybé nuo temperatiiros.

Tiriant varziniy dariniy temperatiiring priklausomybe, buvo jvertinta
santykiné sluoksnio, kontaktinés varzos bei pernasos ilgio priklausomybé nuo
temperatiros. Santykinés Rsno/Rsn, Rco/Rc ir Leo/Le priklausomybés buvo
gautos sunormuojant atitinkama parametra (Rsn, Rc ar Lc) i to parametro vertg,
esant pradinei temperatirai (kai T = 293 K).

7.5. (a) pav. pateikta santykiné sluoksnio varzos Rsno/Rsn (7.5. (2) pav.)
temperattriné priklausomybé. Padidinus temperatiirg nuo 293 K iki 523 K,
buvo stebimas kiek didesnis nei 30 % sluoksnio varzos padidéjimas. 7.5. (b)
pav. pateikta santykinés kontaktinés varzos Rco/Rc (7.5. (b) pav.)
priklausomybé nuo temperatiiros. Nustatyta, kad keiCiant temperatiirg nuo
293 K iki 523 K grafeno dariniuose su Au sluoksniu, Reco/Rc verté padidéjo
nuo 1 iki 2,1. Grafeno dariniy su Ni sluoksniu santykiné Rco/Rc verté,
padidinus temperatiirg nuo 293 K iki 523 K, kito nuo 1 iki 1,5. Sio
eksperimento metu gautas kontaktinés varzos temperatirinis kitimas (293 K —
523 K intervale) buvo panaSus, kuris yra pateiktas darbe [165].
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7.5. pav. (a) santykinés sluoksnio varzos priklausomybé nuo temperatiiros ir (b)
santykinés kontaktinés varzos priklausomybé nuo temperatiiros.
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7.6. pav. pateikta pernasos ilgio priklausomybé Lco/Lc nuo temperatiiros.
Akivaizdus Lco/Lc padidéjimas, keiCiant temperatiira, bandiniuose su Au
sluoksniu buvo stebimas tik temperatiirai pasiekus 523 K. Sis pernasos ilgio
pokytis sieké 60 % lyginant su pradine verte, kai T = 293 K. Grafeno
badiniuose su Ni sluoksniu santykiné Lco/Lc Verté pasiekus 323 K padidéjo
50 % lyginant su pradine verte, kai T =293 K. Didinant temperatiirag pernasos
ilgis Lc grafeno bandiniuose su Ni sluoksniu kiek sumazgjo.
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7.6. pav. Santykinés pernasos ilgio vertés priklausomybé nuo temperatiiros.

Grafeno varziniy dariniy temperattirinés priklausomybés tyrimo metu
buvo stebimas bandiniy elektriniy parametry kitimas didinant temperatiira.
Eksperimento metu naudotame temperatiiros intervale bandiniy varza Rq
nepriklausomai nuo metalinio sluoksnio padidéjo panaSiai ir varzos pokytis,
pakélus temperatiirg nuo 293 K iki 523 K, sieké 2 kartus. Didinant temperatiira
varziniy dariniy sluoksnio varza Rsn kiek padidéjo. Kontaktinés varzos
pokytis, pakélus temperatirg nuo 393 K iki 523 K, dariniuose su Au ar su Ni
sluoksniu buvo didesnis nei sluoksnio varzos.

7.3. KETVIRTOSIOS REZULTATU DALIES PAGRINDINIAI
REZULTATAI IR ISVADOS

Tiriant grafeno varziniy dariniy elektriniy parametry priklausomybe nuo
temperattiros buvo gauti Sie pagrindiniai rezultatai ir iSvados:
1. Didinant temperatiirg buvo stebimas grafeno varziniy dariniy su Au
ir Ni sluoksniais elektrinio laidumo mazéjimas.
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2. Nustatyta, jog varzos temperatiirinio koeficiento verté grafeno
dariniuose su Au sluoksniu o = 0,003 K™, dariniuose su Ni sluoksniu
o =0,002 K™

3. Didinant temperatira buvo stebimas kontaktinés varzos Rc
didéjimas. Nustatyta, kad kontaktinés varzos atsakas j kei¢iamg temperatiira
(nepriklausomai nuo kontaktui pasirinkto metalinio sluoksnio) buvo jautresnis
nei sluoksnio varzos.

4. Grafeno dariniy temperatiirinés priklausomybés tyrimo metu buvo
nustatyta, kad santykiné pernaSos ilgio L¢ verté did¢jo skirtingai, priklausomai
nuo metalinio sluoksnio, naudoto varzinio darinio kontakto formavimui.
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8. PAGRINDINIAI REZULTATAI IR ISVADOS

1. Nustatyta, kad vertikalios sandiiros grafeno kontakty, pagaminty su
Au ir Ni sluoksniais, elektriné varza zenkliausiai sumaZzéjo per pirmajj
i8kaitinimo etapa, kurio trukmé miisy tyrimy salygomis buvo 4 minutés. Au
CTLM bandiniy kontaktiné varza sumazéjo Rc 57 %, 0 Ni CTLM bandiniy
kontaktiné varza Rc po 4 minuciy iSkaitinimo — 75 %. Nepaisant to, jog
tolimesné kontakty temperatiirinio formavimo trukmé sieké dvi valandas, Rc
sumazéjimas buvo nezymus.

2. Pernasos ilgis Lc Au ir Ni CTLM bandiniuose po 4 minuciy
iSkaitinimo etapo sumazéjo beveik du kartus, 0 ilginant ta, Lc kitimas
nepastebétas. Staigus Lc sumazéjimas dél kontakty iSkaitinimo galéty biti
siejamas su sroveés i$plitimu metalo ir grafeno kontaktuose bei atstumo tarp
grafeno sluoksnio ir metaliniy kontakty mazéjimu.

3. Metaliniy kontakty su grafeno laks$tu temperatiirinio formavimo
metu grafeno sluoksnio, esancio ant izoliatoriaus pavirSiaus, varza kito
tolygiai ir skirtingi Rsh kitimo etapai, kei¢iant iSkaitinimo trukme, nebuvo
stebimi. Nustatyta, kad Rsp mazéjo nezymiai viso kontakty iskaitinimo
proceso metu.

4. Parodyta, kad dél kontakty iSkaitinimo grafeno sluoksnyje, esanc¢io
ant metaliniy kontakty pavir§iaus, pasireiSké gniuzdymo deformacija ¢, kuri
did¢jo ilginant iSkaitinimo trukme.

5. Nustatyta, kad dél temperatiirinio kontakty formavimo grafeno
lakste, esanCiame ant izoliatoriaus pavirSiaus, labiausiai kito grafeno
legiravimas. Kriivininky tankis grafeno sluoksnyje p kito nuo p ~ 0 iki
p=(0,18 — 0,5) x 10*® cm™. Jtempimai grafeno sluoksnyje, esantiame ant
izoliatoriaus pavirSiaus, kontakty iskaitinimo metu pakito neZymiai, t. y. nuo
e=(-0,28 ——0,36) % iki ¢ = (—0,37 ——0,43) %.

6. Tiriant deformacijas grafeno reljefiniuose dariniuose su metaliniais
sluoksniais, buvo gauti skirtingo pobtdzio statistiniai Ramano G ir 2D smailiy
pasiskirstymai ant ploks$¢iyjy bandinio sri¢iy (viena normaliojo skirstinio
komponent¢) ir ant pereinamosios kontaktinio laiptelio srities (kelios
normaliojo skirstinio komponentés).

7. Parodyta, kad kontaktinio laiptelio srityje yra sukuriamos ilgo
nuotolio deformacijos, kurios isplitusios grafeno sluoksnyje toli nuo kontakto
krasto ribos.

8. Nustatyta, kad abiejy Au ir Ni bandiniy grafeno peréjimo nuo
kontakto ant SiO; padéklo srityje pasireiskia gniuzdymo deformacija. Taciau
reljefiniuose dariniuose su metaliniais sluoksniais jtempimai grafeno lakste
nesiekia ¢ > —0,25 %.
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9. Sukonstruotuose pos(2D) nuo pos(G) rinkiniuose buvo stebimas
Ramano duomeny klasteriy susidarymas. Kiekvienas klasteris yra
priskiriamos specifinei reljefinio darinio sriciai.

10. Parodyta, kad naudojant skirtingus (1o arba 20) pasikliovimo
intervalus, gali buti jvertintas ze klasterio persiklojimas su greta esanciais
ploksciy sriciy klasteriais.

11. Tyrimo metu gauta, kad Krivininky tankis p bandiniuose grafeno
sluoksnyje, esaniame ant Au pavirSiaus, buvo toks pats kaip ir ant SiO;
pavirsiaus ir lygus p = (2 - 4) x 101 cm Ni bandiniuose pastebétas stiprus p
pasikeitimas tarp metalo ir SiO; sri¢iy.

12. Tiriant ilgo nuotolio p ir ¢ poky¢ius grafene ant skirtingy pavirSiy,
buvo pasiiilytas ekvivalentinés elektrinés grandinés modelis, kuris jtraukia p
ir ¢ kitimus grafeno sluoksnyje.

13. Parodyta, kad ilgo nuotolio deformacijos grafeno sluoksnyje gali
daryti jtaka kontaktinei ir sluoksnio varzoms.

14. llgalaikio stabilumo tyrimo metu buvo stebimas elektriniy
charakteristiky kitimas dél aplinkos poveikio nulemty pokyciy. Parodyta, kad
po varziniy dariniy gamybos dél bandiniy senéjimo pakitusios elektrinés
charakteristikos gali buti atstatytos bandinius iskaitinant.

15. Dél varzy sen¢jimo labiausiai pakito kriivininky tankis grafeno
lakste, esan¢iame ant kontaktinio laiptelio srities. Dél temperatiirinio poveikio
p-tipo legiravimas grafeno sluoksnyje didéjo.

16. [tempimy analizé grafeno varziniuose dariniuose parodeé, kad
didziausias deformacijy pokytis, kuris priklausé nuo kontaktui naudoto
metalinio sluoksnio, jvyko grafeno sluoksnyje, esanciame ploks¢ioje metalo
srityje. Grafeno varziniy dariniy senéjimo metu bandiniams su Au kontaktais
buvo budingas gniuzdan¢iojo jtempimo didéjimas, 0 bandiniams su Ni
kontaktais — grafeno lakstg jtempianciy deformacijy mazéjimas.

17. D¢l grafeno dariniy iSkaitinimo iSlaisvinimo darbas grafeno
bandiniuose su Au ir Ni kontaktais kito skirtingai. Nustatyta, kad didziausias
W pokytis jvyko grafeno sluoksnyje, esanciame ant plokscios Au ir Ni sriciy
bei kontaktinio laiptelio srities.

18. Nustatyta, kad varziniy dariniy kontaktiné sritis yra jautriausia
senéjimui ir pakitusiy savybiy atstatymui grafeno bandiniy dalis. Krtvininky
tankis, mechaninés deformacijos ir iSlaisvinimo darbas maziausiai pakito
grafeno sluoksnyje, esanciame ant izoliatoriaus.

19. Pateiktas ekvivalentinés grandinés modelis, kuris sieja krivininky
tankio bei islaisinimo darbo dél ilgalaikio stabilumo nulemtus kitimus grafeno
lakste, esanc¢iame kontaktinio laiptelio srityje, su varzy Rcowd if Ro
komponenciy kitimu.
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20. Didinant temperatiirg buvo stebimas grafeno varziniy dariniy su Au
ir Ni sluoksniais elektrinio laidumo mazéjimas.

21. Nustatyta, jog varzos temperatiirinio koeficiento verté grafeno
dariniuose su Au sluoksniu a = 0,003 K, dariniuose su Ni sluoksniu
o =0,002 K™

22. Didinant temperatiira buvo stebimas kontaktinés varzos Rc
did¢jimas. Nustatyta, kad kontaktinés varzos atsakas j kei¢iama temperatiira
(nepriklausomai nuo kontaktui pasirinkto metalinio sluoksnio) buvo jautresnis
nei sluoksnio varzos.

23. Grafeno dariniy temperatiirinés priklausomybés tyrimo metu buvo
nustatyta, kad santykiné pernasos ilgio verté Lc didéjo skirtingai, priklausomai
nuo metalinio sluoksnio, naudoto varzinio darinio kontakto formavimui.
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1. SUMMARY
1.1. INTRODUCTION

Structures made of graphene monolayer film and metal layers are often
used in the development of microwave devices [1], also for the development
of tunable frequency antennas in which frequency ranging from THz to mid-
infrared [2], [3]. Graphene sheet is often used in the manufacture of humidity
sensors [4], [5], photodetectors [6], [7], field transistors [8], piezoelectric [9],
and optical modulators [10], [11].

An annealing procedure is performed to reduce the contact resistance of
the van der Waals (vdW) contacts in which the structure of two-dimensional
graphene sheet and the metal layer obtained by mechanical transfer [12]. In
order to avoid undesired doping of graphene sheet, the temperature procedures
for the formation of devices are performed in an inert gas environment [13].
In addition, it is known that temperature treatment causes changes in
mechanical deformations in the graphene lattice [14], [15]. Therefore, it is
necessary to optimize the conditions of process, which would define the
duration of thermal formation of graphene structures that are formed using
metal layers.

When designing electronic devices, it is important to minimize contact
resistance. The optimization of contact resistance graphene sheets and
different metals is presented at [16]. The optimization of technological
conditions is presented in the review [17]. Based on theoretical and
experimental work, it is known that charge transfer, as well as electrical
parameters, depend on the formation of a metal layer and a graphene sheet at
the junction [18]. The interlayer formed between the metal layer and the
graphene sheet has been shown to have a significant effect on the performance
of field-effect transistors [19]. Promising vertically constructed graphene
structures in which vaW heterojunctions are formed together with 2D
materials are presented in reviews [17], [20]. However, the development of
technological processes is necessary for the formation of metal layers and
graphene sheet structures of various constructions, in which the graphene
sheet is placed on the metal layers or the metal layers are formed on the top of
the graphene sheet.

Based on theoretical calculations, it has been shown that the effective
charge transfer distance in structures with a metal layer and a graphene sheet
ranges from 5 A to ~60 nm. However, such calculations do not significantly
coincide with the experimental results of the transmission line model (TLM),
in which the transport channel is described using a resistance model, and the
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measured charge transfer length (Lc) reaches 3 um [21], [22]. In addition, the
deformations occur near the contact edge in three dimensional structures of a
graphene sheet with a metal layer. These deformations can be spread by
2 — 3 um [23]. However, to integrate the graphene structures into electronic
systems, a more detailed analysis of the deformations in the graphene sheet is
required.

Three-dimensional structures in which a sheet of graphene is coated on a
thin layer of metal are used in the development of photodetectors [6],
spintronics and electronic devices [24], modulators [25], and humidity sensors
[4], [16]. Moreover, the contact resistance is dependent on humidity [5].
However, in such structures due to the absence of appropriate isolation from
the environment the changes in electrical parameters occur [4], [16]. The
electrical characteristics of the structures in which the graphene sheet is
formed on the surface of the metal layers change upon contact with NH3 [27],
[28], H20 [4], [5], and NO: [27] gases. Meanwhile, studies of long-term
stability are presented in [29]-[31]. However, the current state of long-term
stability studies is not sufficient to explain the mechanisms that determine the
long-term stability of graphene devices.

1.1.1. Main goal

The main goal of this work is to form and study electrical and mechanical
properties of structures manufactured from metal films and graphene and to
describe the properties of fabricated structures by set of characteristic
parameters to analyze the dependencies of parameters on the technological
conditions and the influence of the surrounding atmosphere.

1.1.2.0bjectives

1. To develop and study technological methods that are acceptable to
combine PVD grown metal with mechanically transferred graphene
monolayer. Furthermore, to optimize the process conditions by applying them
to a layered structure in which vertical layer arrangement is combined with
planar elements.

2. To investigate the dependences of characteristic parameters on
technological conditions and to explain physical relationships between them
in layered structures with vertical and horizontal arrangements.

121



3. To investigate physical properties of metal-graphene structure and to
explain the dependences of characteristic parameters on technological
conditions based on experimental data.

4. To investigate and explain the reasons behind the impact to the
atmosphere and propose the principles for modification of the impact.

1.1.3. Scientific novelty

For the first time, it is shown that the thermal formation of the of graphene
structures with metal contacts takes place in two stages. The transport channel
of the electric resistance of the vertical structures is formed in a relatively
short, few-minute process, unlike the long processes described in the literature
lasting an hour or more. In addition, the electrical parameters of the graphene
sheet change slightly when changing the duration of temperature formation.
During the study, the duration of thermal formation and the mechanisms
resulting from the vertical construction formations were linked by the
proposed model of the resistance of the equivalent circuit.

Our studies have consistently demonstrated for the first time that the
demonstrated, that the deformations of the sheet in graphene structures are
spread far away from the contact edge, unlike it is indicated in the theoretical
model based on the interaction substrate-graphene calculations. In addition,
the methods used allowed the examination and comparison of characteristic
parameters in individual areas of the contact edge zone.

For the first time, the strain graphene lattice, the changes in doping, and
the change in work function during the drift and restoration were analyzed by
separating the area of the contact channel from the graphene sheet in graphene
structures. It is shown that changes due to the drift are more significant in the
contact area than in the graphene sheet on the insulator. In addition, the
changes caused by sample drift have been restored.

It is shown that the electrical parameters of graphene resistive devices with
Au and Ni films changed on temperature similarly. In addition, the relative
variation in contact resistance when changing the temperature was almost
twice as high as sheet resistance.

1.1.4.Statements to defense

1. The thermal formation of vdW contacts between the metal layer and
two-dimensional graphene sheet that was mechanically transferred occur in
two stages. These stages differ significantly in their duration and the nature of
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the changes. The short stage is sufficient to form the charge transfer channels.
Moreover, the lowest electrical resistance is attributed to the formed charge
transfer channel. The second step of thermal processing is notable only for
change of doping in the graphene sheet. This final stage does not substantially
change the electrical parameters of the vdW contact.

2. The properties of graphene sheet are determined by long-distance
distortions in structures in which the different height between the surface of
the insulating substrate and thin metal layers is formed by mechanical transfer
of two-dimensional sheets of graphene on the elements. These distortions are
detected significantly further from the edge boundary of any element.
Moreover, deformations are detected significantly farther than the distance
between the different height edges at which the graphene is supported. The
type of deformation, the range and the change in the graphene lattice depend
on the thickness and material of the metal layer. In addition, the type of
deformation, the range, and the change in the graphene lattice depend on the
graphene-based structure technology.

3. Statistical analysis of the surface map of Raman spectral lines allows
the identification of graphene zones that differ in the characteristic parameter
sets of the dominant strain and doping, even when several zones overlap in
one area.

4. Based on our findings of the research, the defense statement was
formulated. The changes in graphene deformations in the contact area and the
changes in doping in the conductive graphene channel between contacts in a
normal environment determine the long-term aging of the electrical
characteristics of the 3D surface structure with a top two-dimensional
graphene sheet. The strain in contact region and doping in the zone of inter-
contact channels can be restored to the initial state after the short
(< 10 minutes) annealing in an inert gas atmosphere at 575 K.

1.1.5. Experimental

1.1.5.1. Circular transmission line model

Circular transmission line model (CTLM) was used to evaluate contact
resistance (Rc), sheet resistance (Rsn) and current transfer length (Lc). Typical
contact arrangement for CTLM method is illustrated in Fig. 1.1.1. (a). Using
resistance dependence on contact spacing (Fig. 1.1.1. (b)) Rc, Rsn, and Lc are
extracted. The resistance of the sample is defined as follow:
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Rsn
= 1.1.1
Rq =57 (ds +2Lo)C, (LL1)
where C is correction factor:
L dg
=— — ). 1.1.2
c=gin (1 = ) (1.1.2)
Contact resistance (Rc) is defined as the resistance intercept:
Rp,dy — Rpqid
c= T2%1 T142 (1.1.3)
2(dy — d3)
The expression of charge transfer length:
Lc = +/pc/Rsh- (1.1.4)
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Fig. 1.1.1. CTLM method. (a) The CTLM array patterned by optical lithography. (b)

Sample resistance dependence on contact spacing.

1.1.5.2. Scanning probe microscopy

The surface morphology and surface potential of the samples were
characterized by the atomic force microscopy and Kelvin Probe Force
Microscopy (KPFM), respectively. Measurements were performed by the
SPM D3100/Nanoscope IVa (Veeco) under the ambient conditions. The
topography was obtained in the tapping mode. The contact potential difference
(CPD) was measured by the KPFM with the constant probe lift height = 20 nm
and the controlled amplitude modulation. The frequency of the modulation
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was matched to the eigenfrequency of the cantilever. The obtained surface
potential was calibrated on highly oriented pyrolytic graphite substrate and the
work function was calculated.

1.1.5.3. Raman spectroscopy

Raman spectra were obtained by an inVia spectrometer (Renishaw, UK)
with a CCD camera. CCD camera was thermo-electrically cooled down to
200 K and a microscope. The excitation was produced by 532 nm and 633 hm
lasers and the beam was focused into the spot with the diameter of 1 um on
the samples surface. The 50x/0.75NA objective was used during the
measurements.

1.1.5.4. I-V measurements

The voltamperic characteristics (1-V) were measured of the CTLM samples
the by a 4200-SCS Parameter Analyzer (Keithey Instruments, Inc.) in a
Summit Probe Station 11000/12000 (Cascade Microtech, Inc.). Based on the
I-V, the electrical resistance Rq was calculated for each individual sample.

1.1.5.5. Sample fabrication

The fabrication of samples consisted of several technological steps:
1) Substrate preparation;
2) Photolithography step;
3) Evaporation of metal films;
4) Removal of the resist;
5) Wet transfer of a graphene film onto CTLM structures.

Silicon wafers on which a SiO, layer was thermally formed were used to
produce the samples. Si thickness — 500 um, SiO» — 250 nm. The first (SC-1)
(Standard Clean 1) and second SC-2 (Standard Clean 2) RCA (Radio
Corporation of America) steps were performed to prepare the pallets for
lithography. During the SC-1, the Si/SiO, plate was washed with
H>O/NH3/H20, (5:1:1) for 10 min. The temperature of the solution used for
washing was 350 K. This procedure is designed to remove organic
contamination from the substrate. Step SC-1 was then applied. During this
step, the Si/SiO; plate was washed with H,O/HCI/H,O, (6:1:1) for 10 min.
The temperature of the solution used for washing was 350 K. After washing,
the Si/SiO, plates were rinsed with deionized water and dried under
compressed nitrogen.

