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[Ipeamer: nokperame NoeTyNKa 3a H300p y 3Bambe HAYYHH CAPATHHK

Monum Hayuno Behe MHcTuTyTa 32 husnky, YHuBepsutera y beorpany, n1a nokpeHe nocrymnak
3a MOj U300p y 3Batbe Hay4YHH cCapaJHuK.

VY npuiiory nocraBibam:
1. Muubere pykoBoaMoLa MpojeKTa ca NpesIoromM 4JiaHoBa KOMUCH]E 3a U300p Y 3Bakbe.
2. Ctpyuny 6uorpadujy.

3. Ilpernen Hay4yHe aKTUBHOCTM KaHAMJATa — TMperje] rJIaBHUX WCTPAKMBAYKUX TeMa M
MOCTUTHYTHUX pe3yJiTaTa.

4. EnemenTe 3a KBaJIMTATMBHY aHAJM3y paja KaHAKaTa pa3BpCTaHe Mo CTaBKaMa y CKJIaay ca
ITpunorom 1 IlpaBunHuka, y3 o6aBe3He 10Ka3e 3a CBaKy Ofi HABEJEHMX CTABKH.

5. EnemenTe 3a KBaHTMTATMBHY aHaIM3y paja KaHAMIaTa NpUKasaHe y BUAY TaOene w3
[Ipunora 4 IlpaBunnuka, pa3Bpctanu y ckiaay ca [punosuma 2 v 3 TlpaBuiHuka.

6. Criucak oGjaB/beHMX pajoBa M Apyrux myGaMKaLuja pa3BpeTaH 1o BakehuM Kateropujama
nponucanum [IpaBuaHUKOM.

7. IlojaTke 0 UMTHPAHOCTH KaHaMAaTa y BULY oAroBapajyhe ctpanuie kojy naje 6aza Web of
Science.

8. VBeperbe 0 010parbeH0j TOKTOPCKO]j AUCEPTALIH]H.

9. Konuje 00jaB/beHNX pasioBa 1 APYrX MyG/uKaluja.

V¥ beorpany, 28.10.2019.
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Tujana Tomawesuh-Unuh



HAYYHOM BEhY
HNHCTUTYTA 3A ®PU3UKY
YHUBEP3UTET Y BEOI'PAJY

IIpeamer: Muubeme PyKOBOJAHOLA MNpOjeKTa 0 H300pYy Yy 3Bame HAYYHH CapaJHUK
kanauaara Ap Tujane Tomamesuh-Uauh ca npeasiorom yjianoBa Komucuje 3a u3éop y
3Bame

Tujana Tomawesuh-HUnuh je ox 01.11.2016. 3anocnena y JlaGoparopuju 3a rpade,
apyre 2J1 marepujane u ypeheHe HaHOCTpykType, LleHTpa 3a 4YBpCTO cTake M HOBE
matepujane Ha MHCcTUTYTY 3a usuky Beorpan, YuuBepsuter y Beorpany. Anraxosana je Ha
npojektry OM171005 ,Pusmuka ypeheHMX HAHOCTPYKTypa M HOBHX Marepujana y
HaHOQOTOHMLM® (UHAHCUpPAHMM OJ CTpaHe MHUHUCTApCTBAa 3a MPOCBETY, HAyKy U
TEXHOJIOWKH pa3Boj Peny6nuke Cpbuje, ca GokycoM MCTpaxkuBama TaHKUX (uimosa 2]
maTepujana JoOMjeHMX MeToaoM ekcdonujauuje w3 TeuHe ¢ase. Kanaupatkuma je
30.09.2019. rogune Ha ®akynTeTy 3a GU3NUKY XeMUjy-YHUBep3uTeT y beorpaay, onOpanuia
JOKTOPCKY AMcepTaLuje noj Ha3uBoM , JloBpiinHcka Moaudukaumja rpadeHa ekcgonnpaHor
u3 TeuyHe ¢ase u aenoHoBaHor JlaHrmup-bioyeToBom metomoM“. Aytop/koayTop je uiect
HayyHux panosa ca CLIU-nucre (nBa M21a, jenan M21, nsa M22 u jenan M23 kateropuje) u
NIETHAECT CAOMLUTEHA ca Mel)yHapoJHUX KOH(pEpEeHLMja ITaMIIaHUX Y U3BOY.