To create CTLM contact structures, photolithography was made on Si/SiO»
plates prior to the metallization step.
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Metallization of the samples with the prepared resist layer was performed
by magnetron sputtering technigue. The metal layers were coated in DC mode
with an Angstrom Engineering EvoVac device. Pure argon was used to
evaporate the layers from metallic targets. A 180 nm thick metal layer was
sputtered for CTLM samples with Au contacts, and an 80 nm metal layer for
CTLM samples with Ni contact. After metallization, resist removal was
performed with an AZ100 resistor retractor. After liftoff on the SiO; layer of
Si/SiO; plates, a matrix of circular metal contacts cut with an insulating layer
is formed. The contact spacing varied identically in all CTLM arrays and was
equal to 5 um, 10 pm, 15 pm, 20 pm, 25 um, and 30 pm. The diameter of the
inner disk-shaped contact is 100 um.

In our study, we used commercial graphene obtained from Graphenea.
Large area graphene sheets were grown by chemical vapor deposition (CVD)
on copper foil. Graphene sheet was transferred from the Cu foil on the
Si/SiOz/metal  substrates using conventional technique poly(methyl
methacrylate) (PMMA). The polymer PMMA is used as a transfer film [140].
In the first step, PMMA was applied to the surface of the graphene/Cu foil
backing. After drying at 425 K for about 30 minutes, the copper foil was
etched in HCI:H202:H,0 (5:2:30) solution. Etching was performed at room
temperature for 20 minutes. Finally, the PMMA film with graphene was
washed in deionized water (3 times for 20 minutes). The PMMA/Cu/graphene
structure (graphene layer facing upwards) was deposited on CTLM contacts
formed on the SiO/Si substrate. In the last step, PMMA was dissolved in
chloroform in about 15 hours. Residues were removed by thorough washing
with isopropyl alcohol (IPA). After drying, CTLM samples with a graphene
sheet adhering to metal contact surfaces were prepared for the studies
presented in the dissertation.
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1.2. INTENDED ANNEALING OF VERTICAL STRUCTURE
OF METAL FILMS AND GRAPHENE

Characteristics of electrical devices can be improved by applying suitable
conditions of fabrication. The improvement can be achieved when
technological process is fully optimized. In this subchapter conditions of
thermal processing of graphene-metal contacts are discussed. The conditions
were selected on purpose therefore the annealing time at fixed temperature
was changed. The influence of annealing time to properties of graphene sheet
resistance and contact resistance was observed. Moreover, based on results,
the guidance for thermal formation of metal-graphene contacts was purposed.
Samples were annealed in 2 I/min argon flow at 575 K temperature. The
temperature grow was equal to 10 K/s.

1.2.1. The dependence of electrical parameters on thermal
processing time

The dependence of electrical parameters was investigated on annealing
time. Vertical structures were used in this experiment consisting of a thin
metal film and graphene monolayer. Vertical structures were arranged as a
composition of circular transmission line method (CTLM) elements. The
spacing ds between the circular contacts ranged from 5 um to 30 um with
5 pm increase between adjacent CTLM elements. The metal films were
formed by magnetron sputtering. Au and Ni were used for metallization of
CTLM samples.

To achieve this goal the dependence of electrical characteristics was
investigated on annealing time. Ry dependence of on contact spacing was used
to extract the contact resistance. Contact resistance is obtained from the
resistance intercept of Rq(ds) dependence. The typical calculation of Rc is
shown In Fig. 1.2.1 (a). The obtained contact resistance dependence on
annealing time is illustrated in Fig. 1.2.1 (b). Rc dependence on annealing time
was obtained for Au CTLM and Ni CTLM samples.

The obtained dependence was fitted by exponential decay function. This
function is provided in equation below:

-t
Re = Reg + aype o). (1.2.1)

The obtained Rco value for Au CTLM contacts was equal to 6.2 kQ.
Meanwhile, the Reo value for Ni CTLM contacts was slightly more than two
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times larger and was equal to 14.8 kQ. Based on Rc fitting the constant zwe
was fixed and equal to 2.

Regarding to electrical measurement it was found that the largest decrease
in Rc occurred after 4 minutes annealing. After this annealing step, 57 %
reduction of Rc was observed for CTLM samples with Au film. Whereas the
Rc reduced by 75 % for CTLM samples with Ni film. As the annealing time
was increased the contact resistance of CTLM samples decreased slightly. The
total Rc reduction of CTLM samples with Au contacts was 70 % after 124 min
annealing. The total Rc decreased by 82 % for CTLM Ni samples when ta, =
124 min. The Rc of the formed graphene samples with Ni contacts was 2 times
lower than the contact resistance of graphene samples with Au contacts.
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Fig. 1.2.1. (a) Resistance dependence on contact spacing ds. (b) Contact resistance
dependence on annealing time.

Lc was obtained as an intercept of contact spacing ds. Dependence of Lc on
the annealing time t,, of vdW type contacts is presented in Fig. 1.2.2. (b). The
blue dots indicate the dependence of the Lc on the annealing time of CTLM
samples with Au contacts. The red dots indicate the dependence on annealing
time of the Ni of the CTLM samples with Ni contacts. Lc results were
approximated by the exponential decay function. The function is given in
eg. (1.2.2). The obtained Lco value was equal to 7.8 um for CTLM samples
with Au film. Lco was equal to 18.6 um for Ni CTLM samples. The constant
wve Was fixed and equal to 2.
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Fig. 1.2.2. (a) Resistance dependence on contact spacing ds. (b) Charge transfer
length dependence on annealing time.
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Ly = Loy + ayype o). (1.2.2)

The contact annealing experiment proposed that the largest decrease in Lc
for CTLM samples with Au and Ni contacts occurred when the annealing time
was equal to 4 min. Lc for CTLM samples with Au contacts decreased by
50 % after 4 min annealing. However, the Lc for CTLM Ni samples decreased
by 39 % after 4 minutes of annealing. The Lc value remained practically
unchanged with increasing annealing time. In addition, the Lc value after
contact annealing of CTLM samples with Ni contacts was almost two times
higher than that of Au samples.

The sheet resistance Rsy is obtained using the Rq(ds) dependence as given
inFig. 1.2.3. (2). The slope of Ry(ds) is a proportional to Rsh. The Rsn decreased
slightly after contact annealing procedure and it was equal to ~1 kQ/sq. Sheet
resistance dependence on the annealing time was fitted by a linear function.
The expression of linear function is given in eq. (1.2.3). The constant
Rsho- c/sio2 was equal to 4.3 k€/sq. It was found that the thermal processing
slightly reduced the sheet resistance.

Rsp, = Rsno—¢/sioz — Bt- (1.2.3)
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Fig. 1.2.3. (a) Resistance dependence on contact spacing ds. (b) Sheet resistance
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Both, the dependence of the contact resistance Rc and the dependence of
the charge transfer length Lc demonstrated two different stages over the
annealing of the CTLM samples. In the first case, the quantitative change in
Rc and Lc occurred within a short time (< 4 min). The second stage of
annealing is characterized by a slight change in Rc and Lc. These changes are
attributed to a long period of time (>> 4 min). The change in contact resistance,
sheet resistance, and charge transfer length over annealing will be discussed
in detail by proposing the model. This model will relate the changes of
electrical properties and the formation vdW contact.

1.2.2. Characterization of metal-graphene structure by
Raman spectroscopy

Raman spectroscopy was used to identify the changes in doping and strain
in the graphene sheet on metal contacts and on insulating substrate. These
observations were carried out over the annealing experiment. In Fig. 1.2.4. the
Raman spectra of CVD graphene on metal films are presented. Spectra were
obtained by analyzing the graphene layer transferred on Au film (Fig. 1.2.4.
(a)) and on Ni film (Fig. 1.2.4. (b)). Black color represent Raman spectra
obtained before annealing. Red color indicates Raman spectra after 4 minutes,
green indicates spectra after 64 minutes, and blue — after 124 minutes
annealing. Raman spectra of CVD graphene on metal contacts were
characterized by positions of G and 2D peaks (pos(G) and pos(2D)) and full
width at half maximum (FWHM(G) and FWHM(2D)) of G and 2D peaks. The
increase of these characteristics was observed over the annealing time.
Analysis of Raman spectra of graphene structures showed that the FWHM(G)
and FWHM(2D) values of the spectra on the Ni surface were almost twice as
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it of graphene on the surface of the Au layers. The increase in FWHM(2D) is
associated with an increase in p-type doping in the graphene layer [142]-
[144]. The increase in FWHM(G) is attributed to the defects in the graphene
layer [145]. However, the appearance of D peak was not observed in the
graphene Raman spectra due to contact annealing. In addition, the blue-shift
of G and 2D peaks positions may be related to the increase in the compressive
stress in the graphene layer [89], [92].

64 min &4 min
,_/\_TA Nm/\
B MJL ° MML

| /*;\‘_ |
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Raman shift, cm’! Raman shift, cmt

(a) (b)
Fig. 1.2.4. Raman spectra obtained (a) on Au film and (b) on Ni film. Image
adapted from [141].

Intensity, arb.u.
Intensity, arb.u.

In Fig. 1.2.5. the dependence of the 2D peak position on the G peak
position for different samples is presented. This dependence was obtained
over different annealing time. Fig. 1.2.5. (a) depicts the results that was
obtained by measuring the Raman spectra of graphene on the Au contact
surface. The presented results showed the increase of compressive strain ¢ (%)
over annealing time in the CVD graphene layer on the Au surface. By
extending the duration of annealing time the compressive strain ¢ (%)
increased of graphene layer on the surface of the Ni layer. pos(2D) vs. pos(G)
are given in Fig. 1.2.5. (b) for CTLM samples with Ni contacts at different
annealing time. The compressive strain was dominant in both samples with
Au and Ni films. However, no significant change in doping was observed.
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Fig. 1.2.6. shows the dependence of the compressive strain over annealing
time in a graphene layer on metal surfaces. It was found that the compressive
strain in the graphene layer increased over the annealing time. As can be seen
in Fig. 1.2.6. the ¢ (%) practically overlap in Au and Ni samples when ta, =
0 min and 4 min. ¢ (%) of the graphene layer on the Au surface became much
higher than that for the Ni contacts when the ta;,, > 4 min. In this study it was
found that when t.,. > 4 min, the compressive strain in the graphene layer on
the Au contact was 1.9 times higher than that on the Ni film.
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Fig. 1.2.6. Compressive strain dependence on annealing time. Red dots — Au
sample, blue — Ni sample.

The Raman spectra of the graphene on the surface of the insulator are
shown in Fig. 1.2.7. Raman spectra were obtained for CTLM Au sample.
These spectra are shown in Fig. 1.2.7. (a). Raman spectra for CTLM Ni
samples demonstrated in Fig. 1.2.7. (b). In this study the increase of
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FWHM(G) and FWHM(2D) was not observed over the annealing time.
However, the blue-shift of pos(G) and pos(2D) was observed as annealing
time was increased.
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Fig. 1.2.7. Raman spectra on SiO». (a) CTLM Au sample, (b) CTLM Ni sample.
Image adapted from [141].

The dependence of pos(2D) on pos(G) was obtained by measuring the
Raman spectra of graphene on the insulator. This dependence is shown in Fig.
1.2.8. pos(2D) vs. pos(G) was obtained over different contact annealing time.
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Fig. 1.2.8. Graphene Raman properties: (a) pos(2D) dependence on pos(G). (b)
Strain (red dots) and doping (blue dots) dependence on annealing time in graphene
on SiOx.

Fig. 1.2.8. (b) shows the dependence of strain and doping on the annealing
time in a graphene sheet on an insulator. The compressive strain ¢ was equal
to —0.32 % in the graphene layer before annealing. This value is higher
compared to the ¢ (%) obtained by performing Raman measurements of

133



graphene on the surface of metal contacts before annealing. ¢ (%) increased
and was equal to —0.41 % after 4 minutes of annealing. It was observed that
when ta. > 4 min, the strain did not change in the CVD graphene layer on the
SiO; substrate. In addition, the charge density reached p = 0.35 x 10* cm™
due to contact annealing. The increase in doping in the graphene layer is
associated with atmospheric oxygen and water that could be adsorbed to
graphene layer, or due to interaction with the SiO- substrate [14], [15].

1.2.3. An equivalent model of vdW contact

The change in electrical parameters on annealing time can be explained
due to modified charge transfer between the graphene layer and the metal film.
The current transfer model in graphene structures includes the Joule heat and
electrostatic effects, and current crowding at the metal contact edge [147].
Current crowding occurs when a charge transfer take place between graphene
and a finite-length metal contact. Current crowding results in
nonhomogeneous distribution of current density. The current density
demonstrates the largest role at the edge of the metal contact and decreases
away from the contact. In addition, the current crowding in graphene
structures may depend on which metallic contacts are used [61], [39].

Due to the change in current crowding at the edge of the metal contact, the
contact resistance of graphene devices may vary [148], [149]. A simplified
equivalent circuit illustrating the changes in contact resistance and sheet
resistance due to the annealing procedure in graphene-metal contacts is shown
in Fig. 1.2.9. The current distribution is indicated by red dotted arrows in the
equivalent circuit diagram. In this model, it is assumed that the contact
resistance consists of two components — Rci and Rcz. Component Rci
corresponds to a vdW type contact. This type of contact depends on the
distance formed between the metal contact and the CVD graphene layer.
Annealing can reduce the gap and thus reduce the contribution of the Rci
component to the contact resistance. Another component that forms the
contact resistance is Reo. It occurs due to the current crowding in the graphene-
metal contacts. In this work, it was found that the Lc decreased after annealing,
so the resistance Rc2 should decrease as well due to annealing. In this work, a
decrease in contact resistance was observed after 4 minutes of annealing. The
decrease in Rc can be related to the removal of the interlayer between the metal
contact and the carbon monolayer over annealing. Rc2 may depend on the p-
type doping in the graphene layer. This effect is confirmed by Raman
measurements of graphene on metal contacts, where the blue-shift of pos(G)
and pos(2D), the decrease of l.c/le, and the broadening of FWHM(2D) are
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observed. These changes are associated with an increase of p-type density in
graphene.

Rsh in the equivalent circuit corresponds to the resistance of the CVD
graphene sheet on the insulating layer. Depending on the changes in Rsp, the
current spreading can increase the total resistance of the sample. In addition,
a strong current spreading can change the Rsh on the insulating film. This may
result in arise of an additional Rg, component. Component Rg, is the
resistance of the graphene sheet on the edge of the metal contact. Serial grid
of multiple Rg;,, components should increase the resistance of the CTLM
element. The component Rg;, define the resistance of the graphene sheet on
the edge of the metal contacts. In addition, the component Rg,, should be
sensitive to the removal of O, and PMMA due to contact annealing. These
changes should be sensitive to changes in resistance to the graphene layer on
the insulator layer. The changes obtained by graphene Raman measurements
in the CVD graphene layer on the insulator surface could explain the change
in the Rg;, component. In contrast to the graphene layer on the Au and Ni
contacts, a slight narrowing of the G peak and almost no change in the
FWHM(2D) after contact annealing were observed for graphene on the SiOs.
Based on Raman analysis, a small decrease in layer resistance could be
associated with an increase in the density of p-type doping in the graphene
layer. However, the blue-shift of the 2D peak in the graphene layer on the
insulator surface is less than that of graphene transferred to the metal contacts,
where an additional doping contribution from the metal contacts could be
expected. This can lead to the formation of chemical bonds between the
graphene monolayer and the metals.
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Fig. 1.2.9. Distributed resistance network used to describe the graphene—metal
contact. Image adapted from [141].
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Main results and conclusions

1.1t was found that the electrical resistance decreased most
significantly during the first annealing stage in graphene vdW structures with
Au and Ni layers. This stage lasted 4 minutes. The decrease of Rc was equal
to 57 % for Au CTLM samples after 4 minutes of annealing. Moreover, the
reduction of the contact resistance Rc of Ni CTLM samples reached 75 % after
4 minutes of annealing. The further annealing (tan. > 4 min) did not decrease
the Rc significantly.

2. The charge transfer length Lc in CTLM samples with both Au and Ni
films decreased almost twice after the 4 minutes annealing step. However,
when annealing time was increased the change in Lc was not observed. The
steep decrease in Lc could be associated with the decrease in current spreading
and the decrease of the distance between the graphene layer and metal surface
due to contact annealing.

3. Sheet resistance changed smoothly during the thermal formation of
the metal-graphene contacts. However, different stages of Rs, were not
observed over annealing time. Rsy, was found to decrease slightly during the
entire contact annealing process.

4. It has been shown that the contact annealing in the graphene layer on
the surface of the metal contacts resulted in change of compressive strain. &
increased over the annealing time.

5. It has been found that the change in doping was dominant due to the
annealing in graphene sheet on insulator surface. The density of charge
carriers varied from p ~ 0 to p = (0.18 — 0.5) x 10** cm™2 in the graphene layer.
Meanwhile, the strain changed slightly during the annealing from ¢ = (—0.28 —
—0.36) % to & = (—0.37 — —0.43) % in the graphene layer on SiO..

Based on this experiment the first statement to defense was defined: the
thermal formation of vdW contacts between the metal layer and two-
dimensional graphene sheet that was mechanically transferred occur in two
stages. These stages differ significantly in their duration and the nature of the
changes. The short stage is sufficient to form the charge transfer channels.
Moreover, the lowest electrical resistance is attributed to the formed charge
transfer channel. The second step of thermal processing is notable only for
change of doping in the graphene sheet. This final stage does not substantially
change the electrical parameters of the vdW contact.
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1.3. LONG RANGE DISTORTIONS IN GRAPHENE SHEET
NEAR THE EDGE OF METAL CONTACT

Unintentional deformation in graphene sheet occur near the metal graphene
after sample fabrication [23]. However, the minimization of devices can be
influenced by deformations in graphene sheet near the edge of metal contact.
In this subchapter, results were obtained after the investigation of deformation
in graphene.

1.3.1. Raman measurements of graphene samples

In this experiment, graphene Raman spectra were obtained on different
regions of the sample. The sample consists of metal film and insulator.
Therefore, metal zone and insulating zone were characterized by Raman
spectroscopy. Furthermore, Raman spectra were obtained in zone which is
placed between metal and insulator regions. This area is defined as contact
edge zone. In this study, the length of contact edge zone (wc) was equal
+ 2 um, = 4 um, and = 8 um. Raman spectra obtained on Au film is shown in
Fig. 1.3.1. (a). In Fig. 1.3.1. (b). presented Raman spectra is typical of those
obtained on contact edge zone. Raman spectra obtained on insulating film is
shown in Fig. 1.3.1. (c).
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Fig. 1.3.1. Raman spectra of graphene monolayer: (a) on metal film, (b) on contact
edge zone, (c) on insulator.

Raman spectra were measured in 6 x 80 um? area for both CTLM samples
with Au and Ni films. Raman spectra were used to build Raman maps. The
constructed maps obtained by studying a graphene sample with Au contacts
are presented in Fig. 1.3.2. These maps were constructed of position of G and
2D peaks. A change in the positions of the G and 2D peaks in different areas
of the sample is observed.
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Fig. 1.3.2. Raman maps of: (a) G peak position, (b) 2D peak position. Image
adapted from [150].

Raman characteristics were used to create G and 2D peak position maps.
Maps include the graphene sheet located on the metal, contact step, and
insulator areas. To improve the understanding of distortions in graphene
monolayer, more detailed analysis of G and 2D peak positions is necessary.

1.3.2.Statistical distribution of position of G
and 2D peaks

The statistical distribution of the G and 2D peak positions of the Raman
spectra of graphene was investigated by analyzing Raman maps of CTLM
samples. After processing the results of Raman spectroscopy, statistical
distributions of G and 2D peaks were formed. Data was accomplished by
examining a graphene sheet on the metal substrate, contact step, and insulator
areas. This data was used to create statistical distributions. Histograms
acquired from Raman data represent two types of statistical distributions. In
the first case, histograms acquired of the distribution of G and 2D peaks are
characterized by a single component. Such distributions are shown in Fig.
1.3.3. This component can be described by a Gaussian function that
correspond to the normal distribution. This type of distribution obtained by
analyzing the Raman spectra of graphene on flat SiO; is showed in Fig. 1.3.3.
(a). The typical distribution obtained on flat Au regions is showed in Fig.
1.3.3. (b). A flat part is defined as an area that is at a particular distance from
the edge of contact. The distance from the contact edge to the flat area is
denoted by wc.

The distributions of Raman peak positions showed that single maximum
can be obtained. Histograms presented in Fig. 1.3.3. were approximated using
a Gauss function. The cumulative Gauss function is given in each. Gauss
function describe the single maximum of the distribution of G and 2D modes
position. The single maximum that was observed in the distributions is
attributed to the characteristic positions of the Raman G and 2D peaks in a
corresponding sample zone. The corresponding sample zone is specified as
flat insulating area (Fig. 1.3.3 (a)) and flat metal area (Fig. 1.3.3. (b)). The
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characteristic most probable peak position was obtained after Gauss fitting.
1600 cm™ is corresponding to the most probable peak position of G mode at
insulating flat area. The position of maximum 2685 cm™ is corresponding to
the most probable peak position of 2D mode at Au flat area.
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Fig. 1.3.3. Statistical distribution of Raman properties: a) statistical distribution of
G peak position, b) statistical distribution of 2D peak position. Image adapted from
[150].

Some distributions of Raman positions of peaks indicated more than one
maximum. These distributions were obtained on contact step region.
Statistical distributions of the G and 2D peak positions of the Raman spectra
with several maximums are shown in Fig. 1.3.4. Statistical distributions
presented in Fig. 1.3.4 (a) and Fig. 1.3.4 (b) were obtained in graphene
samples with Au film. The distance from the contact edge the flat zone was
equal to = 2 pm. As could be seen in these pictures, two maximums were
observed in histograms that were constructed of Raman maps of CTLM Au
sample. 1586 cm™ and 1590 cm™ correspond to the most probable positions
of G mode at contact step zone. Following 2684 cm* and 2685 cm™
correspond to the most probable of 2D mode at contact step zone.

Statistical distribution presented in Fig. 1.3.4 (b) was obtained in graphene
sample with Ni film. The distance from the contact edge the flat zone was
equal to £ 8 um. For CTLM Ni sample three maximums were detected.
1584 cm™, 1593 cm™, and 1599 cm™ correspond to the most probable
positions of G mode at contact step zone.
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Fig. 1.3.4. Statistical distribution of Raman properties: (a)-(b) statistical
distribution of G peak position, c) statistical distribution of 2D peak position. Image
adapted from [150].

The positions of the histogram peak at different distances to the contact
edge w, were further examined. The positions of the peak in histograms of
contact step zone were compared with the characteristic positions of the
Raman G and 2D peaks obtained on the flat zone. This comparison of
dependences of the maximum in graphene samples with Au films are
presented in Fig. 1.3.5. These dependencies were obtained by analyzing the
histograms of the contact step region. In this graph, I and Il correspond to the
positions of the components of the Raman 2D peak histograms obtained on
the contact step. Meanwhile, 111 and IV represent the position of the
components of obtained from the histograms of Raman G peaks on the contact
step. The short horizontal lines to the right indicate the positions of the G and
2D components obtained from the statistical distribution of the peaks on the
flat parts of the sample. These plat surface peaks were accepted as the
asymptotic values expected for the analogous components in the edge zone
maps with the increase of the length w.. Component V corresponds to the
position of the 2D peak of graphene on the flat part of the insulator, VI — the
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position of the 2D peak on the flat part of the metal. Component VII indicates
the position of the G peak of the flat part of the insulator and component VIl1I
the position of the G peak of the flat metal part.

The plot presented in Fig. 1.3.5. shows that | the value approaches V when
the length edge w. is increasing in graphene samples with Au film. In addition,
component 111 approaches V11 and IV approaches VIII. On the other hand, no
clear approach of component Il towards the flat area characteristic was
observed.

inl T T T T T T
£ 2690 ) RV
ISV bk - =
2 2685F [ S =
O ' \ 2D Vi
& 2680F o o
wy | |
o \ -0
Q 2675k L 9
p= DTN T L
= N B
' ]
o 1595 .\ ne il
[ T — v -
D 1590F v G Vo
3 T <y
© 1585f </ B
Il Il 1 1 1 1 1
1 2 3 4 5 6 7 8 9
W, um

Fig. 1.3.5. The shift of characteristics G and 2D modes due to the variation of w;
in CTLM Au sample. Image adapted from [150].

Variation of the positions of the G and 2D components on w, for CTLM
Ni sample is presented in Fig. 1.3.6. This variation corresponds the positions
of maximums in the contact edge zone in graphene samples with Ni film.
Components 1, 2, and 3 represent the positions of the peaks obtained from the
statistical distribution of the 2D modes. Meanwhile, 4, 5, and 6 correspond to
the positions of the G mode distribution peaks in the contact step zone. In Fig.
1.3.6. horizontal bars on the right side of the graph correspond to the
characteristic positions of the flat area Raman G and 2D modes. 7 and 9
indicate the positions of the G and 2D peaks in the graphene layer on the
insulator. Notations 8 and 10 indicate the positions of the G and 2D peaks in
the graphene layer on the Ni film. Component 1 can be associated with 7.
Component 3 can be associated with 8. Component 4 can be associated with
9 and component 5 with 10. The pair of the components 2 and 6 were supposed
being the edge specific features in the Ni based samples.

It is assumed, that at a sufficiently large distance from the contact edge the
influence of the contact step area is not observed. As a result, particular
maximum positions correspond to the position of Raman mode obtained on
the metal zone and insulator. The values corresponding to that for peak G are
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VII, VIII (sample with Au layer in Fig. 1.3.5.) and 9 and 10 (sample with Ni
film in Fig. 1.3.6.). Position for the 2D peak should correspond to V, VI
(sample with Au layer in Fig. 1.3.5.) and 7 and 8 (sample with Ni film in Fig.
1.3.6.). Notations VI, VIII, 8, and 10 correspond to graphene on the metal.
Notations V, VII, 7, and 9 are assigned to graphene on the insulator. In the
case of |w¢| < 2 um, the appearance of component | can be attributed to the
interaction of graphene with the Au film. Component | can be associated with
VI as wc increases. Based on the analysis of Raman maps in the area of the
contact step where |wc| > 4 pum, it can be stated that the interaction of graphene
with the insulating substrate may be most significant when the distance to the
contact edge is large and therefore component | can be assigned to V.

The component 1V of the G peak, as shown in Fig. 1.3.6., is related to the
component VIII. This component is attributed to the flat Au region when the
length we — oo. In addition, the nature of component III occurring from the G
peak distribution could be related to the interaction of graphene with the flat
part of the insulator.
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Fig. 1.3.6. The shift of characteristics G and 2D modes due to the variation of w;
in CTLM Ni sample. Image adapted from [150].

As it can be seen in Fig. 1.3.6., component 1 is almost independent to the
length we. Moreover, the component 1 corresponds to 7. The component 4
obtained from the statistical distribution of G peak corresponds to 9.
Components 3 and 6 of the Ni based edge zone were similar to the Ni flat
surface peaks of the 2D (label 8) and G (label 10). The similarity of the
components of the contact step to the frequencies of the flat areas was
observed at a short and large distance from the edge of the contact. It is
assumed that the appearance of components 1, 3 and 6 in the contact step area
could be explained on the interaction between graphene and the substrate. On
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the other hand, the additional components obtained from the statistical
distribution of the 2D mode in the contact step region, and 2 (assigned to
frequency 2D) and 5 (assigned to frequency G), were not associated with the
flat region of metal or insulator. The 2D component 2 was too low compared
to the flat SiO, surface component 7. When |w¢| =8 um, the G peaks are
assigned component to 5. This component is blue-shifted with respect to the
component that is assigned to the flat area of the metal.

The analysis of the similarity of the Raman spectra at different locations in
the sample was made. This analysis was made to the identity the parameters
that relate the graphene layer and substrate. In Fig. 1.3.7. the dependence of a
relative parameter As; (Aso) on the distance to the contact edge w. of the contact
step area at Au based sample is presented. The parameter Aaj was calculated
for each component of the contact step. Each component parameter Aaj was
normalized to the minimum value of Aaj which is (Asoj = Aaj/Amin). It was
obtained, while |w¢ = 2 um. In addition, the components with the highest
intensities obtained were dominant and variations between the different
components were compared. This comparison was performed by increasing
the distance to the contact edge wc. The parameter Aso; of the other components
was normalized with respect to the dominant component. In this way, the ratio
between the component corresponding to the non-dominant mode position
(Asoj) and the component corresponding to the dominant mode position (Aso)
corresponding to that component was calculated. This ratio is equal to As;
(Aso) = Asoj/Aso.

In Fig. 1.3.7. the dependence of the standardized parameter Asj (Aso) =
Asoj/Aso on the distance to the contact edge wc is presented. This parameter
was obtained in Au based samples. Parameters that indicate the dominant
components are marked by solid symbols. Parameters indicating components
corresponding to non-dominant mode positions are marked by unfilled
symbols. In this analysis, it was found that the main components As that were
characteristic of the G and 2D modes did not depend on the distance to the
contact edge w.
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Fig. 1.3.7. The dependence of relative parameters on contact edge length. Image

adapted from [150].

The dependence of parameter As;j (Aso) = Asoj/Aso 0n W for Ni based sample
is demonstrated in Fig. 1.3.8. Filled symbols indicate dominant components
(1 and 4). Non-dominant components are denoted as unfilled symbols. It is
shown that the parameters which corresponding to the dominant components
do not depend on the distance to the contact edge wc. As a result, the ratio Asg;
(Aso) was assumed to be a part of the extreme components of the histogram
obtained in the individual areas of the sample. Assuming that each Raman
map pixel is a single event of the histogram elements, the standard deviation

o of the Raman map pixels was estimated.

ASJ(ASO), arb. u.

0.1

Fig. 1.3.8. The dependence of relative parameters on contact edge length. Image

adapted from [150].

W, um
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The standard deviation ¢ was used to separate the dominant components
and non-dominant components. In addition, long range deformations were
obtained using 1o and 2¢ intervals. Using the 1o interval, the parameter As; of
the distribution of the G and 2D modes is analyzed with a sensitivity of 0.3As;,
while applying a 2¢ interval the sensitivity is 0.05As;.

1.3.3.Analysis of statistical correlation between position
of 2D and G peaks

Sets of the dependence of the 2D peak position on G peak the position were
formed to estimate the charge carrier density and mechanical strain in
graphene. Such diagrams of graphene sample with an Au film are presented
in Fig. 1.3.9.

O 3

2670k L L L 2670 L L L

1580 1585 1590 1595 1600 16 1580 1585 1590 1595 1600 16
pos(G), cm™ pos(G), cm’™”
(a) (b)

Fig. 1.3.9. The correlation between the positions of 2D and G modes in Au based
sample. Image adapted from [150].

Identical diagrams were obtained by studying graphene sample with a Ni
film are given in Fig. 1.3.10. 10 and 2¢ intervals were used to construct the
diagrams in Figs. 1.3.9. and 1.3.10. The dependences of pos(2D) on pos(G)
which satisfy 1o interval are given in Fig. 1.3.9. (a) and Fig. 1.3.10. (a). The
dependences demonstrated in Fig. 1.3.9. (b) and Fig. 1.3.10. (b) were obtained
using 2¢ interval.
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Fig. 1.3.10. The correlation between the positions of 2D and G modes in Ni based
sample. Image adapted from [150].

In Figs. 1.3.9. and 1.3.10. the wine-colored vector corresponds to the axis
of mechanical strain. Dotted curves of the same color that are parallel to the
continuous one illustrates the overall degree of & (%) trends in pos(2D) to
pos(G) clusters obtained in different areas in CTLM sample. In Figs. 1.3.9.
and 1.3.10. the axis of charge density is colored in olive. Dotted vectors that
are parallel to the solid line are illustrating p (10'? cm™2) trends.

The data obtained in graphene samples with Au films using a 1o interval
is shown in Figs. 1.3.9. (a). For this case, W = 2 um. The blue pentagons
correspond to the data obtained at the contact step area. The arrangement of
this data is illustrated by the vector z.. It was found that the change of strain at
the contact step zone vary from —0.23 % to 0. Meanwhile, the doping at the
contact step area changing from 3 x (10* cm) to 4 x (10*2 cm™).

The data obtained from wider zone (where w; = 8 um) is shown in Fig.
1.3.9. (b). This data is indicated by blue triangles (5). Results obtained at an
intermediate distance to the contact edge (when w. =4 um) of the contact step
area in Fig. 1.3.9. (b). illustrated with pink stars (4). An increase in the data
cluster corresponding to the contact step and an increase in overlap with flat-
area clusters were observed. The part of the z. cluster on the left that overlaps
with the flat metal part zy is denoted by the vector p.. When the distance to
the edge of the contact is extended (when w¢ > 4 um), the part of the ze cluster
overlapped with the flat part of the insulator zsio, and this overlap is denoted

by the vector p:. Based on the analysis of the separation of ¢ from p, it was
found that the strain corresponding to the p: vectors were equal to —0.14 %.
Meanwhile, the density of charge carriers in the graphene varied from p = 2
to 5 x (10 ¢cm2). Doping in a graphene on a flat insulator area ranged from
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p =2 to 4 x (10*2 cm™?). Meanwhile, the strain in the zn region varied from
—0.05 % to —0.2 %.

Fig. 1.3.10. present pos(2D) vs. pos(G) clusters obtained in areas of
graphene samples with a Ni film at different distances to the contact edge w.
Fig. 1.3.10. (a) show data obtained at we = 2 um. This data is marked with
blue pentagons. Data are indicated by pink asterisks were obtained when w =
4 um. Blue triangles denote data obtained when we = 8 um. In Fig. 1.3.10. ()
the presented data are obtained in graphene structures with Ni layer using a 1o
interval. It was found that p-type doping at the contact step zone varied from
p=23x (102 cm?) to p = 10 x (10*2 cm™2). Meanwhile, mechanical
deformations in the same area varied from 0 to 0.15 %. A 2¢ interval was used
for the analysis of Raman maps in graphene samples with a Ni film. The data
that meet this requirement is presented in Fig. 1.3.10. (b). It was found that at
the 20 interval, the overlap of the z. cluster with adjacent flat-area clusters at
We = 8 um is negligible. Thus, the distance at which mechanical deformation
is no longer observed is shorter in graphene samples with Ni film than that in
samples with Au film.

Clusters specific to a particular area of the structure are found by analyzing
the pos(2D) vs. pos(G) diagrams. Although the overlap of adjacent data is
visible. 1o and 20 intervals can be used to estimate the mechanical
deformation and charge density characteristics in a graphene sheet.

1.3.4. An equivalent model of long-range
disorder in graphene

A circuit of electrical resistance grid is shown in Fig. 1.3.11. This grid
illustrates a vdW type contact. Such an electrical circuit is proposed as suitable
to explain the relationships between the mechanical deformations of graphene
samples and the change in charge carrier density and the electrical
characteristics of a graphene sheet with metal contacts.

vdW type contact is characteristic of two-dimensional structures such as a
metal-graphene junction. Therefore, the value Rvew indicates the contact
resistance of the sample. The value of Reowd COrresponds to the resistance that
occur due to the current crowding at the edge of the contact. The element Ryaw
is parallel to the surface of the metal layer. Therefore, the resistors Rvew and
Rerowa are parallel in the equivalent diagram. The resistance component Rq
corresponds to the resistance of the layer near the edge of the metal contact.
The resistance of the graphene layer on the insulator corresponds to the
component Rsh. Components Rq and Rsh are connected in series, which
constitute Ryt. Since the distance of the charge carrier density from the contact

147



edge was several micrometers, Rtr may influence the Rg component. As a
result, the series resistance component Ryt is also sensitive to deformations
that are widespread far away from the contact edge.

crowd-i

vwwfw ﬁ'\wr f~~

L. L, L
Fig. 1.3.11. A grind of resistance. 1 denote graphene sheet, 2 attribute metal film.
Image adapted from [150].

Sheet

Main results and conclusions

1. Investigations of deformations in graphene structures with metal
films revealed different statistical distributions of Raman G and 2D peaks on
the flat areas of the sample (one component of the normal distribution) and on
the transition area of the contact step (several components of the normal
distribution).

2. It is shown that long-distance deformations are created at the contact
step area, which are widespread in the graphene layer far away from the
boundary of the contact edge.

3. Compression strain was found in the transition zone from the contact
edge areas to the SiO; zone for both Au-based and Ni-based samples.
However, the strain did not reach ¢ >—0.25 % in graphene samples with metal
films.

4. The appearance of data clusters was observed in the constructed
pos(2D) vs, pos(G) diagrams. Each cluster is assigned to a specific area of the
structure surface.

5. It is shown that using different 1o or 20 intervals, the overlap of the
Z. cluster with adjacent flat-area clusters can be estimated.

6. The study showed that the charge density p in the graphene samples
with Au was the same on the SiO; surface and on metal. Doping was equal to

= (2-4) x 10 cm™2. Meanwhile, a strong p change between metal and SiO;
domains was observed in Ni samples.
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7. The equivalent electric circuit model was proposed that incorporates
p and & changes in the graphene layer.

8. It has been shown that long-range deformations in a graphene sheet
can affect the contact and sheet resistances.

Based on our findings of the research, the defense statements were
formulated:
1. The properties of graphene sheet are determined by long-distance

distortions in structures in which the different height between the surface of
the insulating substrate and thin metal layers is formed by mechanical transfer
of two-dimensional sheets of graphene on the elements. These distortions are
detected significantly further from the edge boundary of any element.
Moreover, deformations are detected significantly farther than the distance
between the different height edges at which the graphene is supported. The
type of deformation, the range, and the change in the graphene lattice depend
on the thickness and material of the metal film. In addition, the type of
deformation, the range, and the change in the graphene lattice depend on the
graphene-based structure technology.

2. Statistical analysis of the surface map of Raman spectral lines
allows the identification of graphene zones. These zones differ by the
characteristic parameter sets of the strain and doping, even when several zones
overlap in one area.
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1.4. LONG TERM STABILITY OF STRUCTURE CONSISTING OF
GRAPHENE SHEET AND METAL FILMS

This subsection presents results of the drift of CVD graphene-based
bottom-contacting samples. The stability to environmental conditions were
investigated in graphene samples. The aim of this investigation was to define
the parameters that are related to environmental conditions. Therefore, results
of electrical properties were obtained performing electrical measurements just
after the fabrication of samples. Electrical measurements were made after
6 days, 12 days, and 134 days repeatedly. Finally, measurements of electrical
parameters were made after samples were annealed at 573 K. The thermal
process was used to eliminate the drift-induced changes of electrical
properties.

1.4.1. The dependence of electrical characteristics
on drift and annealing

Voltage-current (I-V) measurements of graphene samples were performed
for different CTLM elements. The distance between the metal contacts ds was
5um, 10 um, 15 pm, 20 pm, 25 um, and 30 um in CTLM elements. -V
measurements were performed for both types of graphene samples, namely
with Au and Ni films. I-V characteristics of graphene samples were fitted by
classical Ohm's law. In this way, the resistance of individual CTLM element
R4 was evaluated.

The obtained resistance Rq was normalized to the resistance of initial state
(tarir = 0 days) in the sample drift experiment. Therefore, the relative
expression Rg(t)/Rao(t) was used. The obtained resistance in annealing
experiment was normalized to the final annealing step (tan. = 124 min). Typical
relative electrical resistance dependence on drift time and annealing time is
shown in Fig. 1.4.1. In Fig. 1.4.1. (a) Rq(t)/Ruo(t) dependence on drift and
annealing time is demonstrated for graphene sample with Au film. Ra(t)/Rqo(t)
dependence on drift and annealing time for graphene sample with Ni film is
shown in Fig. 1.4.1 (b).

The decrease of Rq(t)/Rao(t) was observed for CTLM samples with Au
films. Ru(t)/Ruo(t) decreased from 1 to 0.6 during the drift period and was
restored after annealing procedure. The relative resistance Rq(t)/Rqo(t) for
CTLM samples with Ni films decreased from 1 to 0.65 after the drift. The
relative resistance Rq(t)/Rqo(t) was restored after annealing.

150



2,0 H" L ZvO i/‘ =
L = 5um L = 5um

10 pm r 1. 10 pm
& 15 um r 1 = 15 um
=1l 1 20 um =1 el ] 20 pm
3‘—‘:91'5 ¢ 25um 21'5 s ¢ 25pm
x < 30pm| L 1 “l <« 30pm
= [ 3 = [ 1%
A 0] PR ;-;--g--e—--—---l--a— B o | I S B iR
3 3 §
1] M
¢ ' ' 3R
057| J ; ! az‘? ! Ly 057\ t*l g ! g’if’ ! Loy
T 0 10" 100 0 30 607124 T 0 10t 100 0 30 60124
£y (Min) t_ (min) £y (Min) t . (min)
(a) (b)

Fig. 1.4.1. Relative resistance dependence on drift time and annealing time: (a)
CTLM Au sample, (b) CTLM Ni sample. Image adapted from [156].

Using the resistance Rq as a function of the distance between the contacts
ds, the contact resistance was estimated of graphene samples with Au and Ni
contacts. The dependence of the contact resistance Rc of CTLM samples on
the drift time and the annealing time is given in Fig. 1.4.2. The dependence of
the relative contact resistance Rc(t)/Rc(to) on drift and annealing time for
graphene structures with Au film is shown in Fig. 1.4.2. (a). Meanwhile, the
dependence of Rc(t)/Rc(to) on the drift time and the annealing time for
graphene structures with Ni film is demonstrated in Fig. 1.4.2. (b).

The decrease in Re(t)/Re(t)) of CTLM samples with Au and Ni contacts
was found to be ~0.7 over the drift. The contact resistance increased over
annealing. The Rc of Au CTLM samples reached a maximum value within
15 min that was equal to Rc(t)/Rc(to) = 1. The contact resistance did not change
as annealing time was above 15 min. The contact resistance of Ni CTLM
samples reached a relative maximum value after a few minutes of annealing
an it was equal to Re(t)/Rc(to) = 1.45. Contact resistance decreased after further
annealing, therefore Rc(t)/Rc(to) value approached to 1. Faster Rc recovery
was obtained due to contact annealing in CTLM Ni samples. In addition,
during the annealing experiment, it was found that the Rc values of the contact
resistance of both Au and Ni CTLM samples after heat treatment reached the
values that was observed immediately after the fabrication of the samples.
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Fig. 1.4.2. Relative contact resistance dependence on drift time and annealing
time: (@) CTLM Au sample, (b) CTLM Ni sample. Image adapted from [156].

The dependence of relative sheet resistance on drift time and annealing
times is demonstrated in Fig. 1.4.3. Rsy decreased over the drift time. The
relative sheet resistance Rsn(t)/Rsn(to) decreased from 1to 0.55 for Au CTLM
samples. Meanwhile, the Rsh increased over annealing process. When tan, =
2 min, Rsh of Au CTLM samples reached the maximum relative value 2.1.
During further annealing, the relative Rsn(t)/Rsn(to) value decreased until it
finally reached the values that was observed just after fabrication of the
sample. The decrease of relative sheet resistance was also observed of Ni
CTLM samples during the drift. Rsn(t)/Rsn(to) ranged from 1 to 0.57. This
change in Rsy due to drift was similar to that of Au CTLM samples.
Meanwhile, during annealing, Rsh increased until it finally reached the initial
values that was obtained before the drift of the samples.
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Fig. 1.4.3. Relative contact resistance dependence on drift time and annealing time:
(@) CTLM Au sample, (b) CTLM Ni sample. Image adapted from [156].

In a long-term stability study, a decrease was observed in the resistance of
graphene-based samples. Moreover, the decrease of contact resistance and
sheet resistance was observed over the drift time. To restore the changed
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electrical characteristics an annealing procedure was performed in graphene
samples in an argon atmosphere at 573 K. The increase of the resistance was
observed over the annealing procedure. The parameters Rq4, Rc, and Rsh
increased and reached the values that were characteristic after the fabrication
of graphene-based samples.