C 0063upoM na KaHIMIATKHIba UCTTYHbaBa CBE yC/IOBE MpeaBuljeHe 3aKOHOM O HAy4YHO-
MCTPaXXMBAUKOj JenaTHOCTH M [IpaBMIIHMKOM O TOCTYNKY, Ha4yMHy BpEJHOBama U
KBAJIMTATUBHOM HCKa3WBamwy HAyYHOMCTpa)KUBAUKUX pe3yarara wuctpaxupadya MHIITP
Peny6iuke Cpbuje, carnacan cam ca MokperameM noctynka 3a uzbop Tujane Tomaruesuh-
Wnuh y 3Bawe HayuyHU capaJHUK.

3a unaHoBe Komucuje 3a u3bop Tujane Tomawesuh-Mnuh y 3Bame HaydyHH CapagHUK
npeaIaxem:

1. Jlp Jeneny Ilewmh, HayuHor capajguuka, MHcTUTyTa 3a u3uKy, YHHBep3uTeTa Y
Beorpany

2. Jp Papowa I'ajuha, HayuHor caBeTHuka, MHcTUTyTa 3a (uU3KMKy, YHUBEp3UTETa Y
bBeorpany

3. JIp Mapka CnacenoBuha, BuLIer Hay4HOr capajHuka, MHCTHTyTa 3a XeMHjy,
TEXHOJIOTH]Y U MeTalyprujy, YHusep3utera y beorpany

V¥ Beorpany, 28.10.2019.
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CTPYYHA BUOI'PADUIA

Tujana ([paran) Tomameuh-Umuh pohena je 19. 10. 1982. rogune y Bbeorpany.
OcHoBHe cryauje Ha Dakynrery 3a GU3NUKy Xemujy YHuBep3uTeTa y beorpany 3aBpmmna je
2011. rogune, oqOpaHOM AMIUIOMCKOT pajna ,,/IcuTuBame riazypa BH3aHTHJCKE KEpaMHKE
MPUMEHOM MHKpO-pamaHcke criekrpockonuje’. Tokom 2011. u 2012. ronuHe 6uia je y4ecCHUK
nporpama ,,IIpBa [llanca® y LleHTpamHOM MHCTUTYTY 3a KOH3€pBalHjy. Mactep akajaeMcKe
crynuje @akynrera 3a UMUKy XeMHjy YHUBep3uTeTa y beorpaay 3aspmuna je 2015. roguse,
oxbparom macrtep pana ,,CpeOpHu ¢GuiMoBH Ha HaHOKpucTanHo] TiO2 MOAIO3M: CHHTE3a,
KapakTepH3alyja 1 aHTUMUKPOOHa aKTUBHOCT. JIOKTOpCKe akaZeMCKe CTy/Mje yrucana je Ha
@akynrery 3a ¢usznuky xemujy 2015. roamue. Mcre romuHe 3amodena je CBOj Hay4yHO-
UCTPAXMBAYKU pajJ Kao BoJoHTep Ha MHcTuTyTy 3a Qusuky YuuBep3urer y beorpany, y
JIaGoparopuju 3a rpaden, npyre 21 marepujane u ypehene HaHOCTpyKTYpe, LleHTpa 3a uBpcTO
CTame U HOBE MaTepHjae.

VY UuctutyTy 32 GU3MKY 3amociena je og Hopemopa 2016. ronune, a ommykom Hayunor
Beha MHctuTyTa 32 husuky y jymy 2019. rogune n3abpana je y 3Bambe HCTPAKHBAU-CAPATHUK.
AnraxoBana je Ha mpojektry OU171005 ,dusmka ypeheHUX HAHOCTPYKTYypa M HOBHX
MaTepHjana y HaHO(GOTOHUIM , pUHAHCUpPaHUM O] CTpaHe MHMHHUCTapCTBa 3a IPOCBETY, HAYKY
U TeXHOJOUKH pa3Boj Penybmuke CpOuje, ca pokycoM HCTpakuBama TaHKUX (uiMoBa 2J1
Matepujana Jo0ujeHHX MeTojoM ekcdonujauuje u3 Teune ¢aze. 30.09.2019. ronuwne,
KaHIUJaTKuba je Ha PakynTery 3a GU3NUKy XeMHjy oA0paHuiIa JOKTOPCKY JUCEPTALU]y MO
Ha3uBOM ,,[loBpmmHCKa Mo uKalja rpadeHa eKcoIupaHor u3 TeUHe Ga3e U JSTOHOBAHOT
Jlaurmup-biioyeroBom meTogom*.

YyectBoBana je y Erasmus + KA 107 nporpamy pa3MeHe uctpakrupaua u Mel)yHapogae
capanmwe MuactuTyTa 32 Pusuky y beorpany u YauBep3utera y Xajaenoepry, Hemauka.

Tujana Tomamesuh-Unuh je ayrop/koayrop mect HayuyHux pagosa ca CLU-nucte
(n1Ba M21a, jeman M21, nBa M22 u jegan M23 kaTeropuje) U NETHAeCT CaoNIUTEeHa ca
MehyHapoaHUX KOH(EpEeHIIja ITAMIIaHUX Y U3BOAY.



IMPEI'JIEJ HAYYHE AKTUBHOCTU TUJAHE TOMAIIEBUh-NJINh

@dokyc HAyYHOT HUCTPaKMBaWka KAHIUJATKUEGE j€ HCIHTUBAKE MOP(DOIIONMIKUX,
CTPYKTYPHUX, ONTUYKUX U EJICKTPOHCKUX OCOOMHA TaHKHX (UIMOBA CaMOOPTraHM30BAHUX
cTpykTtypa 2J1 MmaTtepujana, 1001jeHuX MeToA0M ekcomujanuje u3 Teune dasze u IeMOHOBAHUX
Jlanrmup-biiorieToBOM METOIOM, M YOIIIITEHO TaHKUX (HIMOBAa HAaHOMAaTepHjajia J00H)CHUX
U3 pacTBoOpa.

Toxom mactep cTynuja, uctpaxuBame Tujane Tomamesuh-Unuh 6umo je hokycupano
Ha Jo0Wjamke TaHKUX (UIMOBA HAHOYECTHYHOI cpebpa HAa HAHOKPHUCTAIHO] TOJIO3H
TUTAHUjyM-AHOKCH/Ia U HWCHHUTHUBAKE MOPQOJIOMIKMX M ONTHYKHX CBOjCTaBa J0OMjEHUX
XETEePOCTPYKTYPa, Ka0 U BUXOBE (DOTOKATAIUTHYKE U AHTUMUKPOOHE akTUBHOCTH. [TokazaHo
je Ja ce MOBPIIMHCKOM MOIU(UKAINjOM HAHOKPHUCTAIHE TOJJIOTe THTAHW]yM-IUOKCHIA Y
BUuIy (opMupama XeTepocTpykTrype ¢(uiamoBa cpebpa W TaHKMX (HIMOBA THUTAHH]YM-
JMOKCHIa JIEMOHOBAHOT M3 KOJOWIHHX pacTBOpa MOTy JOOMTH MOBpIIMHE ca moBehaHuM
($hOTOKATATUTUYKUM U aHTUMUKPOOHHM CBOjCTBUMA.

Pesynratu oBor uctpaxuBama Cy NpUKa3aHU y paay:

e lvana D Vukoje, Tijana D TomaSevi¢-Ili¢, Aleksandra R Zarubica, Suzana
Dimitrijevi¢, Milica D Budimir, Mila R Vranjes, Zoran V Saponji¢ and Jovan M.
Nedeljkovi¢, Silver film on nanocrystalline TiO2 support: photocatalytic and
antimicrobial ability, Materials Research Bulletin 60 (2014) 824-829.