1.4.2. Raman characterization of graphene resistors

Raman spectroscopy was used to characterize graphene samples. These
measurements were made to extend the interpretation of drift induced changes
in graphene resistors.

The excitation of 532 nm wavelength was used to characterize graphene
samples. Raman spectra were measured over large areas of Au and Ni CTLM
samples. Typical Raman maps of graphene G and 2D position is shown in Fig.
1.4.4, The metal region was distinguished as a lower frequency region
comparing to the insulator zone in the Raman map of the G position peak.
SiO; region specifically indicate more uniform distribution of 2D frequency
than metal zone in the 2D peak position map. Red-shift of the 2D peak position
is observed at the edge of the metal film.
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Fig. 1.4.4. Raman measurements: (a) a map of G peak position, (b) a map of 2D
peak position.
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The dependences of the 2D peak position on the G peak position of the
graphene Raman spectra allow to estimate the changes of strain ¢ (%) and
doping p (102 c¢cm™) in the graphene layer [146]. Such dependence was
obtained by analyzing Raman spectra measured on metal films, SiO, surfaces
and the contact step area.

The method which is based on the analysis of pos(2D) dependence on
pos(G) was used to determine the change of doping p (10** cm™) in the contact
step area. Variation of charge carrier density over drift time and annealing
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time for CTLM Au samples is shown in Fig. 1.4.5. (a). During the drift of the
resistances of graphene sample, p-type doping p (10 cm™) of Au CTLM
decreased from p=0.55 x 10** cm™2to p = 0.25 x 10*3 cm™2 in the contact step
zone. Due to the drift of the resistors, the reduction in carrier density was
55 %. The density of p-type carriers increased after annealing, where p varied
from p = 0.25 x 10 cm™2 to p = 0.8 x 10*®* cm™2 The doping reached its
characteristic values in 4 min annealing that was observed in Au CTLM
samples before sample drift. The cumulative annealing of 124 minutes did not
change the doping significantly. Thus, the change in p-type doping in the
graphene was restored after the annealing procedure in contact step zone.

The dependence of charge carrier density on drift time and annealing time
for CTLM Ni samples is shown in the Fig. 1.4.5. (b). These results were
obtained in graphene on the contact step area. The change in doping in the
graphene layer decreased over sample drift in contact step zone. The same
behavior of doping was observed for CTLM Au samples. The value of
p varied from p = 1.05 x 10*® cm™2 to p = 0.6 x 10 cm™2 due to the drift of
the resistance. The reduction of p-type doping in CTLM Ni was smaller to that
in CTLM Au samples. The reduction of p-type doping was equal to 43 % in
CTLM Ni samples. An increase in p-type doping was observed at the contact
step zone during the annealing. It was found that the density of p-type carriers
increased from p = 0.6 x 10* cm 2 to p = 0.95 x 10" cm2. Analysis of the
correlation between pos(2D) and pos(G) showed that the charge carrier
density reached the values that were observed before sample drift. These
values were reached in 2 minutes of annealing. Thus, the p-type doping was
restored during the annealing in contact step zone of Ni CTLM samples.

The change of mechanical deformations during the sample drift in the
graphene in the contact step area is shown in Fig. 1.4.5. (c). The strain varied
slightly. However, the strain was similar for both CTLM samples with Au and
Ni films. In mechanical deformation varied in the range from ¢ = —0.14 to
0.07 % during the drift. The change in ¢ was observed due to annealing from
—0.12 % t0 0.18 %.
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Fig. 1.4.5. Change of graphene properties over the drift and annealing: (a) the
doping in CTLM Au sample, (b) the doping in CTLM Ni sample, (c) the strain in
in CTLM sample with Au and Ni films. Image adapted from [156].

The change in graphene Raman properties over the drift and annealing time
was observed in the graphene layer transferred on the metal contacts. The
dependence of p-type doping on drift and annealing time is shown in Fig.
1.4.6. An exceptionally low amount of change of impurity defects was
observed due to the drift and annealing in the graphene layer on the Au film.
Environmental exposure induced changes in p-type doping therefore, charge
density decreased from p=10.05 x 10> cm2to p ~ 0. After 4 minutes annealing
the charge carrier density decreased.

The change of p-type doping was observed in the graphene layer
transferred on Ni film. The dependence of doping on drift and annealing time
is demonstrated in Fig. 1.4.6. (b). Density of charge carriers decreased slightly
during the drift in the graphene layer covered Ni surface. The doping varied
fromp=0.4 x 108 cm2to p=0.3 x 10 cm™2 The charge density decreased
by 25 % during the sample drift. An increase in p-type doping was observed
due to contact annealing. The density of charge carriers varied from p =
0.3x 108 cm™? to p = 0.47 x 10 cm™. The obtained results confirm the
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conclusions that was presented in the literature, where a decrease in p-type
doping in the graphene layer on metal surfaces was observed during the drift
[154]. In addition, an increase in p-type doping was observed in the graphene
layer due to thermal processing [154].
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Fig. 1.4.6. The change of doping: (a) in CTLM Au sample, (b) In CTLM Ni sample.
Image adapted from [156].

The change in strain ¢ (%) in the graphene layer on the metal contact
surface during the long-term stability experiment is given in Fig. 1.4.7. The
changes of strain in the CVD graphene layer that is transferred on the Au film
is shown in Fig. 1.8. An analysis of the correlation between pos(2D) and
pos(G) showed that compressive strain was characteristic for carbon
monolayer on the Au surface. The compressive strain varied from ¢ =—0.16%
to ¢ = —0.35 % over sample drift. A decrease in compressive stress was
observed during annealing of the samples. & (%) was recovered in 2 minutes
of annealing. Meanwhile, when the annealing time exceeded 3 minutes, an
increase in mechanical deformations was observed. After 124 minutes
annealing, the strain was equal to ¢ = —0.15 %.

The change of strain in the graphene layer that is transferred on Ni contacts
is shown in Fig. 1.4.7. (b). The interaction between CVD graphene and Ni
film induced tensile strain in graphene lattice. A significant decrease in
mechanical deformation was observed due to the sample drift, which ranged
from ¢ = 0.6 % to ¢ = 0.1 %. Finally, contact annealing resulted in a slight
increase in tensile strain in the graphene sheet, where ¢ (%) varied from ¢ =
0.1 % to & = 0.15 %. When ta;. = 3 min, an increase of the tensile stress ¢ in
graphene was observed. The tensile strain decreased after 3 minutes annealing.
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Fig. 1.4.7. The change of strain: (a) in CTLM Au sample, (b) CTLM Ni sample.
Image adapted from [156].

Thus, Raman analysis of graphene in different areas helped to identify the
changes of mechanisms in the graphene sheet due to sample drift and contact
annealing. The most significant changes in doping due to sample drift
occurred in the graphene layer that was laid down on contact step zone.
Meanwhile, changes in mechanical deformations due to drift in graphene
resistors occurred in the graphene sheet on the metal films. The annealing of
graphene samples can lead to the removal of precipitated water from the
graphene surface. Changes in charge carrier density during sample drift in the
contact step area can be related to changes in contact resistance as samples
face the drift. It is known that the vdW force has a significant effect on the
chemical reactivity of the graphene [158]. In addition, the absorption of
compounds at the graphene surface and reduction from it strongly determines
the change in charge carrier density [159], [160]. This could be one of the
physical reasons leading to the changes in doping and mechanical deformation
that occurred in the graphene sheet in the flat metal region after annealing.

1.4.3.SPM measurements

Graphene samples were characterized by scanning probe microscopy
(SPM) measurements. Measurements were performed after the sample drift
and after annealing of the graphene samples.

The contact potential difference (CPD) of graphene samples with Au and
Ni films was measured using the scanning probe microscopy SKPFM
(Scanning Kelvin Force Probe Microscopy) mode. CPD profiles obtained by
measurements on metal contacts and insulator are shown in Fig. 1.4.8. (a) and
(b). The CPD profile of the CTLM sample with Au film is demonstrated in
Fig. 1.4.8. (a). In the graphene samples with the Au film, the contact potential
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difference was similar in both the metal and insulator regions. However, a
decrease in CPD was observed at the edge of the metal contact. The contact
potential difference profile of the CTLM sample with Ni layer is shown in Fig.
1.4.8. (b). Anincrease in potential in the metal part of the sample was observed
in the CPD profile. The difference between the CPD value on the metal and
the insulator was ~0.05 V.

60 x 60 pm? area CPD maps were obtained by scanning the graphene
samples by Kelvin force probe microscopy. These maps are shown in Fig.
1.4.8. (c) fig. and Fig. 1.4.8. (d). CPD map of a graphene sample with Au films
obtained by Kelvin force probe microscopy is presented in Fig. 1.4.8. (c).
CTLM Au samples show a similar CPD in the graphene layer on the metal
zone or insulator zone. The CPD map of the graphene sample with Ni films is
givenin Fig. 1.4.8. (b). The map shows that the CPD measured on the insulator
differs from the CPD measured on the Ni zone.
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Fig. 1.4.8. SPM measurements: (a) CPD profile of CTLM Au sample, (b) CPD
profile of CTLM Ni sample, (¢) CPD map of CTLM Au sample, (d) CPD map of
CTLM Ni sample.

The W of undoped graphene is equal to 4.53 eV [161]. n-type doping in
graphene occur when Wer < 4.53 eV. p-type doping is attributed to graphene
if Wer > 4.53 eV. Using CPD measurements of graphene samples, the work
function We; in graphene layer before the annealing procedure and after it was
determined. This dependency is given in Fig. 1.4.9. The dependence of the
work function on the duration of annealing was obtained in different areas of
CTLM samples. These zones consist of a metal film, a contact step, and an
insulating zone.

Almost identical work function of graphene sheet was observed in the areas
of metal, contact step, and insulator for Au CTLM sample before annealing.
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The value of We, ranged from 4.78 eV to 4.80 eV in these zones. The work
function decreased in graphene samples with Au film after annealing. The
largest change in We, Gr occurred in the graphene layer on the flat metal and
contact step areas. The W, of the graphene sheet on the Au contacts decreased
by 0.19 eV, while We, in the contact step area reduced by 0.18 eV. The change
in We in the graphene layer on the insulator was almost twice less than that
in the other parts and reached 0.11 eV.
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Fig. 1.4.9. Work function dependence on annealing time of graphene in metal zone,
contact step zone, and in insulator zone. Image adapted from [156].

We: in graphene samples with Ni films was lower than that in graphene
sample with Au film. The work function in graphene samples with Ni films
was different in different zones of the sample. The We, of the graphene sheet
in the flat areas of metal, insulator, and contact step ranged from 4.55 eV to
4.62 eV. After annealing of Ni CTLM samples, the work function increased.
The largest changes in Wg, occurred in the flat areas of the metal and contact
step, where We, increased by ~0.12 eV. A slightly less change in We, due to
annealing occurred in the graphene layer on the insulator, where We; increased
by 0.1 eV. Thus, the largest changes in We, after annealing of the graphene
samples was obtained in the graphene sheet on the metal surfaces and on the
contact step area. The changes in W, in the insulator region due to the
annealing of the graphene samples were smaller than in the other zones.
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1.4.4. An equivalent model of graphene resistor

Fig. 1.4.10. shows an equivalent circuit model that illustrate the electrical
contact between a graphene sheet (1) and a metal layer (2). This model is part
of an equivalent resistance scheme that was presented in the dissertation
section on long-range deformations in planar graphene structures.

Next to the edges of the metal films equivalent circuit consist of
components Rerows and Ro. The drift of the graphene samples and recovery due
to annealing induced the largest changes in charge carrier density and
mechanical strain. These changes can be related to the variation of Rerowg and
Ro. This assumption is since the dominant changes in p (10" cm™) and ¢ (%)
in long-term stability tests were observed in contact step zone near the metal
contact edge.

R

crowd-1 Sheet-i

R, R

R vdW-i
2

LC LQ LShch
Fig. 1.4.10. An equivalent model of structure consisting graphene sheet and metal
film.

Main results and conclusions

1. Using long-term stability studies it was showed that changes of electrical
characteristics in graphene-based structures are caused by environmental
conditions. It was shown that after the production of resistive structures, the
electrical characteristics have changed over the time. However, the annealing
helped to restore the resistance of the samples.

2. The drift of the graphene samples was attributed to the change of density
of the charge carriers in the graphene sheet on the contact step zone. The
change of density of the charge carriers is this region was the largest compared
to other regions. The thermal processing increased the p-type doping in the
graphene layer.

3. The analysis of strain in graphene lattice showed that the largest change
occurred in the graphene layer on the flat metal area. These changes were
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dependent on the metal. During the drift of graphene samples an increase in
compressive strain was obtained the samples with Au films. Meanwhile, for
samples with Ni films a decrease in tensile strain was observed.

4. The work function in graphene samples with Au and Ni samples changed
differently. The largest change in Wer was found to occur in the graphene layer
on the flat Au and Ni zones and on the contact step region.

5. The contact step zone has been found to be the most sensitive regions to
drift and annealing. Meanwhile, the charge density, mechanical deformation,
and the work function in the graphene layer on the insulator changed the least.

6. An equivalent circuit model was presented which should relate the
changes in the density of the charge carriers and the work function in the
graphene sheet at the contact step zone with the change of the resistance Rerowd
and Ro components.

Based on findings of our research, the defense statement was formulated:
the changes in graphene deformations in the contact area and the changes in
doping in the conductive graphene channel between contacts in a normal
environment determine the long-term aging of the electrical characteristics of
the 3D surface structure with a two-dimensional graphene sheet on the top.
The strain in contact region and doping in the zone of inter-contact channels
can be restored to the initial state after the short (< 10 minutes) annealing in
an inert gas atmosphere at 575 K.
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1.5. RESISTANCE DEPENDENCE ON TEMPERATURE IN
GRAPHENE-BASED STRUCTURES

This section presents the results obtained by studying the variation of
electrical parameters of graphene resistance samples at different temperatures.
The samples were heated in a compressed dry air atmosphere in order stabilize
the heating atmosphere. 1-V measurements were performed on several
matrices of CTLM samples with Au and Ni contacts and at different
temperatures (T =293 K, 323 K, 373 K, 423 K, and 523 K).

1.5.1. Dependence of electrical properties on temperature

I-V were measured at different contact spacing ds. Finally, 1-V was fitted
by classical Ohm’s law. Based on fitting, the temperature dependence of the
resistance Rq was evaluated of graphene samples.

The temperature dependence of the resistance of graphene samples with
Au film is shown in Fig. 1.5.1. (a). The resistance values during the
experiment, depending on the distance between the contact ds, varied in the
range from 40 Q to 145 Q. An increase in the resistance of all CTLM matrix
elements was observed with increasing temperature. Rq of graphene samples
with a metal layer almost doubled when the temperature was raised from
293 K to 523 K.

The temperature dependence of the resistance of the samples with Ni metal
layer is shown in Fig. 1.5.1. (b). A slightly higher resistance was detected in
samples with Ni film. Therefore, the resistance varies in the range from 60 Q
to 165 Q, as can be seen in Fig. 1.5.1. (b). Increasing the temperature from
293 K t0 523 K almost doubled Rq of all CTLM matrix elements with Ni layer.

The change in electrical conductivity due to the variable temperature in
graphene may depend on the concentration of charge carriers in the graphene
sheet [162]. However, the electrical conductivity of graphene is more
influenced by electron scattering by acoustic and optical phonons [163]. This
could be one of the reasons for the increase in resistance of graphene samples
with increasing temperature.
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Fig. 1.5.1. Resistance dependence on temperature on a) Au based samples, b) Ni
based samples.

Graphical assessment of the temperature coefficient of resistance (TCR) of
graphene samples with an Au film is provided in Fig. 1.5.2. (a). The mean
TCR value was found to be a = 0.003 K™ for all matrix elements ina CTLM
sample. The graphical assessment of the TCR of the samples with the Ni film
is shown in Fig. 1.5.2. (b). The mean TCR value was equal to o = 0.002 K !
in graphene sample with the Ni layer. Thus, regardless of metal, it was
obtained that the value of TCR was quite similar in the resistive structures
with the Au or Ni films. The TCR value is known to be 102 K™ [164] in
resistive temperature detectors. A higher TCR value could influence the
temperature sensitivity of the detector.
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Fig. 1.5.2. Resistance dependence on temperature: a) samples with Au film, b)
samples with Ni film.

The relative sheet resistance Rsno/Rsh dependence on temperature is shown

in Fig. 1.5.3. (a). An increase in the temperature from 293 K to 523 K was
observed to increase resistance of slightly more than 30 %. The relative
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contact resistance Rco/Rc dependence on temperature is demonstrated in Fig.
1.5.3. (b). It was found that by changing the temperature from 293 K to 523 K,
Rco/Rc for graphene with the Au film increased from 1 to 2.1. Meanwhile,
Rco/Rc for graphene sample with the Ni film varied from 1 to 1.5 by increasing
the temperature from 293 K to 523 K. The temperature variation in contact
resistance obtained in this experiment (in the range 293 K to 523 K) was
similar to that given at work [165].
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Fig. 1.5.3. Electrical parameters dependence on temperature: (a) relative sheet
resistance dependence on temperature and (b) relative contact resistance
dependence on temperature.

In the study the change of electrical parameters was observed by increasing
the temperature of graphene resistive structures. The resistance of the
graphene samples Ry increased similar independently of the metal film. The
Rq almost doubled at temperature range from 293 K to 523 K. By increasing
the temperature, the Rsh slightly increased. Meanwhile, the change in contact
resistance was larger than sheet resistance.

Main results and conclusions

The following key results and conclusions have been obtained from the
analysis of temperature dependence of electrical parameters of graphene
resistive formations:

1. The decrease in the electrical conductivity of graphene resistive
structure with Au and Ni layers was observed a varying the temperature from
293 K to 523 K.

2. TCR in graphene structures with the Au film was found to be a =
0.003 K™%, while in structures with the Ni film a = 0.002 K.
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3. The growing of temperature increased the contact resistance Rc. The
contact resistance response to the temperature was found to be more sensitive
than the layer resistance.

4. It was found that the relative value of the charge transfer length Lc
increased differently depending on the metal layer used for construction of
graphene structures.

1.6. CONCLUSIONS

1.1t was found that the electrical resistance decreased most
significantly during the first annealing stage in graphene vdW structures with
Au and Ni layers. This stage lasted 4 minutes. The decrease of Rc was equal
to 57 % for Au CTLM samples after 4 minutes of annealing. Moreover, the
reduction of the contact resistance Rc of Ni CTLM samples reached 75 % after
4 minutes of annealing. The further annealing (ta. > 4 min) did not decrease
the Rc significantly.

2. The charge transfer length Lc in CTLM samples with both Au and Ni
films decreased almost twice after the 4 minutes annealing step. However,
when annealing time was increased the change in Lc was not observed. The
steep decrease in Lc could be associated with the decrease in current spreading
and the decrease of the distance between the graphene layer and metal surface
due to contact annealing.

3. Sheet resistance changed smoothly during the thermal formation of
the metal-graphene contacts. However, different stages of Rs, were not
observed over annealing time. Rsy, was found to decrease slightly during the
entire contact annealing process.

4. It has been shown that the contact annealing in the graphene layer on
the surface of the metal contacts resulted in change of compressive strain. ¢
increased over the annealing time.

5. It has been found that the change in doping was dominant due to the
annealing in graphene sheet on insulator surface. The density of charge
carriers varied from p ~ 0 to p = (0.18 — 0.5) x 10** cm2 in the graphene layer.
Meanwhile, the strain changed slightly during the annealing from ¢ = (—0.28 —
—0.36) % to & = (—0.37 ——0.43) % in the graphene layer on SiO.

6. Investigations of deformations in graphene structures with metal
films revealed different statistical distributions of Raman G and 2D peaks on
the flat areas of the sample (one component of the normal distribution) and on
the transition area of the contact step (several components of the normal
distribution).
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7. It is shown that long-distance deformations are created at the contact
step area, which are widespread in the graphene layer far away from the
boundary of the contact edge.

8. Compressive strain was found in the transition zone from the contact
edge areas to the SiO, zone for both Au-based and Ni-based samples.
However, the stresses in the graphene did not reach ¢ > —0.25 % in graphene
samples with metal films.

9. The appearance of data clusters was observed in the constructed
pos(2D) from pos(G) diagrams. Each cluster is assigned to a specific area of
the structure surface.

10. It is shown that using different (1o or 20) intervals, the overlap of
the z. cluster with adjacent flat-area clusters can be estimated.

11. The study showed that the charge density p in the graphene samples
with Au was the same on the SiO; surface and on metal. Doping was equal to
p=(2-4) x 10 cm. Meanwhile, a strong p change between metal and SiO-
domains was observed in Ni samples.

12. The equivalent electric circuit model was proposed that
incorporates p and ¢ changes in the graphene layer.

13. It has been shown that long-range deformations in a graphene sheet
can affect the contact and sheet resistances.

14. Long-term stability study showed that changes of electrical
characteristics in graphene-based structures are caused by environmental
conditions. It was shown that after the production of resistive structures, the
electrical characteristics have changed over the time. However, the annealing
helped to restore the resistance of the samples.

15. The drift of the samples was attributed to the change of density of
the charge carriers in the graphene sheet on the contact step zone. The change
of density of the charge carriers is this region was the largest compared to
other regions. The temperature process increased the p-type doping in the
graphene layer.

16. The analysis of train in graphene lattice showed that the largest
change occurred in the graphene layer on the flat metal area. These changes
were dependent on the metal. During the drift of graphene samples an increase
in compressive strain was obtained the samples with Au films. Meanwhile, for
samples with Ni films a decrease in tensile strain was observed.

17. The work function in graphene samples with Au and Ni samples
changed differently. The largest change in Wg, was found to occur in the
graphene layer on the flat Au and Ni zones and on the contact step region.

18. The contact step zone has been found to be the most sensitive
regions to drift and annealing. Meanwhile, the charge density, mechanical
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deformation, and the work function in the graphene layer on the insulator
changed the least.

19. An equivalent circuit model was presented which should relate the
changes in the density of the charge carriers and the work function in the
graphene sheet at the contact step zone with the change of the resistance Rerowd
and Ro components.