Hayunu pag Tujane TomameBuh-Mnuh y okBupy DOKTOpCKE nucepTannje o0yxBarao
J€ EeKCIepUMEHTAJIHO HCTpaXXUBamke yTHIaja MOBPIIMHCKE Moaudukanuje rpadeHa
excomupaHor u3 TeuHe (asze um gemoHoBaHOr JlaHrmmp-BioieroBoM MeTomom, Ha
OITOEJIEKTPOHCKE 0COOMHE 100MjeHHX TaHKuX ¢uimosa. I'padeHn, 3axBasbyjyhu ocoOuHama
Kao IITO Cy BUCOKA TPAHCIIAPEHTHOCT, HUCKA MOBPIINHCKA ENIEKTPUYIHA OTIIOPHOCT, TEPMaTHa
CTa0MJIHOCT, CaBUTJBMBOCT M MeXaHW4ka uBpcroha, makoha y WuHTerpanuju ca
MOJYIIPOBOJHUIIMIMA W HETOKCHYHOCT, IMIpeJACTaBba MaTepujasl u3z0bopa 3a U3pamy
TPAHCHAPEHTHUX €JIEKTPOAa Yy PA3JIUUYUTUM OINTOEJIEKTPOHCKUM Yypehajuma. Mebhyrtum,
[POHAJIAKEHE J€AHOCTaBHE, UHIYCTPUJCKH CKAJUpaHE M €KOHOMCKH HCILJIATUBE MpOLEeaype
nobujama TaHKuUX (uiMoBa TpadeHa, BHCOKE TPAHCIAPEHTHOCTH M JOBOJAHO HHUCKE
MOBPIIMHCKE OTIIOPHOCTH 32 MPAKTUYHE MTPUMEHE, jOII YBEK MPEACTaB/ba N3a30B 32 MPHUMEHY
rpadeHa y enexkTpoHuId. Meroma ekcdonujanuje u3 Teune ¢asze, mpahena Jlanrmmp-
broyeToBoM MeTonoM, KOja ce 3aCHMBA Ha (CaMO)OpraHHW3alliju HAaHOCTPYKTypa Ha TEUHO-
racHo] Mehydaszu nHIyKOBAaHO] TOBPIIMHCKUM HAIIOHOM MaTepHjayia, KOJOM C€ MOTY JIOOUTH
BEJIMKE MOBPIIMHE KOHTHHYaJHUX (HIMOBA BHUCOKE TPAHCIAPEHTHOCTH HA PA3TMUYUTHM
moJyloraMa 3a/I0BoJbaBa YCJIOB EKOHOMCKE HCIUIATUBOCTH. MehyTtum, TaHkd (GHUIMOBH
JIO0MjeHH Ha OBaj HAaYMH MMajy BHCOKY IOBPLIMHCKY OTIIOPHOCT KOja je Mocienuia
caMoopraHuszaiyje Jpycrnuia rpadeHa y TaHke (pUiIMOBE KOja MHAYKYje BEJIUKY TyCTHHY
nedekara ¢uimoBa. KaHaumaTkuma je Yy OKBHPY pe3ylTara CBOT HCTPaKUBamba
uaeHTu(UKOBaIA TPUPOY Aedekara y 1001jeHuM (GUIMOBHUMA M TIOKa3alia J1a ce IPUMEHOM
arpecCMBHUX MeETOAa TMOBPIIMHCKE MoauduKanuje/QyHKIHOHATH3aIH]je, Kao IITO CYy