20. The decrease in the electrical conductivity of graphene resistive
structure with Au and Ni layers was observed a varying the temperature from
293 Kto 523 K.

21. TCR in graphene structures with the Au film was found to be
a = 0.003 K%, while in structures with the Ni film a = 0.002 K.

22. The growing of temperature increased the contact resistance Rc.
The contact resistance response to the changing temperature was found to be
more sensitive than the layer resistance.

23. It was found that the relative value of the charge transfer length Lc
increased differently depending on the metal layer used for construction of
graphene structures.
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Annealing Time Effect on Metal Graphene Contact Properties
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Annealing is well known technique to improve metal contacts. In order to anneal metal/graphene contacts information of suitable
time of thermal treatment process is required, otherwise in a long annealing process undesired deformation in graphene layer or
electronic device can be induced. In this article we introduce the investigation of the annealing time of metal/graphene structure.
Electrical properties of contact between CVD grown graphene and metal (Au and Ni), using circular transmission line model (CTLM)
contact geometry is observed. Raman spectroscopy is applied for characterization aiming to clarify surface and interface properties.
It is found that the effective contact formation occur after 4 min annealing. The increase of thermal treatment time leads to unwished

effects in graphene layers.

© 2018 The Electrochemical Society. [DOI: 10.1149/2.0201805jss]
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In the last few years, various electronic applications for graphene
monolayers, exploiting their electrical,! optical>® and wide func-
tional properties, were proposed.* Chemical vapor deposition (CVD)
grown graphene remains material of choice for device fabrication
due to promising electrical properties and scalability for industrial
fabrication,™® with the special interest of using graphene in combina-
tion with ITI/V materials However, these materials allow only for very
limited thermal budget, therefore low temperature and short expo-
sures are allowed for contact processing. Additionally, graphene syn-
thesis remains a high temperature process with long exposure times,
therefore Van-der-Walls type integration is required. Metal-graphene
contact is annealed in inert atmosphere to lower contact resistance to
avoid additional doping to graphene layer.” This could affect doping
from the surface of substrate to graphene layer as well as change
in strain.®’ It is known that annealing could remove residual resist
with effective temperature of 300°C™' and.!" Typically metal con-
tacts are patterned on the top of graphene layer. However, graphene
should be uncovered by the layer of metal to investigate dependency
of changes of metal/graphene interface on annealing. Therefore we
investigate effective anneal process time of metal/graphene contact,
using a graphene on metal approach. This strategy also allows Raman
measurements of graphene in contact to metal without the need of etch
or other processes to remove metal layer. For metal contact we choose
Au and Ni which are shown to form physisorbed and chemisorbed type
contact with graphene.'> To explain the nature of change of electrical
properties we investigate contact structures with Raman spectroscopy.

Materials and Methods

q, 7

and fe ing.—In our investigations several se-
ries of samples containing a graphene sheet and the metal contacts
were manufactured and investigated. For this, thin film metal con-
tacts were formed on a substrate at the beginning. The arrangement of
the contacts was made to be acceptable for the circular transmission
model (CTLM). Typical image of a group of the sample contacts is
illustrated in Fig. 1a. Any sample from the group contained the central
contact shaped as a disk 100 jum in diameter and a gap between the
disk and the continuous metal film. The gap that can be seen as a dark
ring in Fig. 1a was individual in the adjacent samples in the group. In
all tested series there was a large number of the groups composed of
the similar sets of the CTLM samples with the individual gaps and,
consequently, individual distances d between the electrical contacts,
namely 5, 10, 15, 20, 25 and 30 pwm. On the top of these contacts
a graphene sheet was laid flat to cover a large area of the substrate
with a number of the samples. The cross section of a CTLM sample is
illustrated by the scheme in Fig. 1b. In this figure, the central contact
represent the disk-like contact whereas the two side contacts are an
illustration of the large area continuous outer contact. As a result a

“E-mail: andrius.sakavicius @ftme.lt

(a) (b)

Figure 1. (a) A cross-section of a sample based on the metal-graphene, where
(1) layer is metal contacts (yellow), (2) - insulating SiO; layer (light blue) and
(3) p-silicon wafer (dark blue). Graphene layer transferred on metal contacts
is depicted in black. (b) Optical top-view image of CTLM structure, graphene
is already transferred on the top of metal contacts. The diameter of the inner
circular contact is 100 pm, d — individual distances between the electrical
contacts.

large area homogeneous thin metal film with the separated disk like
holes of an individual diameter was made to be a common outer con-
tact for a large number of the samples. An individual CTLM sample
of the specific length equal to the corresponding distance d between
the contacts was each defined and distinguished by an individual code
number of the corresponding central disk-like contact. There were 6
CTLMS samples with the individual length (d), namely 5, 10, 15, 20,
25 and 30 pm, that were arranged as a group in a compact surface
area (see Fig. 1a). Typically, there were about 20 groups of the sam-
ples on a separated substrate used in the individual sequences of the
manufacturing and test procedures.

For the contacts, thin metal films were deposited by a dc-magnetron
sputtering. Pure metal targets were used for the sputtering in an argon
atmosphere. The metal films were deposited on a silicon wafer with
an insulating SiO, layer of thickness about 250 nm. The thickness of
the metal films was about 80-100 nm. The standard photolithography
procedures were used to form the electrical contacts in the metal films.
Depending on the metal, the well-known solutions were used to etch
the gaps between the contacts in the metal films. The metals, namely
Ni and Au, were used to deposit the films and, consequently, the two
types of the CTLM sample series were manufactured in this study.

In our study, we used the commercial graphene obtained from
Graphenea. These large area sheets of graphene were grown by a
chemical vapor deposition (CVD) method on a copper foil substrate.
From the Cu foil to our substrates, the graphene was transferred by
a commonly known technique using the poly(methyl methacrylate)
(PMMA) as a polymer supporting film."* In the first step, the PMMA
was spin coated on the surface of the as received graphene/Cu foil
substrate. After drying at 425 K for about 30 minutes, the copper
foil was etched in a solution HCI:H,0,:H,0O = 5:2:30 at the room
temperature for about 20 minutes. After that, the PMMA film with the
graphene was rinsed in deionized water (3 times for about 20 minutes
each). With the PMMA faced up, the graphene/PMMA films were laid
flat on the CTLM contacts on the SiO,/Si substrate. In the final stage,
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the PMMA was dissolved in chloroform within about 15 hours. The
residues were removed by careful rinsing in isopropyl alcohol (IPA).
After drying, the CTLM samples with the graphene sheet adhered to
the surfaces of the metal contacts were ready for the annealing studies.

Annealing.—The annealing experiments were performed in a
rapid thermal annealing furnace (Unitemp RTP 100 HW, UniTemp
GmbH) with a constant flow of pure argon equal to 2 litres per minute.
The substrates with the CTLM samples were annealed at 575 K and
then investigated experimentally. The same routine was used for the
annealing. The temperature was constantly increased by 10 deg per
second from the room temperature up to 575 K and was kept constant
for the annealing period. After the end of the annealing the furnace
was switched off and the substrates were cooled down to room tem-
perature in the Ar flow at the cooling rate about 50 deg per minute.
These conditions of annealing were chosen to avoid oxidation of met-
als during annealing. The cooled down substrates were extracted into
the atmosphere and the properties were experimentally characterized.
Several annealing-testing cycles were accomplished in this study. The
duration of the annealing was the only parameter that was intention-
ally changed in these cycles and an influence of the annealing time on
the properties of the graphene samples was described.

Raman spectroscopy.—The graphene based samples were ana-
lyzed by Raman spectroscopy at room temperature in the laboratory
atmosphere. The Raman spectra were obtained by an inVia spectrome-
ter (Renishaw) with a CCD camera that was thermo-electrically cooled
down to —70°C and a microscope. The excitation was produced by a
633 nm laser and the beam was focused into the spot with the diameter
of 1 wm on the samples surface. The 50x/0.75NA objective was used
during the measurements. The excitation power at the sample surface
did not exceed 0.79 mW. The Raman scattering wavenumber axis was
calibrated by the silicon peak at 520.7 cm~'. The parameters of the
bands in the Raman spectra were deduced by fitting the experimental
spectra with the Gaussian-Lorentzian shape components.

Electrical measurements.—The electrical resistance Rs was ob-
tained for each individual CTLM sample by the standard two probes
method in adirect current (dc) mode. A dependence of the dc-electrical
current through the sample /s on the voltage drop across the sample
Vs was measured for each CTLM sample. The resistance Rg was cal-
culated by fitting the classical Ohms law with the linear voltamperic
characteristics obtained from the two probe measurements. During
these measurements, the voltage Vs was swept through the interval
from -1 V to +1 V. The sweeping rate typically was about 0.1 V per
second and there were no traceable changes in the voltamperic char-
acteristics if the sweeping rate was diminished down to about 0.01 V
per second and increased up to about 1 V per second. The electrical
measurements were performed by a 4200-SCS Parameter Analyzer
(Keithey Instruments, Inc.) in a Summit Probe Station 11000/12000
(Cascade Microtech, Inc.). Since a number of groups (typically about
20) of the CTLM samples were tested on the same substrate, the re-
sistances Rg of separated CTLM samples with the same gap distance
d were used to calculate an average resistance Rgq and the experimen-
tal errors for the batch of the CTLM samples of the corresponding
length d. As a result, the dependences of Rsq versus sample length d
were obtained after the series of the measurements of the voltamperic
characteristics for the collection of the CTLM samples on the same
substrate. From the experimental dependences of Rgq on d, the con-
tact resistance Rc, the graphene sheet resistance Ry, and the charge
transfer length Ly were calculated for the graphene-metal structure by
the commonly known methodology of the CTLM tests.'* The same
series of the electrical measurements were performed and the same
set of the parameters were calculated after each thermal treatment of
the graphene based samples and for each type of the graphene-metal
structures.
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Figure 2. Dependence of the resistance on the ring widths d. Experimental
points are plotted by black squares, blue dots —after CTLM geometry correction
which was described in'® work. Rsy, is derived from the slope of R plot. The
intercept at d = 0 is R = 2*R¢ giving the contact resistance.

Results

Electrical measurements.—Electric measurements were per-
formed to investigate the effect of annealing time to metal/graphene
contacts. Both Au/graphene and Ni/graphene structures were investi-
gated. Dependence of the resistance on the ring widths d is shown at
Figure 2. Experimental points are plotted by black squares, while blue
dots illustrate data after CTLM geometry correction. CTLM geome-
try correction was introduced in'® work. Measured contact and sheet
resistances were extracted from the plot of R versus d. The intercept
atd = 01is R = 2*Rc giving the contact resistance. Rgy, is derived from
the slope of R plot.

The most contact resistance decreases within 4 minutes annealing
was observed both Au/graphene and Ni/graphene contacts, as shown
in Figure 3. Au/graphene contact changes from 20.5 k*jum to 6.1
kQ*pm due to total 124 minutes annealing. The Rc of Ni/graphene
contact decreases from 114.9 kQ2*jum to 13.3 kQ*jum within the same
thermal budget time. However, the main reduction of contact resis-
tance for both contacts occur after the first 4 minutes of annealing.
Au/graphene contact Rc is reduced by 81%, while Ni/graphene contact
Rc is reduced by 85% within the 4 min duration. After subsequent an-
nealings of 60 minutes Rc remained almost unchanged. Interestingly,
the contact resistance of metal/graphene Van-der-Walls type structure
is reduced by a similar amount despite that graphene is on top of either
physisorbed or chemisorbed metal.

The distinct situation occurred when sheet resistance (Rs,) was
measured. The small reduction of Ry, after annealing was observed
(Figure 3b). However, higher than usual Rg;, values were measured as
annealing time was lower than 4 minutes.

Raman analysis.—Raman spectra were measured to investi-
gate annealing time effect to graphene contact structures the both
metal/graphene contact and SiO,/graphene ring area. Figure 4 shows
Raman spectra of graphene on metal for both structures before and
after annealing. NiC related peaks (two broad characteristic peaks
at ~1350 cm~! and ~1590 cm~''"") are not observed in Raman
spectra of Ni/graphene structure. Figure 5 shows Raman spectra of
SiO,/graphene ring, with two characteristic graphene peaks G and 2D
bands and a flat background on SiO, as well as Ni and Au contacts. Ra-
man peak positions and Full Width at Half Maximum (FWHM) were
extracted from fitted Lorentzian shape components, and the graphs
show the fitted spectra for ease of comparison between the different
structures.

Before annealing G peak position of Raman spectra of Ni/graphene
structure were redshifted comparing to Raman spectra of Au/graphene
by 2 cm™'. When structures were annealed, both G and 2D peaks
blueshifted in comparison to non-annealed spectra. G peak position
of Raman spectra of Au/graphene structure upshifted from by AG
1 em™! as a result of 124 minutes annealing. G peak position of
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Figure 3. The change of contact resistance (a) on annealing time (green pentagons depicted Ni/graphene contact resistance and magenta triangles depicted

Au/graphene contact resistance) and sheet resist

nce (b) (red dots) on annealing time. Error bars depict propagation of uncertainties of Rc (a) and Rsj, (b).
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Figure 4. Change of Raman shift on anneal time of graphene on (a) Au and (b) Ni metal.

Ni/graphene upshifted by AG 11 cm™! after 124 minutes annealing.
Before annealing 2D peak position of Raman spectra of Au/graphene
and Ni/graphene structures were almost identical. 2D peak position
of Au/graphene contacts upshifted from by A2D 12 cm™" after 124
minutes annealing, while for Ni/graphene contacts it upshifted from
by AG 17 cm™'. G peak position of Raman spectra of graphene on
SiO,/graphene ring blueshifted from by AG 9 cm™" after 124 minutes
annealing. 2D peak position of Raman spectra of graphene on SiO,
substrate blueshift by 8 cm™! after 124 minutes annealing. Compering
the blueshift of 2D peak after 124 minutes annealing, the shift of this
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Figure 5. Change of Raman shift on anneal time of graphene on SiO,/
graphene ring.

mode of metal/graphene is around two times larger than the shift of
2D spectra on SiO,/graphene ring area.

The trend of 2D versus G peaks positions indicated different be-
havior in Au/graphene and Ni/graphene structures as samples were
annealed. Different slope of variations in 2D peak positions depen-
dency on G peak positions on successive annealing define whether
doping or strain process is dominating in graphene.” We observed that
slope (solid black line in Figure 6) of Au/graphene structure was 3.3
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Figure 6. Thermally induced variations in pos(2D) dependency on pos(G) on
successive annealing for Au/graphene contact (black squares) and Ni/Graphene
contact (red dots). Variations in pos(2D) dependency on pos(G) on successive
annealing for SiOs/graphene structures depicted in inset. Solid lines repre-
sented linear fitting of data.

Downloaded on 2018-10-22 to IP 158.129.176.33 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).

186



M80 ECS Journal of Solid State Science and Technology, 7 (5) M77-M81 (2018)

Table I. The change of Raman shift peaks position and FWHM of metal/graphene structures before and after 4, 64 and 124 minutes annealing.

pos(G), cm™! pos(2D), cm™! FWHM(G), cm™! FWHM(2D), cm™!
Tannealing, Minutes Au-Gr Ni-Gr Au-Gr Ni-Gr Au-Gr Ni-Gr Au-Gr Ni-Gr
0 1582 1580 2635 2635 18 25 38 35
4 1584 1590 2646 2639 24 33 2 63
64 1586 1588 2652 2646 26 45 2 79
124 1586 1596 2649 2656 29 33 44 78

observed. This value is higher than 1.9 which is referred as a mini-
mal strain value. Therefore, that could lead to strong strain effect as
Au samples were annealed. The slope of Ni/graphene structure was
1.4 which fell out of the graphical zone of strain. This lower value
indicated that doping is dominant while Ni contact were annealed.
Moreover, the slope of SiO,/graphene structures was 0.9, therefore,
doping effect is expected in graphene on SiO, substrate while samples
were annealed.

There are few mechanisms raised from contact and chemical dop-
ing which could result shift of G and 2D peaks. The blueshift of Ra-
man spectra G and 2D peaks is attributed to doping.'® The blueshift
of 2D peak, as well as broadening of this mode, is attributed to p-
type doping.!” We assume that graphene on both metals is doped by
p-type carriers. Moreover, the upshift of G and 2D Raman modes can
be caused by compressive strain'® and.'” The same type of doping
is observed for graphene on SiO,/graphene ring, however the mag-
nitude of the doping is lower compering with graphene on metal.
If the upshift of 2D mode is much larger than upshift of G mode
strain effect is dominant.'> We observe, that strain effect is domi-
nant on metal/graphene contact, while doping effect is dominant on
SiO,/graphene ring. Moreover, Au/graphene contact showed larger
strain effect than Ni/graphene contact.

FWHM(G) and FWHM(2D) of Raman spectra of metal/graphene
increased after annealing. The FWHM(G) of Au/graphene struc-
ture increased from by AFWHM(G) 4 cm™' after 124 minutes
annealing, while FWHM(G) of Ni/graphene structure increased
from by AFWHM(G) 9 ecm™" after 124 minutes annealing. The
changes of FWHM(2D) of Au/graphene and Ni/graphene structures
are AFWHM(2D) 13 cm~! and AFWHM(2D) 54 cm™' respect-
fully. Whereas FWHM(G) and FWHM(2D) of Raman spectra of
SiO,/graphene ring changed very slightly — from by AFWHM(G)
-3 cm™! and from by AFWHM@2D) 1 cm™! after 124 minutes
annealing.

Tables I and II indicate the changes of G and 2D peaks position
and FWHM before and after annealing. Interestingly, the most signif-
icant broadening of G and 2D modes of graphene on metal for both
structures is observed after 4 minutes annealing. However, the broad-
ening of both Raman modes of graphene on SiO; is not observed. The
increase of FWHM(G) can be related to disorder in graphene layer.”’
The defect related D peak was not detected in the Raman spectra in this
study. However, the increase of FWHM(G) of metal/graphene struc-
tures as samples were annealed could be associated to reduced quality
of graphene. The broadening in 2D mode of the annealed graphene

Table II. The change of Raman shift peaks position and FWHM
of SiO,/graphene structure before and after 4, 64 and 124 minutes

annealing.
pos(G, 2D), cm™~! FWHM(G, 2D), cm™!
tannealing, Minutes G 2D G 2D
0 1587 2647 17 35
4 1589 2649 17 37
64 1594 2650 15 34
124 1596 2655 15 36

mainly attributed to the hole doping.”' Besides, the hole doping can
be induce by atmospheric oxygen®” or water.”*

Discussion

The simplified equivalent circuit was introduced (see Figure 7) to
illustrate the changes of contact resistance and sheet resistance on an-
nealing. We assume that contact resistance consist of two components
— Rci and Rea. R define the Van-der-Walls type contact. The con-
tact should depend on the interface, which describe the gap between
the metal contact and graphene layer. The gap could occur after wet
transfer of graphene, therefore elimination of the interface could be
expected as samples were annealed. This process could lead to reduced
Rci component. Re; is another component which occur due to current
crowding. The other component represented in the equivalent circuit
is Rgy which is regarding to the sheet resistance of SiO,/graphene
ring.

The situation when current spreading occurs in metal/graphene
contacts is described in’* work. Schematically current spreading could
be illustrated at Figure 7 (red dashed arrows). Regarding to R, mea-
surements we expect that current spreading could increase total resis-
tance of sample. Moreover, large current spreading effects the sheet
resistance while long charge transfer length incorporate an addition
R, component to Rsy. Series of Ry, components increase the total
sheet resistance of the structure. When samples are annealed the inter-
face between graphene layer and the metal is reduced. Therefore, more
effective current crowding is expected as samples were annealed.

We observed that 4 minutes annealing significantly improved
metal/graphene contact reducing Rc. The reduction of Rc could be
attributed to removal of the interface between metal contact and
graphene. Rc is another component of the contact resistance. Rc,
could be dependent on doping of graphene layer confirmed by
blueshift and G and 2D modes and broadening of 2D mode. Other
component which define the metal/graphene contact is Rj,. This com-
ponent represent graphene layer on the metal contact. Also, Ry, should
be sensitive on O, or PMMA removal as well as graphene layer on
SiO, substrate. Therefore, changes of graphene on SiO, substrate
should explain the significance of R, to contact resistance. Rg, is
other component which describe sheet resistance of graphene on SiO,
substrate. Oppositely to metal/graphene contact we observe slight
narrowing of G mode of SiO,/graphene ring, while FWHM(2D) of

Figure 7. Current flow from metal contact to graphene layer in metal/graphene
contact.

Downloaded on 2018-10-22 to IP 158.129.176.33 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).

187



ECS Journal of Solid State Science and Technology, 7 (5) M77-M81 (2018)

SiO,/graphene ring remained almost unchanged. According Raman
analysis, the small reduction of sheet resistance can be attributed to
p-type doping of graphene layer. This type of doping is confirmed by
blueshift of G and 2D modes. However, the blueshift of 2D mode of
SiO,/graphene ring is lower than in metal/graphene case, where addi-
tion contact doping is expected. According Raman analysis doping in
metal/graphene interface induced by annealing is observed, therefore
formation of chemical bonds between graphene layer and metal is
expected.

Conclusions

We conclude that in contact anneal process the largest reduction of
contact resistance is observed after 4 min annealing. The subsequent
annealing does not improve considerably the contact resistance, only
increases the p-type doping in the graphene layer. The metal induced
doping is observed for both Ni and Au contacts. Raman spectroscopy
allows to associate doping to graphene with the change in electrical
measurements on annealing process. We observe much larger doping
from nickel contact to graphene layer. However, strain effect is dom-
inant in Au/graphene structure as contacts are annealing. The small
decrease of Rg;, can be explained by atmospheric oxygen or water
doping to graphene layer.
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ARTICLE INFO ABSTRACT

The properties of the planar junction between graphene layer and thin film metal structures are important for
formation of the electronic devices integrating the structures of the two-dimensional materials. However, the
properties of the graphene-metal contacts are still weakly controlled in the large area device fabrication. In this
report we demonstrated an approach acceptable to characterize the long distance distortion area produced by
the metal contact edges in the %; 1 . The ic analysis of the Raman maps of the graphene
is performed aiming to describe the changes in the graphene monolayer produced by the technology dependent
parameters in the planar structures used for the measurements by the circular transmission line method. It was
proved that Au contacts produce the compressive strain in the graphene layer in the distances up to about
2-4 pum from the contact edges. The transition between the n- and p-type of the doping is combined with the
compression strain in the long distance graphene distortion area close to the Ni-contact edges. An equivalent

Keywords:

Compressive strain

Contact transition zone

Circular transmission line method
Graphene

Metal-graphene contacts

Raman spectroscopy

electrical circuit is proposed for description of the graphene distortion area near the contact edges.