(dhoToxeMujcKa OKCHAAIMja, XeMH]jcKa (DyHKIIMOHAM3aIija a30THOM KHCEIIMHOM M TePMaTHO
OJrpeBame, MOBPIIMHCKA OTIIOPHOCT TAHKUX (HIMOBA rpadeHa ekc(hoarupaHor 13 TeuHe (aze
U 7aenoHoBaHor JlaHrmMup-broeToBoM MeTOJOM Ha 4YBpPCTE, QJIM W TPAHCIAPEHTHE H
¢dekcubmIIHE MOJIOre, MOXKE BHUIIECTPYKO CMAmUTH, NMPU YeMy HHjeIHA O]l TOMEHYTHX
METOJla HE JOBOJM JO 3HAuYajHE Jerpajairje BHCOKE TpaHcHapeHiuje GummoBa. Y MHIBY
0oJper pasyMeBama MPOMEHE ENEKTPUYHMX CBOjCTaBa J0 KOJUX J0Ja3d NpPU WHTEPaKIHjH
pa3NUUYUTUX JomaHata ca GopMupanum GuiMoBuMa rpadeHa UCIUTUBAHA Cy MOPQOJIOIIKa,
CTPYKTYpHA, ONITUYKA U €JIEKTPOHCKA CBOjCTBA CAaMOOPTaHW30BAHUX CTPYKTYpa Mpe M HaKOH
IpUMEHE JaTHX METoJa MOBPLIMHCKE MOAM(HUKalWje, MEeToAaMa MUKPOCKOIH]e aTOMCKHX
cuia, cKkeHnpajyhe enekTpoHCKe MHKpocKomnuje, PamaHoBe cnekTpockomnuje, HHQpanpBeHe
cnekrpomeTprje ca DypujeoBoM TpaHCPOpMaLHjOM, CIEKTpOMETpHje (POTOEICKTPOHA
HACTAJIMX O3payMBamEeM pEeHAreHCKuM 3panuMma, YB/BUJl cnekrpodoromerpuje u
Mukpockonuje cuina KemuHoBoM mpoOom. [lokazaHo je na BenwKa T'yCTHHA HMBHIA, KAo
JOMHUHAHTHU TUl Jedekara Guimona rpadeHa excoyvpaHor U3 pacTBOpa, UMa MPECyIHY
yiory y eeKTuMa Koje IpUMEHkeHe MeToIe MouUKanrje nMajy Ha GuiIMoBe. A30THA
KHCENIMHA, Kao I-THI JOINaHTa, MPUMEHkEeHa Ha MCIUTHBaHE (QUIMOBE IrpadeHa JT0BOIU 10
noMmepama DepMHjeBOI HHMBOA M CMamema IOBPIIMHCKE OTIOPHOCTH, He yTruuyhu Ha
TpaHcmapeHjy ¢uimoBa rpadena. DoTtoxemHjcka OKCHAANMja O30HOM M3 Baszayxa
IpUMEHkEHA Ha rpadeH J0OMjeH XEeMH]CKOM JIETIO3ULIMjOM U3 MapHe (a3e, He3HaTHE T'yCTUHE
nedekata, MPOy3poKyje cTBapame jaedekara y rpad)eHCKO] paBHU U CMabEHhe MPOBOJTHOCTH.
Hacympor TOoMe, KaHIUIATKWEbA je MOoKa3aia a GOTOXEMHjCKa OKCHIAIlHja MPUMEHheHa Ha
TaHKe (QUIMOBE TpadeHa ca BEJITMKOM I'YCTHHOM Jedekara, y KojuMa Cy MBHIIE JOMHUHAHTAH
U fedexaTa, TOBOJIH 10 OTHpama M-TUTAa U CMamkemheha e(peKkTa UBHIA, MTO JOTPUHOCH
CMamelhy MOBPIIMHCKE OTIOpHOCTH (QriMoBa. TepmanHo oarpeBame gpuimoBa rpadena He
J0BOAM 10 (pyHKIMOHANM3aLMje MaTrepujaia, aau y (GuiamMoBuma J00UjEHUX JEMO3ULIUjOM
rpadeHa M3 pacTBOpa MOK€ OTKJIOHUTH 3a0CTalld pacTBapady M €BEHTYaJHO IPHCYTHE
azicopboBaHe BPCTE U3 Ba3/lyXa, IITO JIOBOJH J0 CMamkEHha MOBPIINHCKE OTIIOPHOCTH (PUIMOBA
He yTuuyhu Ha BUCOKY TpaHCIapeHIjy GUIMOBa.

Pesynrtatu HaBeI€HOT UCTpaKUBamba Cy MPUKa3aHU y OKBUPY TPH paja:

¢ Tijana Tomasevi¢-1li¢, Porde Jovanovi¢, Igor Popov, Rajveer Fandan, Jorge Pedros,
Marko Spasenovi¢ and Rado$ Gaji¢, Reducing sheet resistance of self-assembled
transparent graphene films by defect patching and doping with UV/ozone treatment,
Applied Surface Science 458 (2018) 446-453.

e Aleksandar Matkovi¢, Ivana MiloSevi¢, Marijana Mili¢evi¢, Tijana TomasSevi¢-Ili¢,
Jelena Pesi¢, Milenko Musi¢, Marko Spasenovi¢, Djordje Jovanovi¢, Borislav Vasi¢,
Christopher Deeks, Radmila Panajotovi¢, Milivoj R. Beli¢, and Rados$ Ga;ji¢, Enhanced
sheet conductivity of Langmuir-Blodgett assembled graphene thin films by chemical
doping, 2D Materials 3 (2016) 015002.

e Tijana TomaSevié¢-Ili¢, Jelena Pesi¢, Ivana MiloSevi¢, Jasna Vujin, Aleksandar
Matkovi¢, Marko Spasenovi¢ and Rado§ Gaji¢, Transparent and conductive films from
liquid phase exfoliated graphene, Optical and Quantum Electronics 48 (2016) 319.



[Topen HayuyHOT HCTpaXMBamba KOj€ je OMIIO BE3aHO 3a U3PaLy TOKTOPCKE AMCEpTaInje,
KaHJMJIaTKUba ce 0aBU aHaIM30M TaHKUX (uiamoBa m npyrux 2J] marepwjana, Kao IITO
cy MonuOneH-gucyndun, Xxekca-OOpHUTPUA W TUIATHHA-TUCEIICHH], ONTHMH3AIIN]jOM
dbopMupama (UIMOBA W3 PACTBOPA OBHX MaTepHjasia © MOTYhHOCTUMA HKUXOBE TIPUMEHE Y
00JacTH ONTOENEKTPOHUKE MM 3alITHUTHUX TpEeBIaKa. Pe3ynraTtu oBOr MCTpaKuBama Cy 3a
caJia mpuKa3aHu y OKBUPY jeaHor paaa ca CLIU nucre u mpe3eHTOBaHU Ha JBE KOHPEPEHIIHje,
[IPU YEMY j€ BUILIE PaJ0Ba y IPUIIPEMHU:

e Jelena Pesi¢, Jasna Vujin, Tijana Tomasevi¢-1Ili¢, Marko Spasenovi¢ and Rados Gaji¢,

DFT study of optical properties of MoS2 and WS, compared to spectroscopic results on
liquid phase exfoliated nanoflakes, Optical and Quantum Electronics 50 (2018) 291.

e T. Tomasevié-1li¢, . Jovanovi¢, R. Panajotovi¢, R. Gaji¢, M. Spasenovic¢, Large-scale
deposition of self-assembled thin films from liquid phase exfoliated h-BN, Photonica
2019, 26-30 Aug 2019, Belgrade, Serbia,, p.114.

e Tijana TomaSevié¢-Ili¢, Aleksandar Matkovi¢, Jasna Vujin, Radmila Panajotovi¢,
Marko Spasenovi¢ and Rado$ Gaji¢, P-type field-effect transistors based on liquid phase
exfoliated MoS>, Graphene 2017, 28-31 March, 2017, Barcelona, Spain.



EJIEMEHTH 3A KBAJIMTATUBHY OLHIEHY HAYYUHOI" TIOITPUHOCA

1 Kpajaurter HayyHHX paJoBa
1.1. 3nauaj nayuHux pesynmama

VY xpyunuMm panosuma Tujane Tomamesuh-WMnnh npukasano je ga ce TOBPIIMHCKOM
MoaudukanyjoM/pyHKIMOHATH3AMjOM TpadeHa Ao0ujeHor MeToaoM ekchonmjanmje u3
TeuHe (ase u nenonosanor Jlanrmup-bioyeToBoM MeTOI0M, KOj€ TIPEACTaBIbajy jeIHOCTaBHY
U EKOHOMHUYHY TpOIEAypy JMAoOHWjama Marepujajia, Mory Ao0uTH QuiMOBH TpadeHa
3a]10BOJbaBajyher KBaJIMTeTa 3a MOTEHIUjaTHO TEXHOJIOMIKO IIPUXBATAHE Y ONTOCIEKTPOHCKO]
WHIyCTpUju. Pe3ynarat OBOT HAydyHOT HCTpaKHMBama 3axBasbyjyhu (HU3HYKOXEMH]jCKO]
aHAJM3U CTPYKTYpE, XEMHUJjCKUX MPOMEHA W EJIEKTPOCTATUYKUX CBOjCTaBa MOBPIIUHCKU
MoaudukoBanux ¢unMoBa rpadeHa, IONpUHETH cy O0/beM pazyMeBamy HHTEpaKIje
pa3IMYUTUX JIOTIAHATa ca CaMOOPTaHM30BAaHUM CTpYKTypama 2J[ MaTepujana exchoIupaHux
u3 TeuHe (dasze.

1.2.  Ilapamempu kearumema uaconuca

Kannunarkuma ap Tujana TomameBuh-Unuh je o0jaBuna yKymHO IIeCT pajoBa y
MmehyHapoJHMM yaconucuma U To:

e 1 pany uacomucy Applied Surface Science (IF2018=5,155; SNIP2018=1,326)

e 1 panyuaconucy 2D Materials (IF2016=6,937; SNIP2016=1,072)

e | pany yacomucy Materials Research Bulletin (IF2014=2,288; SN1P2014=1,054)

e 1 paxy yaconucy Microelectronic Engineering (IF2017=2,020; SNIP2017=0,937)

e 2 pama y uacomucy Optical and Quantum Electronics (IF2016=1,055; SNIP2016=0,629;
IF2017=1,547; SNIP2018=0,647)