1. Introduction

Minimization of the contact resistance typically is one of the prio-
rities in the development of electronic devices. The task requires an
optimization of the conditions for a contact technology. Solution is
dependent on the fundamental understanding of the interaction be-
tween the materials and the related changes in the vicinity of the
boundary areas of the contacts. In the graphene based structures, an
integration technology of the electronic devices is significantly com-
plicated by the remarkable changes in the graphene mono-layers after
connection with the other components of the system. The practical
results are frequently much more complicated because the technolo-
gical methods result in the changes of the properties that can hardly be
predicted from the theoretical models based only on the fundamental
understanding of the material structure and basic mechanisms of the
interactions. Nevertheless, the fundamental models of the devices with
the two-dimensional materials explained specific characteristics of
these devices. Theoretical and experimental study had proved a sig-
nificant dependence of the charge transport on the graphene-metal
interaction in the graphene monolayer with the top metal contacts [1].
It was demonstrated by the extensive investigations reviewed in [2]
that this interaction plays an essential role in the functioning of the

* Corresponding author.
E-mail address: andrius.sakavicius@ftme.lt (A. Sakavi¢ius).

https://doi.org/10.1016/j.tsf.2020.137850

graphene based field effect transistors. The functioning were typically
dependent on the contact resistance that frequently was a result of the
specific properties of the junctions produced by the integration of the
two-dimensional (2D) layers with the three dimensional (3D) materials
[3]. As device engineering strategies, vertical stacking and lateral
connection of the layers, have resulted in the demonstration of a large
variety of the electronic devices with unique properties [4]. The most
promising results were obtained by the methods acceptable to fabricate
the van der Waals heterostructures with the 2D materials. In spite of
sufficiently well-developed numerous methods that were critically
compared in the recent review [5], there is still a lack of clear under-
standing of the fundamental restrictions on the technological methods
in the device engineering, considering that the task can be accom-
plished in two diverse constructions namely top-metal on graphene and
bottom-metal under graphene. Clear understanding of the problem is
highly important for a development of the technologies acceptable to
produce the devices on a large scale substrates.

Significant discrepancies between theory and experiment can be
revealed in the interpretation of an influence of metals on the sheet
resistance of a graphene monolayer with two side contacts. It is com-
monly proved that the Fermi energy shift AEp is dependent on the
graphene-metal interaction in the van der Waals type contact [1-3]. An
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influence of individual metals on AEr was demonstrated for graphene
on metal by the first-principles calculations [6]. In a planar structure, a
transition region was commonly obtained between the joined and free-
standing regions in the graphene sheet [7]. In spite of a dependence on
the theoretical approach and material parameters, the length of the
transition zone was typically between about 5 A [7] and about 60 nm
[8]. The calculations demonstrated that it is difficult to separate the
transition zone input from the contact resistance measured in the gra-
phene layer with the side contacts by the transmission line method
(TLM) [1]. Recently it was demonstrated that the transition zone can be
quantitatively described by a special junction resistance after thorough
comparative analysis of the experimental results obtained by the di-
verse methods [9,10]. However, the explanation of the results was quite
general and an influence of the technology on the quality of the tested
structures was omitted. The investigations of the technology of gra-
phene field effect transistors for a large-area flexible electronics clearly
demonstrated that the fabrication processes can produce large-scale
zones of strained graphene along the contact lines in the planar struc-
tures [11]. Significantly high strain was detected at the distances of
about 2-3 um from the contact line in the graphene layers [11].
Moreover, the presence of sufficiently large areas of graphene possibly
affected by the metal was experimentally detected by Raman spectro-
scopy in the planar TLM samples fabricated by the methods of the
electron-beam lithography [12]. However, it follows from the previous
reports that the present state of the model description is insufficient to
separate the unintentional modification of the graphene produced by
the technology from that of the fundamental origin and an additional
information is highly required.

In this report we present the results that were acceptable to dis-
tinguish the charge doping from the mechanical deformation of the
graphene in the vicinity of the planar junctions in the graphene layers
with the side metal contacts. The results were obtained in the samples
fabricated by the photolithography methods combined with the wet
process transfer of the graphene layers on the substrates with the cir-
cular transmission line method (CTLM) contacts. The strong bonding
(Ni) and weak bonding (Au) metals were used for the CTLM contacts.
The samples were characterized by the electrical parameters, Raman
spectroscopy, and the methods of the scanning probe microscopy
(SPM).

2. Experiments and approaches
2.1. Materials and preparation

In this study, the samples were arranged as a graphene layer with
the side metal contacts on the bottom of the structure and were adapted
for the investigations of the metal — graphene contacts by the CTLM
method. Therefore, the standard photolithography was used to form the
CTLM electrical contacts in the metal films. The films were deposited by
a dc-magnetron sputtering from the pure Au and Ni metal targets in an
argon atmosphere. The metal films were deposited on a silicon sub-
strate with an insulating SiO, layer of thickness about 250 nm. The
thickness was equal to about 80 nm for the Ni films and about 160 nm
for Au. A wet chemical method was used to transfer a graphene layer
from the growth substrates on the top of the CTLM contacts. Typically
metal contacts are patterned on the top of graphene layer. However,
graphene should be uncovered by the layer of metal in order to observe
changes of metal/graphene interface. The commercially available
monolayer graphene from Graphenea (Spain) was used in our experi-
ments. The graphene was transferred by a commonly known technique
using poly(methyl methacrylate) as it was described in [13]. The re-
sidues were removed from the CTLM samples by careful rinsing in
chloroform. After this samples were washed in isopropyl alcohol. The
arrangement of a sample group is schematically illustrated in Fig. 1. In
the figure, the metal film contacts were shown by yellow layer. The gap
between the contacts was formed by wet chemical etching and was

Thin Solid Films 698 (2020) 137850

Fig. 1. Schematic image of a CTLM structure. Si/SiO, substrate is depicted by
the purple rings. Metal contacts are illustrated by the yellow layer covered with
black honeycombs representing graphene sheet (not to scale). More details
provided in the text.

represented by the purple rings in Fig. 1. The diameter of inner circular
contact was constant and equal to 100 um. The distance between the
outer and inner electrical contacts were individual to each element in
the sample group and was equal to 5, 10, 15, 20, 25 and 30 pm, re-
spectively. The gap with individual distance was visualized by the
purple rings of individual width illustrating the Si/SiO, substrate area
in the gap bottom. In Fig. 1, the top layer of the graphene sheet was
represented by the layer of black honeycombs (not to scale).

2.2. Characterizations

The surface morphology and surface potential of the samples were
characterized by the atomic force microscopy and Kelvin Probe Force
Microscopy (KPFM), respectively. Measurements were performed by
the SPM D3100 / Nanoscope IVa (Veeco) under the ambient conditions.
The topography was obtained in the tapping mode. The contact po-
tential difference (CPD) was measured by the KPFM with the constant
probe lift height = 20 nm and the controlled amplitude modulation.
The frequency of the modulation was matched to the eigenfrequency of
the cantilever. The obtained surface potential was calibrated on highly
oriented pyrolytic graphite substrate and the work function was cal-
culated.

The Raman spectra were measured on the surfaces of the CTLM
samples. We obtained the maps of the Raman spectra over large areas of
the samples at room temperature in the laboratory atmosphere. In the
experiment, Raman spectra were obtained by an inVia spectrometer
(Renishaw, UK) with a CCD camera that was thermo-electrically cooled
down to —70 °C and a microscope. The excitation was produced by a
532 nm laser and the beam was focused into the spot with the diameter
of 1 pm on the samples surface. The 50x/0.75NA objective was used
during the measurements. The excitation power at the sample surface
did not exceed 5 mW. The Raman scattering wavenumber axis was
calibrated by the silicon peak at 520.7 cm ™. For Raman map mea-
surements 0.5 pm scan step was used. The parameters of the bands in
the Raman spectra were deduced by fitting the experimental spectra
with the Gaussian-Lorentzian shape components.

In the CTLM samples, the voltamperic characteristics (VACh) were
measured by a 4200-SCS Parameter Analyzer (Keithey Instruments,
Inc.) in a Summit Probe Station 11,000/12,000 (Cascade Microtech,
Inc.). Based on the VACh, the electrical resistance R;, was calculated for
each individual sample. Typical dependence of the sample resistance on
the distance between the contacts Lg is illustrated for a group of the
CTLM samples in Fig. 2.

The dependence of the sample resistance on the distance between
the contacts was used for calculations of the contact resistance R¢ and
the graphene sheet resistance Ry,. Accepting the current crowding ef-
fect, the transfer length L¢ was obtained from the dependence R versus
Ls. The parameters were obtained for all the groups of the CTLM
samples with Au and Ni contacts. The scattering of the measured re-
sistances was quite large and the uncertainties in the quantitative
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Fig. 2. Dependence of the sample resistance R;, on the distance between the
contacts Ls in a series of the CTLM samples. Experimental points are presented
by unfilled black triangles, solids black dots represent calculations according to
the CTLM geometry correction in [14]. Rgy, is obtained from the slope of Ry, vs.
Ls. The intercept of resistance at d = 0 is the contact resistance R¢ = Ry/2.
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Fig. 3. Schematic representation of an arrangement of the contact zone (a) and
an equivalent electrical circuit (b) in the samples with a planar construction
obtained by a mechanical transfer of a graphene sheet (2) onto thin film me-
tallic contact (1). Detailed explanation is given in the text.

description of Rc and Ry, were noticeable. Assuming that the graphene
defects were distributed evenly in the layer, we accepted the working
model of the CTLM samples that schematically had split the samples
into the contact zone and the flat surfaces zones. The model of the
samples was illustrated in Fig. 3.

As it can be seen in Fig. 3a, the graphene layer was accepted being
homogeneously attached to the surface of metal contact and the SiO,/Si
substrate if the zone was sufficiently far from the boundary of the
contacts. In contrast to this, the graphene sheet was accepted being
highly distorted in the vicinity of the contact boundary. The zone in the
vicinity of the contact boundary was described by the contact edge
distance we. In this study the distance w¢ was accepted being the same
on the both sides from the contact boundary. We used this model for an
identification of the specific features in the experimental results ob-
tained in this study. In Fig. 3b, an equivalent electrical circuit model is
illustrated for the CTLM samples arrangement of that schematically was
represented in Fig. 3a. In the circuit, the Ryqw denote contact resistance.
Rerowa corresponding to current crowding effect. Both these resistances
are in parallel resistor network. Total sheet resistance Ryt consist of
series resistor. The first resistor represents the edge effect resistance Rq.
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Fig. 4. Resonance Raman spectra of graphene at different sample places.
Excitation wavelength is 532 nm.

The second resistor depicts graphene sheet resistance Rgheer. This
equivalent circuit model was used in our study for an interpretation of a
relationship between the properties of the samples and the electrical
characteristics of the graphene layer with the metal side contacts.

3. Results and discussions

The Raman spectra were obtained over a large area in all our CTLM
samples. The Raman spectra were used to build up the Raman maps for
the tested samples. In all the maps, the lines commonly known as the G
and 2D lines in the Raman spectra were used to characterize the gra-
phene monolayer.

Resonance Raman spectroscopy is extremely sensitive technique for
molecular level characterization of structure of graphene-related ma-
terials [15-19]. Fig. 4 shows typical resonance Raman spectra from
graphene layer at different studied sample places.

Two features located near 1586 and 2687 cm™! correspond to
characteristic graphene-type structure G and 2D band, respectively. The
G band belongs to E;; symmetry and is associated with in-plane
stretching vibrations of sp>-hybridised carbon atom pairs. The 2D band
is an overtone of D mode. Contrary to G and 2D bands, the D mode (A4
symmetry) is forbidden in Raman spectra of idealized graphene-type
structure, and it becomes active in the presence of any disorder. This
mode is expected to be visible in the vicinity of 1350 cm ™! [20]. On can
see from Fig. 4 that this mode is very week or absent in our graphene
spectra, indicating high structural quality of the studied coatings.
Comparison of graphene spectra obtained from different places reveals
changes in peak positions and relative intensities. Analysis of para-
meters (peak position, relative intensity, and width) of G and 2D bands
provides detailed information on structure of graphene layers [15-20].

The intensities and the peak positions over the surface area were
visualized in the maps. Typical one sample set of the Raman maps were
graphically presented in Fig. 5 for the sample with Au contacts.

The color rings can be easily seen in the line intensity maps in
Fig. 5a and b. These rings were associated with the sample surfaces that
were clear from the metallic films because of well-known enhancement
of the Raman spectra in the three-layer stack air - 2D material - SiO, on
the Si substrate [1,2]. This constructive enhancement of the Raman
intensities were thoroughly analyzed in [1,2] for the samples with SiO,
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Fig. 5. Maps of the Raman spectra measured for the graphene-on-metal CTLM
structures with Au contacts. Intensity (a, ¢) and peak (b, d) position maps are

presented for the G (a, b) and 2D (c, d) lines. Designations x and y are de-
scribing the width (x) and the length (y) of Raman scan area.

thickness about 250-300 nm. The areas outside the rings in Fig. 5a and
b were characterized by the extremely suppressed Raman intensities.
These areas were identified as the graphene on the metallic contacts in
our CTLM samples. It must be noted here that we detected the changes
in the Raman intensities in some parts inside the rings as e.g. in Fig. 5b.
In spite of lack of clear understanding about these spots inside the rings,
we were able to identify the edges of the metallic contacts with suffi-
cient accuracy for our study. The geometric shape and corresponding
dimensions were identified by the approach in each of the maps similar
to that shown in Fig. 5.

Accepting the contact edge description, we described the transition
zones between the metal contact and the SiO, surfaces in the CTLM
samples. As a result, we have split the CTLM structures into three zones
representing the surfaces of the graphene monolayer with the in-
dividual interface, namely (i) on the metal film, (ii) on the SiO,/Si
substrate and (iii) on the technologically produced step of the metallic
film. The step zone also included limited areas of the surfaces extending
to one side from the edge equally to that to the opposite side from the
edge. The extent of this area in the vicinity of the metallic film step-like
edge was quantitatively limited by the distance wc from the contact
edge (see Fig. 3a). In our experiments, we analyzed the zones with w¢
equal to +/- 2, +/- 4 and +/- 8 um representing three zones with
individual dimensions. It must be noted here, that the width of all the
zones was the same and equal to 6 pm, while the length of scan zone
was equal to wg pm.

Thin Solid Films 698 (2020) 137850

807 o ]
/N
601 ]
(2]
s
3 40] ]
o
20] ]
2665 2675 2685 2695
»(2D), cm™
@
27 : : ,
18 ]
(2]
€
= |
[e]
1S}
g_ 4
0 - ’_\ 1 ' 1=
2665 267 2685 2695
o(2D), cm™

(b)

Fig. 6. Distribution of the 2D peak position over the surface area on (a) Gr/Au
and (b) the step Gr/Au-Gr/SiO, zone +/—2 pm.

We analyzed the statistical variation of the peaks positions of the
Raman lines 2D and G in the Raman maps in all the identified zones in
the CTLM samples. For each of the zones in the maps in Fig. 5, we
obtained the statistical distributions of the detected peak positions of
the 2D and G lines. Typical results are illustrated in Fig. 6 by the 2D
peak positions and in Fig. 7 by the G lines positions.

It followed from our analysis that there were two major types of the
distributions. In the one type, a single maximum histogram was ob-
tained as it is illustrated in Fig. 6a and Fig. 7a and b. These distributions
can be approximated by a single Gauss function similar to the com-
monly known normal distribution. This type of normal distributions
was typically obtained for the graphene on the flat surfaces on both the
metal films and the SiO, substrates. It must be noted here, that the
analyzed areas were sufficiently far from the contact edges.

Another type of the histograms were complex in the shape so that a
few maximums can be detected in these histograms. A multi-component
distribution was illustrated in Figs. 6b and 7c by typical histograms
obtained for the 2D and G peaks positions for the Au and Ni based
CTLM samples respectively. The multi-component distributions were
frequently obtained for the zones in the vicinity of the contact edges as
it is for the histograms in Figs. 6b and 7c. These histograms were ap-
proximated by a sum of a few Gaussian functions fitted to the corre-
sponding maximums. Accepting each Gaussian function as an in-
dividual component for the most probable peak positions of the
corresponding Raman modes, the features of the flat zones can be se-
parated from the characteristics of the modified surfaces in the multi-
component histograms. Based on this, the components 2685 c¢m ™’
(Fig. 6), 1583 cm ™! and 1599 cm ! (Fig. 7) were accepted as the flat
zone features because only these peaks were present in the pure flat
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Fig. 7. Distribution of the G peak position over the surface area on (a) Gr/Ni
and (b) Gr/SiO, and (c) the step Gr/Ni — Gr/SiO, zone +/—8 pm.

zone spectra. The other peaks were associated with the modified surface
components detected at 2674 cm™' in Fig. 6b and 1593 cm™! in
Fig. 7c. Using this approach we had analyzed the histograms obtained
from the Raman maps of all the zones in our CTLM samples. The ob-
tained peak positions were graphically summarized as the dependence
of the obtained peaks positions versus the distance wc in Fig. 8.

The results in Fig. 8a and b graphically disclosed a relationship
between the Raman maps of the edge zones and the flat surfaces in the
Au and Ni based samples respectively. Based on the relationship the
edge specific components of the Raman maps were distinguished from
the flat zone analogous components. For this the edge zone length w¢
dependent components (I, II, III, IV in Fig. 8a and 1, 2, 3, 4, 5, 6 in
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Fig. 8b) were compared with the positions of the peaks of the 2D and G
modes for the purely flat surfaces. These flat surface peaks were ac-
cepted as the asymptotic values expected for the analogous components
in the edge zone maps with the length wg — oo. The short horizontal
bars at the right hand axis depicted these asymptotic values V, VI, VII,
VIII in Fig. 8a and 7, 8, 9, 10 in Fig. 8b. It can be seen that, with in-
creasing wg, the component I approached the asymptotic value V as
well as III — VII and IV — VIII for the Au based samples in Fig. 8a. Only
the component II was quite far from the asymptotic value VI in Fig. 8a.
For the Ni based samples the component 1 was associated with 7, 3 with
8, 4 with 9 and 5 with 10 in Fig. 8b. The pair of the components 2 and 6
were supposed being the edge specific features in the Ni based samples.
On the basis of the asymptotic relationship between the components in
Fig. 8a and b the flat surface components can be identified in the Raman
maps of the edge zones.

For the purely flat surfaces, the asymptotic values represented the
peak positions of the 2D (V, VI in Fig. 8a and 7, 8 in Fig. 8b) and G (VII,
VIII in Fig. 8a and 9, 10 in Fig. 8b) modes of graphene on the metal
contacts (VI, VIII for the Au film in Fig. 8a and 8, 10 for the Ni film in
Fig.’8b) and the SiO,/Si substrate (V, VII in Fig. 8a and 7, 9 in Fig. 8b).
Accepting these flat zone parameters as the asymptotic parameters, the
component I (Fig. 8a) of the 2D Raman mode was related to the Au-
graphene interaction only in the close vicinity of the contact edge
(Jwc| = 2 pm) because it seemed reasonable to accept I — VI for we —
0. Based on I — V for we — < the interaction between the SiO, and
graphene was accepted being dominant in the Raman maps of the edge
zone with |wg| = 4 pm.

The component IV of the G mode in Fig. 8a was associated with the
pure flat Au surface component VIII for we — <. We think that the
component III of the G mode in Fig. 8a was mostly related to the gra-
phene properties on the flat SiO, surfaces (VII in Fig. 8a).

As it can be seen in Fig. 8b, the component 1 of the Raman 2D mode
was practically independent of the edge zone length wc and was equal
to the component 7 obtained as the asymptotic characteristic of the flat
SiO, surface. The edge area component 4 was similar to the flat SiO,
zone G peak position 9. In the Raman maps, the components 3 and 6 of
the Ni-based edge zones (Fig. 8b) were similar to the Ni-flat surface
peaks of the 2D (label 8) and G (label 10) respectively. The similarity
based association between the edge zone and flat surface components
was equally justified for the short edge zones with |[w¢| = 2 um as well
as for the long zones with |w¢| = 8 pm. We think that these edge zone
components can be originated from the same interaction between gra-
phene and the surface as in the case of the flat surface area. It is worthy
of note here, that the additional components of the 2D (label 2) and G
(label 5) modes were also detected in the Raman maps of the Ni contact
edge zones and these additional components were not associated with
the flat surface components. The 2D component 2 was too low com-
pared to the flat SiO, surface component 7. The G component 5 was
obviously blue shifted with respect to the flat Ni surface component 10
in the maps far from the contact edge (Jwc| = 8 pm) where the purely
flat surface characteristics were expected to be the dominant factor
originating the Raman spectra. Aiming to better understand the re-
lationship between the edge zone and flat surface components in the
description of the graphene layer we analyzed the line intensities of the
Raman spectra.

The component intensities versus the contact edge zone distance w¢
were illustrated for the Au and Ni CTLM samples in Fig. 8c and d re-
spectively. The results in Fig. 8c and d graphically represented the
partial amounts of the components in the histograms obtained for the
edge zones in the Raman maps. In these calculations, the sum of the
counts under the fitted normal distribution was obtained for each
component in each of the analyzed histograms. Then, the sum was di-
vided by the segment area. As a result, a density of the aggregated
amount A,; was obtained for the individual component in the histo-
gram. The graphics in Fig. 8c and d represented the normalized
amounts Asoj (Asoj = Aaj/Amin) With the weighing parameter Ap,
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Fig. 8. Relationship between the statistical parameters describing the distribution of the 2D and G modes over the Raman maps and the dimensions (distance wc) of
the analyzed area adjacent to the contact edge in the CTLM samples. The multi-component probabilistic distributions of the 2D and G modes are represented by the
component mean peak positions 2D and G (a and b) and the total area under distribution curve of individual component (Ag in ¢ and d). The parameters were
obtained for the CTLM samples with Au (a and c) and Ni (b and d) metal contacts. The short horizontal bars for the peak positions of the 2D (V, VI in Fig. 8aand 7, 8
in Fig. 8b) and G (VII, VIII in Fig. 8a and 9, 10 in Fig. 8b) modes of graphene on the flat surfaces of the metal contacts (VI, VIII in Fig. 8a and 8, 10 in Fig. 8b) and the
Si02/Si substrate (V, VII in Fig. 8a and 7, 9 in Fig. 8b). The details are described in the text.

equal to A, of smallest segment with [wc| = 2 um. In addition in
Fig. 8c and d, the components with the highest intensity were accepted
being the dominant components used as the reference data for the
comparison of the changes in the proportions between the components
with an increase in the edge zone distance. The intensities of the other
components Ago; were renormalized with respect to the dominant ones.
For this, the ratio between of each of the secondary components (Aso;)
and that of the corresponding dominant component (Ago) was calcu-
lated Agj (Aso) = Asoj/Aso- These amounts Ag;j (Aso) were graphically
plotted as the dependence versus wc for the Au and Ni samples in
Fig. 8c and d respectively. The parameters for the dominant compo-
nents were presented by full points whereas the secondary components
were presented by open points in Fig. 8c (labels I and IV) and 8d (labels
1 and 4).

It followed from the analysis of the intensities that the dominant
components Ago were practically independent of the segment area (wc)
for both 2D and G Raman modes (Ago = 1). Similar results were ob-
tained for all the samples as shown in Fig. 8c (labels I and IV) and 8d
(labels 1 and 4). An extension of the graphene distortion zone into the

flat surface regions was quantitatively evaluated from the dependence
of Asj(Aso) on the distance wc for the other components. In this eva-
luation the ratio Agj(Aso) was accepted being the partial amount of an
individual component in the histogram obtained for each individual
zone. Assuming each pixel in the Raman map as a single event in the
histogram of all the counts, we used the standard deviation o of the
amount of the detected components as the limiting criteria acceptable
to separate the dominant components from the other ones. As a result,
we compared the distortion zones for values of the limiting criteria,
namely one o (10) interval and two o (20) intervals. Accepting 1o for
the criteria, the lowest detectable level for an individual component
was set equal to 0.3Ag; whereas it was about 0.05As for 20.

Accepting the 1o criteria, in Fig. 8c, only the dominant components
were above 0.3Ag; in all the contact edge zones (wc = 2 pm). For the
criteria of the 20 interval (above 0.05Ag), the components specific to
the edge zones can be trace even in the areas with we ~ 4-8 pm in the
Au-samples. Compared to that the graphene distortion zones were sig-
nificantly larger in the Ni-CTLM samples. It followed from the results in
Fig. 8d that all the components were detected in all the tested edge
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zones of the Ni contacts if the criteria of the 20 interval was accepted.
For the criteria of the 1o interval, the edge specific components were
clearly detected (labels 2 and 5 in Fig. 8d) in the distances up to about
2-4 pm from the Ni contact edge. Part of the unique components as-
signed to the edge properties (labels 2 in Fig. 8d) were detectable in the
largest edge zones even for the criteria of the 1o interval. These com-
ponents were accepted as the fingerprints for the graphene distortion
zone in the vicinity of the metal contact edge in the planar CTLM
samples.

The long distance distortion of graphene was explained by two ef-
fects, namely the deformations in the structure and the doping of gra-
phene. The two effects were separated analyzing the correlations be-
tween the peak positions of the Raman modes 2D and G. The changes in
the peaks positions of the 2D and G Raman modes depend on the two
mechanisms originated from the changes in the doping and strain in the
graphene monolayer. Graphical visualization of a relationship between
the 2D and G peaks positions by a statistical correlation map 2D versus
G is acceptable to detect both of the mechanisms without an explicit
analysis of the modes even if the changes are small. The approach was
demonstrated for a graphene monolayer in [21] and extended for di-
verse tasks in a series of studies [21-27]. According to this method, the
Raman maps of all the zones were transformed to the graphical re-
presentation of 2D vs. G for all the Au and Ni based CTLM samples.
These graphical plots were illustrated in Fig. 9. There were two general
principles in this 2D vs. G study. First, we selected the same three zones
of the sample surfaces as in the histograms analysis and used individual
symbols in the graphics in Fig. 9. Second, the component reduction
filters based on the criteria of the 10 and 20 were used for the two
sensitivity levels of the 2D-G maps. As a result, the 2D and G peaks were
collected from the data that satisfied the confident interval of the 10
standard deviation. These results were shown for the Au and Ni CTLM
samples in Fig. 9a and b respectively. The 2D and G peak positions that
satisfied the 20 confident interval were presented in Fig. 9¢ and d for
the Au and Ni contacts respectively. Therefore, two versions (1o and 20)
of each 2D-G correlation diagram were constructed and graphically il-
lustrated by the 2D-G maps in Fig. 9.

In the 2D-G correlation diagrams, it was unexpected that the data
points had obviously formed a few clusters in Fig. 9. Typically, three
clusters were identified in these 2D-G maps. The clusters were clearly
related to the specific zones in the CTLM samples. As it can be under-
stood from Fig. 9, the contact edge zones were typically represented by
the 2D-G clusters (z.) that were located between the two flat zone
clusters. The clusters of the metal flat surface (z,,) were typically de-
tected at the lowest peak positions of the Raman G mode. In Fig. 9a and
b that were obtained under the criteria of the 1o interval, the boundary
between the metal zone cluster z,, and the contact edge cluster z. was at
the position G equal to about ~ 1585-1586 cm ™. In contrast to the
metal, the flat SiO, surface cluster zsi0, was typically detected at the
highest peak positions of the Raman G mode. As it followed from the
results, the boundary between the SiO, cluster zgsio» and the edge
cluster z. was obviously dependent on the contact metal in this study. It
must be noted here, that there was some overlap between the adjacent
clusters in the 2D-G maps for all the CTLM samples. The overlap be-
tween the adjacent clusters was obvious in the 2D-G maps satisfying the
data selection criteria for the 20 interval. In addition, the overlap be-
tween the clusters was much higher for the Ni-samples than for the Au
structures.

The arrangement of the clusters in the 2D-G correlation maps was
understood on the basis of the vector decomposition method that was
systematically introduced in [13] and significantly developed in
[25,26]. This approach was used to separate the strain and doping ef-
fects from each other in the contact edge zones. Based to this method,
the strain and charge doping vectors were represented by two addi-
tional axes in the 2D-G correlation maps in Fig. 9. The solid arrow & (%)
represented the strain-free axis whereas the arrow p (10'? cm~?) re-
presented the charge doping neutral axis. It is important to note here,
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that all the 2D-G clusters were located below the e-axis except that for
the graphene on the Au flat surfaces. The Au-cluster was in so called
forbidden interval and will be discussed below in this section. Based on
the combination of the strain and doping parameters, the clusters were
assigned to three sections, namely the short range strain section, the
transition section and the graphene relaxation section.

The short range strain sections were typically detected in the closest
vicinity of the contact edge. This section was illustrated in Fig. 9a by the
typical 1o 2D-G map obtained for the Au contact edge zone with the
length |w.| = 2 pm. In Fig. 9a, the vector 2. identified this short range
section. It followed from the distribution of the cluster that the com-
pression strain varied significantly along the cluster and was from about
—0.23% to about 0. In this cluster, the changes in the p-doping were
practically negligible because were within the narrow interval (3-4) -
10'2 cm 2 An increase in the zone distance |w| up to 8 um was fol-
lowed by simultaneous changes in ¢ and p. These changes can be seen in
the 20 2D-G map in Fig. 9c. Based on the overlapping degree we in-
troduced the transition section and the relaxation section. The transi-
tion section is characterized by narrow areas of overlapping between
the adjacent clusters. The transition section can be traced to the right
and left from vector 2. in the 20 2D-G map in Fig. 9c. The relaxation
section was characterized by the large degree of overlap when it was
not possible to identify the boundaries between the adjacent clusters. In
Fig. 9c, the cluster corresponding to the vector p, was overlapping with
the flat Au-contact surface zone z,, that can be seen to the left of the z.
in the 2D-G maps. The distribution of the 2D-G points in the relaxation
section on the Au faces were practically indistinguishable from that on
the flat Au-surface zone z,, for the zone lengths |wc| > 2 pm. In addi-
tion, the contact edge cluster was considerably large so that it was very
close to the vector p; on the other side. It can be seen that the data
points of the edge cluster penetrated the SiO, flat surface zone (2si02) in
the 2D-G map (Fig. 9¢) if |w.| = 4 pm. According to the vector de-
composition method, the compressive strain was constant and equal to
about -0.14% in the p; relaxation section. The charge doping was
varying from aboutp = 2 to 5+ 10'* cm 2 It is important to note here,
that, according to the 2D-G maps, the graphene on the flat SiO, surface
was doped up to about p = (2-4) + 10'2 cm ~ 2. The compression strain &
varied from about —0.05% to —0.2% in this zone of graphene.

Compared to Au, the Ni contact edge zones were obviously wider as
it followed from the 2D-G maps in Fig. 9b and d. In addition, the Ni-
edge 2D-G maps were practically independent of the edge zone length
|[wc|. For all |wc|, there was practically negligible overlap between the
zones of the contact edge z. and the flat surfaces z,, and zs;0>. Since
there were no mixing between the parameters of the edge zone and the
flat surfaces in Fig. 9b and d, we accepted that the Raman maps proved
the long distance distortion of the graphene monolayer. According to
the 10 2D-G map in Fig. 9b, in the Ni-contact edge zone, the p-doping of
the graphene monolayer increased from about p ~ (3-4) + 10'? cm ™2 to
about (9-10) + 10'% cm ™~ 2. In this zone, the compression strain varied in
the interval between 0 and about —0.15%. Only in the 20 2D-G maps in
Fig. 9d, a minor overlap was detected between the contact edges and
the flat surfaces especially for the large edge zones with [wc| = 8 um.
Based on this fact it was supposed that the length of relaxed graphene
section was significantly shorter in the Ni samples than in the Au ones.

Compared to the SiO, surfaces, there were obtained some highly
specific aspects in the 2D-G maps of the graphene on the metal surfaces
in our CTLM samples. The most noteworthy fact was that the part of the
edge zone cluster and the complete cluster of the flat Au contact surface
were obtained in so called forbidden area of the strain-doping re-
presentation [21,27]. These our 2D-G maps supported the analogous
results in [26,27]. It is interesting to note here, that our results de-
monstrated a smooth transition from the contact edge zone that was in
agreement with the strain-doping model to the flat Au surface that was
completely in the forbidden zone of this model. We investigated this
transition by the SPM methods.

Typical SPM results were illustrated in Fig. 10. It was concluded
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Fig. 9. Correlation diagrams for the Raman modes 2D versus G obtained from the Raman maps of the CTLM samples with Au (a, ¢) and Ni (b, d) contacts. The
experimental points were collected from the confidence intervals of 10 (a, b) and 20 (c, d). Solid arrows are the strain-free ¢ (%) and charge doping neutral p
(102 em™2) axes according to the method [21]. More details are presented in the text.

from the SPM topography images (Fig. 10a for Au and Fig. 10c for Ni)
that the contact edges were accurately shaped and the flat surfaces were
sufficiently smooth in the CTLM samples. The images of the contact
potential differences (CPD) obtained by the KPFM were demonstrated
in Fig. 10b (for Au) and Fig. 10d (for Ni). In spite of the defects, there
were no obvious correlation between the contact edges and the CPD
distributions over the surfaces. The work function was about Wg.
Au = 4.57 eV for the graphene on the Au-surface. According to litera-
ture [6], Wg.au corresponded to the p-type doped graphene monolayer.
1t followed from the contrast of the image in Fig. 10b that the CPD was
lower for the graphene on SiO, surfaces. The graphene work function
Wa.sio2 also corresponded to the p-type doping of the monolayer. These
results supported the physical meaning of the 2D-G maps in Fig. 9a and
b. Considering the CPD distribution, there were no clear explanation for
the 2D-G map of the graphene on the Au visualization in the forbidden
area of the strain-doping model.

For the Ni based CTLM samples, the results of the SPM measure-
ments were crucial in understanding the changes in the graphene
properties in the vicinity of the contact edge. It was obtained from the
CPD measurements that, for the graphene on the flat surface of the Ni
contacts, the work function was Wg.n; = 4.4 eV. According to the data

in literature [6], the graphene on the Ni contact flat surfaces was the n-
type doped monolayer. Typical CPD image was illustrated for a Ni
CTLM sample in Fig. 10d. The most unexpected feature of this picture
was significant change in the CPD in the vicinity of the edges of the Ni
contacts. The changes were visualized by the darker rings in Fig. 10d
(the arrows are indicating the rings). Analysis of the CPD data proved
that the rings had visualized the p-type doped and almost undoped
graphene. Since the p-type graphene was also detected on the SiO,
surface, the long distance graphene distortion area can be associated
with a large horizontal p-n junction in the graphene monolayer on the
Ni surface in the vicinity of the contact edge. Consequently, the Ni
contact cluster of the 2D-G map z,, represented the n-type graphene
monolayer. The transition and relaxation sections of the 2D-G maps
visualize the changes in the graphene monolayer on the Ni surface in
the close vicinity of the contact edge. It can be proposed that the de-
formation were produced by a variation between the stretching strain
and the compressive one that was followed by a change in the doping
type from the p-type to the n-type.

197



A. Sakavicius, et al.

Thin Solid Films 698 (2020) 137850

graphene monolayer attached to the top of the thin metal film contacts.
The study demonstrated the approach acceptable to distinguish be-
tween the electrical properties originating from the edge distortion of
the graphene and that related to the fundamental models of the inter-
action between the materials.
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Chemical vapour deposition (CVD) graphene is commonly recognized as promising 2D material for develop-
ment of electronic devices. However, the long-term drift of electrical parameters still requires deeper understanding
before the technological means can be selected for an individual type of the devices. In this work, the changes in
the electrical resistance were investigated over long time in the planar samples based on the CVD graphene with Au
and Ni contacts. The samples were arranged as arrays of the resistors on a silicon substrate covered with a 250 nm
layer of thermally grown silicon dioxide. The annealing in pure argon gas flow at 573 K was used to return the electri-
cal properties of samples to the initial state. The effects of drift and annealing were compared for the three parts of
structures, namely the electrical contact, the graphene sheet and the edge of the metal film with a hanging graphene
sheet. For these parts, the resistance changes were related to the strain and doping of supported and hanged parts of
the graphene sheet. Raman spectroscopy and Kelvin force probe microscopy were used to characterize charge dop-
ing, strain and work function in the graphene. The drift was explained in terms of the most prominent changes in
the doping, strain and work function detected within the edge zone of the contact. It was proved that the annealing
significantly changed the p-type doping and work function in the graphene layer in this edge zone. The properties
were almost independent of test conditions in the SiO, supported graphene. The changes in the contact parameters
produced by drift mechanisms were proved being reversible under proper annealing conditions.

Keywords: long-time drift, graphene, graphene-metal contacts, Raman spectroscopy, scanning probe mi-

croscopy, strain and doping in CVD graphene
PACS: 72.80.Vp, 68.65.Pq

1. Introduction

Due to its exclusive electrical, optical and mechanical
properties the chemical vapour deposition (CVD)
graphene is a very attractive material for development
of photonic and gas sensing devices. This carbon
monolayer material has no band gap; however, gra-
phene attracts scientific interest for its high electron
mobility, optical properties, mechanical strength and
flexibility, and highly promising modification ways
in combination with other 2D materials.

In order to improve the electrical properties of
graphene-based devices, various methods were de-
veloped for the contact formation and optimiza-

tion. Typically, the metal electrodes to graphene
sheets are formed in two ways producing diverse
constructions, namely as edge and vertical arrange-
ment structures. Both of the arrangements can lead
to highly promising applications; however, the ver-
tical arrangement of the structures appears to be
a more attractive choice for a layer by layer approach
in the device fabrication. The vertical structure can
be obtained as top-contacting and bottom-contact-
ing versions. The bottom-contacting approach has
advantages in comparison with the top-contacting,
because quite complicated technological steps can
be omitted. This simplification reduces the possibil-
ity to create additional defects in the graphene sheet.
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Usually graphene in bottom-contacting devices is
used for development of photodetectors, spintronic
and electronic devices, modulators, optical systems
and humidity sensors [1-5]. In this work, the bot-
tom-contacting way was employed for fabrication
of the circular transmission line method (CTLM)
samples which were used to investigate the long-
term stability.

Graphene-based devices have some break-
through limiting factors including a high contact
resistance and a drift in the electrical characteris-
tics over long time of functioning. The long-term
drift of electrical parameters was typically obtained
in the graphene based electronic devices with-
out a proper insulation after the fabrication [6-5].
The changes were known being more significant
for the graphene structures exposed to gases such
as NH,, CO, H,0 and NO, [6]. There were report-
ed attempts in literature [9-11] focused on under-
standing of the long-time stability problems. In [9],
the changes in properties over time were described
for the graphene sheets grown on the Cu substrate.
An influence of the atmosphere was explained for
the graphene sheets in Refs. [10, 11]. The detected
changes were explained by the changes in the dop-
ing and strain that resulted in the drift of electrical
parameters in the graphene sheets. More detailed
results about the drift in the contact and sheet re-
sistances of the graphene sample were reported in
Ref. [12].

However, understanding of the mechanisms
that control the changes in the parameters of gra-
phene devices exposed to the atmosphere does not
reveal the complete picture of the problems related
to the long-term drift of device parameters. In addi-
tion, there is no reliable information about whether
reversible or not are the changes in the device pa-
rameters after a long-time exposure to the atmos-
phere. A detailed analysis of the combined results
of electrical and Raman measurements can provide
much deeper understanding about possibilities to
restore the initial state in the graphene based de-
vices after the long-term drift. Therefore, such an
approach is highly demanded to improve the de-
velopment and performance of graphene devices.

In this work, we presented the results of inves-
tigations on the drift of CVD graphene based bot-
tom-contacting resistors. The effects of drift and an-
nealing were studied in the sample structures that
included the parts of the same graphene monolayer

in diverse regions of the device, namely on the SiO,
substrate, on the metal electrodes and at the edges of
metal film contacts. The results of electrical, Raman
and scanning probe microscopy (SPM) measure-
ments were used to compare the changes in the char-
acteristics of graphene samples after the long-time
drift and annealing. Our results proved that the larg-
est changes in the doping occurred in the graphene
at the edges of metal film contacts and on the metal
electrodes. The drift and restoration in tensile strain
was observed in the graphene on the Au electrodes.
In addition, the drift and restoration in compres-
sive strain was observed in the graphene on the Ni
film. Based on the SPM experiments, it was proved
that the annealing had changed the work function in
the graphene in diverse regions of the samples.

2. Materials and preparation

A simplified version of the model devices was fab-
ricated and investigated in this work. Samples were
arranged as an array of resistors, each with two me-
tallic electrodes and a graphene sheet as a resist-
ance layer. The resistors in the array were shaped as
concentric circular elements, each including a large
outside electrode and a disk-like inside electrode.
The diameter of the inside electrode was 100 ym.
The gap between the outside and the inside elec-
trodes was individual for each resistor and ranged
from 5 to 30 ym. These resistors were included in
the samples in a way acceptable to use the CTLM ap-
proach for calculations of the contact and the layer
resistances that quantitatively separated the integral
parts of the total resistance of resistors. The arrange-
ment of the samples is illustrated by a scheme in
Fig. 1(a). Metallic films of Au and Ni were used for
the electrodes. The films were deposited by a mag-
netron sputtering machine (AMOD, Angstrom En-
gineering) from pure metal targets in 5N Ar atmos-
phere. The thickness of Au and Ni films was 160 and
80 nm, respectively. The CTLM samples were pat-
terned by photolithography. The lift-oft method was
used for shaping of the electrodes. A cross-section of
the contact area is illustrated in Fig. 1(b).

The monolayer graphene was obtained from Gra-
phenea (Spain). The monolayer was mechanically
transferred from the growth substrates (Cu foil) on
the silicon plate with CTLM electrodes. We have
used the technique proposed by Kang et al. [13].
The conditions of the wet chemical processes and
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Fig. 1. (a) Layout of the samples with the array of CTLM resistors. Diameter of the inner disk-shape con-
tact is 100 um. Distance d_between the inner and the outer electrodes: 5 um (I), 10 um (II), 15 um (III),
20 um (IV), 25 um (V) and 30 um (VI). (b) Drawing of the cross-section of a resistor with a thin metal
film electrode (1), graphene sheet (2) and solid substrate (3). w,. is the distance of the contact edge zone.

poly(methyl methacrylate) (PMMA) transfer on
substrate were adapted to the fabrication process of
the samples in our previous work [14].

3. Characterizations and processing

The graphene based samples were annealed in
a rapid thermal annealing furnace (Unitemp RTP
100 HW, UniTemp GmbH). The rate of pure Ar gas
flow was 2 I/min. The rate of the temperature in-
crease was 10 deg/s. The samples were annealed at
573 K constant temperature during diverse periods
from 1 to 124 min.

The surfaces of CTLM samples were character-
ized by Raman spectroscopy. The Raman maps were
obtained from the Raman spectra measured at room
temperature in the laboratory atmosphere. The Ra-
man spectra were obtained by an inVia spectrometer
(Renishaw, UK) with a CCD camera that was ther-
mo-electrically cooled down to -70°C. The excita-
tion was produced by 532 nm wavelength radiation
of a solid state laser and the beam was focused into
the spot with a diameter of about 1 ym on the sam-
ple surface. A 50x/0.75NA objective was used dur-
ing the measurements. The excitation power at
the sample surface did not exceed 5 mW. The Ra-
man scattering wavenumber axis was calibrated by
the silicon peak at 520.7 cm™. For the Raman map-
ping measurements a 1 4m scan step was used while
the 60 x 60 ym? area of CTLM contacts was scanned.
The parameters of bands in the Raman spectra were
calculated by fitting the experimental spectra with
Lorentzian shape components.

Measurements of the voltage-current (I-V)
characteristics were performed by a 4200-SCS
parameter analyzer (Keithley Instruments, Inc.)
in a Summit probe station 11000/12000 (Cas-
cade Microtech, Inc.). The electrical resistance R,
of the CTLM samples was obtained from the I-V/
characteristics. All electrical measurements were
made under the ambient conditions.

The surface morphology and the contact poten-
tial difference (CPD) were obtained for the CTLM
samples by atomic force microscopy (AFM) and
Kelvin probe force microscopy (KPFM), respec-
tively. Measurements were performed by a SPM
D3100/nanoscope IVa (Veeco) instrument under
the ambient conditions. The AFM topography im-
ages were obtained in the tapping mode. The CPD
was measured by KPFM with a constant probe lift
of 20 nm above the surface. The controlled ampli-
tude modulation was used in these measurements.
The frequency of the modulation was equal to
the eigen-frequency of the cantilever. The obtained
surface potential was calibrated on a highly oriented
pyrolytic graphite (HOPG) substrate and the work
function was calculated. The CTLM samples were
scanned over the square area with dimensions of
about 60 x 60 ym?.

4. Electric measurements

It was demonstrated in our previous work [14] that
graphene based resistors must be annealed after
the formation of electronic devices. The results dem-
onstrating changes in the total resistance, contact
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resistance and sheet resistance over a long period of
staying under the ambient conditions were obtained
for the CTLM samples in this work. The electrical
characteristics were measured without a noticeable
influence on the parameters of the resistors during
a long period of staying under the ambient condi-
tions. The long period of staying under the ambient
conditions is defined as drift ¢, . time in our experi-
ment. Based on the experiments, the total R » contact
R and graphene sheet R, resistances were obtained
for the samples with Au and Ni contacts. An attempt
to restore the initial magnitudes of the parameters
was quantitatively described by a dependence of
the resistances on the annealing timeat T, =573 Kin
pure Ar atmosphere. The experimental results were
summarized for the CTLM samples with the Au and
Ni electrodes in Fig. 2. In the graphical representa-
tion, it was shown how the resistances drifted away
and returned back with time.

The results of the long-time tests demonstrated
that R, decreased over time. R, typically decreased
by a factor of two over a single cycle of the drift
away experiment. The change of resistance R,
was expressed as a relative parameter R (¢)/R (t,).
The results of R, over the drift were normalized to
the initial value R (#,). It is assumed that the resist-
ance is constant until the beginning of resistance
drift. The resistance R () measured during the an-
nealing time was normalized with respect to the re-
sistance R (t,) that was obtained after the final an-
nealing step when the annealing time is equal to
124 min. The total resistance R, of the samples with
Au contacts decreased from R (#)/R () = 1 to 0.6

()
1.2+ 1
—~ 3o
1“,21.0_‘_ ........................ __"i_.;_.ﬁ_..- ......... !.._.._..
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whereas, for the samples with Ni contacts, the R (¢)/
R(t,) ratio decreased from 1 to 0.65.

The annealing at 573 K was acceptable to restore
the electrical parameters of the CTLM samples.
The experimental results confirmed an increase in
the total sample resistance R, during the anneal-
ing. The relative total resistance for the Au contacts
(Fig. 2(a)) and Ni contacts (Fig. 2(b)) was restored to
its initial magnitudes. Both the Au and Ni samples
demonstrated steep growth in the total resistance
after the contacts were annealed for a few minutes.
The total resistance of the Au samples reached the in-
itial value R (£)/R(t,) = 1 after the 3 min annealing.
When the annealing time was increased, the resist-
ance of the Au contacts remained almost unchanged.
In contrast to the Au contacts, R . of the Ni contacts
rapidly increased up to about 1.4 and decreased
during the short annealing for about 4 min. When
the annealing duration was above 4 min, the total
resistance began to reduce slowly and approached
the initial magnitude about R (t)/R (t,) = 1.

Figure 3(a, b) shows relative changes in the
contact resistance of the Au and Ni CTLM sam-
ples, respectively. The contact resistances of both
the Au and Ni samples decreased over the entire
period of the drift tests. Individual symbols in
Fig. 3 represented the results that were obtained
for an individual sample with a similar CTLM ar-
ray. Compared to the initial magnitudes, the de-
crease in the Au and Ni contact resistances was
very similar in both types of the samples. The con-
tact resistance of each of the samples reached
the value R (t)/R_(t,) = 0.7. The contact resistance
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) 8 -4 ° 25um
S ¥ *| < 30um
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Fig. 2. Resistance of different elements of the CTLM array. Relative resistance dependence on the drift time

(t,) and annealing time (¢

anneal

) of Au (a) and Ni (b) contacts.
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Fig. 3. Relative changes of the resistances with the experiment time ¢, . and the annealing period
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long-term tests. Contact resistances R for Au (a) and Ni (b) and the graphene sheet resistances R, for
the CTLM samples with Au (c) and Ni (d). Reference resistances R () were equal to the initial resist-

ances after the fabrication.

has rapidly increased during annealing. R of
the Au CTLM samples reached the maximum
quantitative value in 15 min and after that R ()/
R.(t) was equal to 1. When the annealing time
was above 15 min, the relative contact resistance
remained unchanged. R of the Ni CTLM samples
approached the maximum relative value in a few
minutes of the annealing. The maximum resistance
was higher than the initial magnitude. R reached
the value equal to R (¢)/R.(¢)) = 1.45. R . of the Ni
contacts reduced after the following annealing and
was approaching a relative value of 1. Compared
with R_ of the Au contacts, the contact resistance
of the Ni samples demonstrated a faster restoration
of R. due to annealing. Moreover, the complete
restoration of R was obtained over the annealing
procedure for both the Au and Ni CTLM samples.
The dependence of relative sheet resistance on
the drift and annealing time for the Au and Ni

samples is demonstrated in Figs. 3(c, d). Differ-
ent symbols represented the results that were ob-
tained for the individual CTLM array on similar
samples. As a result of the drift, the relative sheet
resistance decreased from R (t)/Ry(t) = 1 to
R, ()/R(t,) = 0.55 for the Au CTLM samples. R,
of the Au samples was increased by the annealing.
R, reached the maximum relative value equal to
2.1 in 2 min of the annealing. When the annealing
duration was above 2 min, the sheet resistance de-
creased within the annealing time tanmhng. Finally,
R, of the Au sample reached the initial magnitude
of sheet resistance after the whole annealing pe-
riod. The relative sheet resistance of the Ni CTLM
samples decreased from R (£)/R, () = 1to Ry, (¢)/
R, (t,) = 0.57 as a result of the drift. R, of the Ni
samples increased during the annealing and R,
was restored to the initial magnitude after the an-
nealing.
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5. Raman measurements

Raman spectra were obtained for a series of
the points on the CTLM samples over large areas
of the sample surfaces. Graphene specific features
in the Raman spectra were used to build up Ra-
man maps for the tested samples. In all the maps,
the bands commonly known as G and 2D modes
in the Raman spectra were used to characterize
the graphene monolayer. Typical Raman spectra
of graphene on the SiO, substrate, the edge zone
of the contact and metal surfaces were shown
in Fig. 4(a). The method to distinguish the edge
zone of contacts was introduced in our previous
work [15]. It was proved that long-distance distor-
tions can be detected in the graphene monolayers
at the edges of thin film contacts. These distor-
tions were obviously higher than that produced by
technological processes in the supported graphene
on the flat zones including metal contact surfaces
and the SiO, substrate. In this work, we studied
the changes in the distortion of graphene in various
areas of our samples over the long-time tests. Based
on that, it was possible to separate the mechanical
strain from the charge doping in the graphene lay-
ers. As in the previous work [15], here we also used
the method proposed by Lee et al. [16]. Depend-
ences between the parameters of 2D and G modes
of the graphene in different parts of the CTLM sam-
ples are presented in Fig. 4(b). A steep solid (wine
online) line indicates the degree of strain ¢ (%)

()
Gr/Ni

Gr/Au

Step

Raman intensity

Gr/Sio,

S3LS

1500 2400 2600
Raman shift (cm™)

1300 2800

(b)

which represents the tensile strain for € (%) > 0 and
the compressive strain for € (%) < 0. A more slop-
ing solid (olive online) line represents the degree of
doping p (10" cm™) in the graphene layer.
Changes in the strain & (%) and charge doping
p (10" cm™) in the Au and Ni graphene samples
were observed during the resistance drift and an-
nealing. Raman data was acquired from the scans
of large surface areas therefore non-homogeneity in
the graphene monolayer, especially in the graphene
on metal films, could result in large error bars. Fig-
ure 5(a, b) shows the dependence of charge dop-
ing on the drift and annealing in the graphene on
the edge zone of the contact for the CTLM samples.
Different shapes of symbols represented the results
that were obtained on the individual CTLM array
on similar samples. The decrease of charge doping
was observed over the drift period. The p-type dop-
ing of the Au sample decreased from 0.55 x 10" to
0.25 x 10" cm™ during the resistance drift. The p-
type doping was restored after the annealing. It in-
creased from 0.25 x 10 t0 0.8 x 10"* cm2 The degree
of charge doping p = 1.05 x 10" cm™ was obtained
before the resistance drift in the Ni CTLM samples.
The decrease of p-type doping was observed during
the resistance drift. In terms of the resistance drift,
the decrease of charge doping was measured and it
was equal to about 0.6 x 10"> cm . The charge densi-
ty varied from 0.6 x 10" to 0.95 x 10"* cm™ in the Ni
CTLM samples over the annealing. It was found that
the annealing procedure restored the p-type doping
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Fig. 4. (a) Raman spectra for graphene on SiO, (red online), the edge zone of contact (blue online), Au
(black) and Ni (purple online) substrates and (b) the dependence between the positions of 2D and G modes
of graphene on Au (red (online) triangles) and Ni (orange (online) triangles) metal films and on SiO, in
the samples with Au (green (online) closed circles) and Ni (purple (online) closed circles) contacts. Green

and purple (online) lines were adapted from [16].
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Fig. 5. Dependence of doping (a, b) and strain (c) on the drift ¢, . and annealing ¢ time of

graphene on the edge zone of contact.

to its initial magnitudes that was characteristic be-
fore the resistance drift of both the Auand Ni CTLM
samples. Figure 5(c) shows the dependence of strain
in the drift and the annealing time in the graphene in
the edge zone of the contact. The strain of graphene
in the edge zones of contacts changed approximately
from —0.1 to 0.1% over the drift period and from
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Fig. 6. Dependence of doping on the drift ¢,
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(min)

dnfr anneal
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-0.1 to 0.2% during the annealing. Hence, variations
in the strain were minor in the graphene in the edge
zones of contacts over the long-time tests.

The dependence of doping over the entire drift
and annealing tests was obtained for the graphene
on the flat metal surfaces. These results are shown
in Fig. 6(a) for the Au samples and 6(b) for the Ni
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samples. Different shapes of symbols represented
the results that were obtained on the individual
CTLM array on similar samples. This experiment
revealed a low charge density in the graphene on
the Au contact. The charge impurity concentration
decreased from p = 0.05 x 10" cm™ to p ~ 0 over
the resistance drift. A low concentration of carri-
ers in the graphene can be attributed to the Fermi
level that is situated in the Dirac point in the gra-
phene. The charge density was returned to its ini-
tial magnitudes in 2 min of the annealing. A slight
increase of the charge density was introduced af-
ter the annealing time reached 2 and 3 min. These
results confirmed a very low charge impurity dop-
ing for the graphene that was placed on the Au
surface. The decrease in charge density was de-
tected being from 0.4 x 10" to 0.3 x 10" cm™ for
the graphene on the Ni electrodes after the drift.
However, the doping increased from 0.3 x 10" to
0.47 x 10" cm™ after the annealing. The values of
charge doping in the graphene on the flat Ni sur-
faces was attributed to the p-type doping. The re-
duction of p-type doping over the long drift was
also observed in Ref. [17]. Furthermore, the au-
thors perceived that p-type doping increased over
the annealing time [17]. This dependence was ob-
served using different gas in the annealing cham-
ber. Moreover, the charge density for the samples
with a high binding metal Ni contact was higher
than that for the samples with low binding metal
Au contacts.

The dependence of strain over the drift and
annealing in the graphene on the Au and Ni elec-
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Fig. 7. Dependence of strain on the drift ¢, . and annealing ¢

metal films.

trodes is presented in Fig. 7(a, b). The increase in
the compressive strain was obtained for the Au
samples during the resistance drift. The compres-
sive strain € = —-0.16% was observed before the drift.
However, the compressive strain was increased
to -0.35% after the resistance drift. The increase
of compressive strain was also noticed in the gra-
phene sheet in Ref. [17]. The strain was restored
to its initial magnitudes after the annealing period.
The compressive strain decreased to -0.16% for
the annealing duration about 3 min. The compres-
sive strain increased to —0.3% when the annealing
was over 3 min. Considering the fact that the charge
density was very low in the graphene on the Au
surfaces over the long-term tests, we supposed that
changes in the strain might be more important in
the graphene on the Au film. A decrease in the ten-
sile strain was observed in the graphene on the Ni
electrodes over the resistance drift as it is shown in
Fig. 7(b). The strain decreased from 0.6 to 0.1% after
the drift. The annealing induced the increase of ten-
sile strain from 0.1 to 0.15%. However, the rise was
observed in the € (%) after 3 min of the annealing.
The increase of compressive strain in the graphene
on the metal surface over the resistance drift could
be associated with the diffusion of atmospheric wa-
ter through the graphene sheet. The annealing may
cause the removal of water, therefore the decrease of
compressive strain was observed in the graphene on
the Au surface in our experiment. Van-der-Waals
force is a crucial factor for the chemical reactivity
of graphene [18]. Therefore, adsorption and redox
to the graphene layer are mainly responsible for
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the variation of charge density [19, 20]. These pro-
cesses could be reasonable for the variation of dop-
ing and the strain in the graphene monolayer during
the long-term stability tests.

Figure 8 shows the changes of doping (a) and
strain (b) in the graphene sheet on the flat sur-
faces of SiO, substrate for the Au and Ni sam-
ples. The charge doping of graphene on the SiO,
substrate was obtained being from 0.4 x 10" to
1.55 x 10" cm™ over the drift test period. The re-
sults are demonstrated in Fig. 8(a). The charge
density changed between 0.6 and 1.5 (x10" cm™)
during the annealing. The strain of graphene on
the SiO, substrate changed from -0.16 to 0.04%
over the drift period. The € (%) varied in the -0.16
to 0.02% range over the annealing period. The rel-
ative variation of carrier concentrations on the re-
sistance drift and annealing was lower compared
to that in the graphene in the edge zones of con-
tacts. In addition, the changes of ¢ (%) in the gra-
phene on SiO, were less detectable than those on
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Fig. 8. Dependence of p-type doping (a) and
strain (b) on the ¢, and ¢ for the graphene

on the SiO, substrate.

the flat surfaces of metal during the resistance
drift and annealing.

6. KPFM measurements

The CTLM samples were characterized by SPM
aiming to build up a map of the work function of
the graphene on the CTLM samples. Typical SPM
images of the morphology and the contact poten-
tial difference (CPD) are presented in Fig. 9.

The work function is related to the Fermi level
in the graphene sheet. The work function W__of
undoped CVD graphene was known being equal
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Fig. 9. SPM images of the surfaces in the CTLM sam-

ples. The images were obtained in the topography (a)
and KPFM (b) modes.
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to 4.53 eV [21]. The p-type of the doping of gra-
phene was accepted correspondent to the work
function W higher than 4.53 eV. The n-type of
the doping in graphene was related to the work
function W < 4.53 eV. In our work, SPM mea-
surements were made after the resistance drift and
annealing. The dependence of the work function
on the annealing time is shown in Fig. 10. W of
the graphene was obtained on the metal electrodes,
the edge zone of the contact and on the SiO, sub-
strate. Measurements of W, were performed for
the both Au and Ni samples.

Metal W Sio,
5.0 T T T
* Auf ® Au * Au
® Nif ® Ni ® Ni
49 EF E E E
< 48F 3 3 E
i E
S547F E E E
S s
46k % 3 3 E
45F 3 E E
1 1 1 1 1 1
0 124 0 124 0 124
t_ (min)

an.

Fig. 10. Changes in the work function W__before
and after annealing of graphene. W was ob-
tained at different zones of the sample, namely on
metal, on the contact edge zone and on SiO,.

The work function for the graphene on the Au
surfaces was equal to 4.78 eV after the resistance
drift. This confirms the p-type doping of the gra-
phene on the Au electrodes. However, the work
function decreased after the annealing and it was
equal to 4.56 eV. The work function of the graphene
on the Ni flat surfaces was equal to 4.59 eV after
the drift. W of the graphene on the Ni electrodes
slightly increased after the annealing and was equal
to 4.68 eV. The p-type doping was observed in
the graphene on the Ni film after the resistance drift
and annealing experiment.

The work function of the graphene in the edge
zones of contacts for the Au samples changed from
4.79 to 4.60 eV on annealing. The work function
of the graphene in the edge zones of contacts for
the Ni samples decreased from 4.75 to 4.53 eV.

The dependence of work function on the anneal-
ing of graphene on the SiO, substrate is shown in
Fig. 10. The reduction of work function of the gra-
phene on SiO, was observed for both the Au and Ni
CTLM samples.

7. Conclusions

We have investigated the drift of the electrical char-
acteristics, namely the total resistance R;, contact
resistance R and sheet resistance Ry for the CVD
graphene based Au and Ni contacts. The decrease of
the total resistance R, was observed for both the Au
and Ni CTLM samples during the drift. Further-
more, the reduction of contact resistance and sheet
resistance was perceived on the drift of CVD gra-
phene based resistors. The change of resistance could
be attributed to the variations of charge doping and
the change of deformation in the graphene on metal
contact. The Raman analysis revealed the decrease in
p-type doping in the graphene in the edge zones of
contacts for the Au and Ni samples over the resist-
ance drift. A notable decrease in the p-type doping
was observed in the graphene on the flat Au and Ni
surfaces. The strain mechanism was dominant in
the graphene on the Au surfaces over the long sta-
bility tests because only a low charge density was
obtained in the graphene on the Au films. The re-
sistance drift was related to the increase in com-
pressive strain in the graphene on the Au contacts,
whereas tensile strain was obtained for the Ni sam-
ples. The electrical characteristics were restored to
the initial magnitudes by annealing at 573 K. At this
step of the long-term tests, the increase in the dop-
ing was observed in the graphene in the edge zones
of contacts for the both the Au and Ni samples.
Moreover, the annealing induced the increase in p-
type doping (<10" cm™) in the graphene on the flat
surfaces of Ni. The low p-type doping was produced
in the graphene on the Au electrodes by annealing.
The decrease in compressive strain was confirmed
in the graphene on the flat Au surfaces in the an-
nealing tests. However, the increase of tensile strain
was observed in the graphene sheet on the Ni films.
The SPM experiments revealed the change of work
function in the annealing experiments. The larg-
est change of W was observed in the graphene
on the flat surfaces of Au films and in the graphene
at the edge zones of contacts for the Ni samples.
The changes in work function during the annealing
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proved that the type of doping in the graphene in
the Au and Ni samples remained the same as it was
before the annealing procedures. This study dem-
onstrated that the edge zones of the CVD graphene
based metal contacts were the most sensitive part to
long-term stability.
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GRAFENO IR METALO KONTAKTUY ELEKTRINIY CHARAKTERISTIKY KITIMAS
DEL ILGALAIKIO DREIFO

A. Sakavicius, V. Agafonov, V. Bukauskas, T. Daugalas, M. Kamarauskas, A. Luksa, V. Nargeliené,
G. Niaura, M. Treideris, A. Setkus

Fiziniy ir technologijos moksly centras, Vilnius, Lietuva

Santrauka

Darbe pristatomas tyrimas, kuriame buvo analizuotos
CVD (cheminio gary nusodinimo) grafeno pagrindu pa-
gaminty Au ir Ni CTLM (apskritiminés perdavimo linijos
metodo) varziniy dariniy elektriniy charakteristiky ilga-
laikio stabilumo priezastys. Kontakty i$kaitinimas buvo
naudojamas elektrines varzas atstatant j pradines vertes,
budingas tik kg pagamintiems grafeno bandiniams. Iskai-
tinimas buvo atliekamas Ar sraute, 573 K temperataroje.
Dél parametry kitimo bégant laikui pasikeitusi grafeno
bandiniy elektriné varza, kontaktinés ir sluoksnio varzos
buvo atstatytos j pradines vertes.

Ramano spektroskopija buvo tirtas grafeno, esancio
ant bandiniy pavirsiaus, legiravimo ir jtempimy kitimas
bégant laikui ir atstatymo metu. Analizuotos trys grafe-
no CTLM bandiniy sritys: grafenas, esantis ant metaliniy
kontakty, grafenas, esantis ant kontaktinio laiptelio sri-
ties, ir grafenas, esantis ant SiO, padéklo. Nustatyta, kad

dél bandiniy kitimo bégant laikui ir atstatymo didziausi
legiravimo kitimai jvyko grafeno sluoksnyje, esan¢iame
ant kontaktinio laiptelio srities, o didZiausi jtempimy
poky¢iai — grafeno sluoksnyje, esan¢iame ant metaliniy
kontakty.

Kelvino jégos spektroskopijos mikroskopija i§matuo-
tos grafeno i$laisvinimo darbo vertés pries CTLM bandi-
niy i$kaitinimg ir po. Nustatyta, kad i$laisvinimo darbo
verté sumazéjo grafeno sluoksnyje, esanciame ant Au
kontakty; po iskaitinimo ji padidéjo grafeno sluoksny-
je, esanciame ant Ni kontakty, ir W, sumaZéjo grafeno
sluoksnyje, esan¢iame ant kontaktinio laiptelio srities bei
SiO, padéklo. Islaisvinimo darbo pokytis grafeno sluoks-
nyje, esan¢iame ant metaliniy kontakty, buvo didZiausias
Au CTLM bandiniams, o W pokytis grafeno sluoksnyje,
esanc¢iame ant kontaktinio laiptelio srities, - Ni CTLM
bandiniams.
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