VYkynaH uMmnakT ¢paktop o6jaBibeHux pajnona je 19,002,

JlonatHu OUOMMOMETPHjCKM TIOKa3aTe/bH MpeMa YIYTCTBY O HAuMHY MHUcCama H3BelITaja
0 U300puMa y 3Bama Koje je ycBojuo MaTuyHu HayuyHU 000D 3a QU3HKY CY:

IF M SNIP
YkymHO 19,002 41 5,665
VYcepeameHo 1o 4iaHKy 3,167 6,83 0,944
YcepenmeHo 1Mo ayTopy 2,305 5,22 0,756

13. [Iooayu o yumupanocmu

[Ipema momanmma u3 6aze Web of Science, panosu np Tujane Tomamesuh-Wmuh cy
UMTUPaHU YKynHO 18 myrta, ox dera 12 myra uzy3umajyhu ayrouurtare. XUpPIIOB HUHACKC
KaHJIUJIATKUIbE je 3.



14. Mehynapoouna capaorwa

Mehynapoane aktuBHocTH ap Tujane Tomamesuh-Unuh obyxBartajy:

e yuemthe y Erasmus+KA107 programme Staff Mobility for Training ma Yuusep3urery y
Xajnenoepry, Hemauka, okto6ap 2019. roqune.

2 Hopmupame KOayTOPCKHUX PaoBa, NaTeHATA H TEXHHYKHX pellemha

CBu pamoBu Chagajy y KaTreropujy eKCIepUMEHTAIHUX pajloBa Yy MPUPOIHO-
MaTeMaTHYKUM HayKama, Tako Jia Ce paZoBU ca 7 M Mame KoayTopa y3MMajy ca IyHOM
TEXUHOM, a PAJIOBH ca BHIIE KoayTopa (jexan pan ca 13 koayropa v jeman pan ca 8 koayropa)
HOpMHUpajy ce 1o (opmynmu natoj y [IpaBHIIHMKY O TOCTYNKY W HAYWHY BPEIHOBAMmA H
KBaHTHTATUBHOM MCKA3WBaky HAYTYHOUCTPAKUBAUKUX PE3yJITaTa HCTPAKUBAYA.

3 Yyemhe y npojekTuMa, NOTHPOjeKTUMA H NMPOjeKTHUM 3aJalluMa
KangunaTkuma je ydecTBoBalla M yUecTByje Ha cienehem mpojekry:

e mpojekaT MHUHHCTApPCTBA MPOCBETE, HAYKE M TEXHOJIOIIKOT pa3Boja Pemybiuke
Cpbuje OM171005 ,,dusnka ypeheHNX HAHOCTPYKTYpa U HOBHX MaTepHjana y
HaHO(OTOHHIIK, KOjuM pykoBoau ap Pamomr "ajuh (o1 01.11.2016. ronuse),

4 AKTHBHOCT y HAYYHUM H HAYYHO-CTPYYHHUM JPYIITBHMA

4.1 Peyenzuje Hayunux padosa

Kanaunatkumba je Ouia pereHsenT aBa paaa y yaconucy Nanotechnology.

5 YTHlaj HAyYHHX pe3yJiTaTa

VYTuuaj HayyHHMX pe3ysTaTta KaHaujara onucal je y taukama 1.1, 1.2 u 1.3 oBor onespka, kKao
Uy IPUIOTY O HUTHUPAHOCTH.

6 KoHkperaHn JONpPHMHOC KaHAMAATA y peaju3alMju paaoBa y HAYYHUM IEHTpUMaA Y
3eMJ/bH U HHOCTPAHCTBY

Kannunarkuma je Hajehu 1eo cBoje HCTpakKMBauke JENaTHOCTH peajlu3oBaia y
Wuctutyty 3a ¢pusuky beorpaa. 3HauajHo je nonpuHena CBUM paJloBUMa y KOjuMa je KoayTop,
a KJbydaH JIONPHUHOC Jaja je y JABa paja y Kojuma je mpBu aytop. JlompuHoc ce orieaa y
CHHTE3U Yy30paKa, HhHUXOBO] MOBPIIMHCKO] MoaM(puUKanuju, y oOpaau M aHAIU3U IOJaTaka
no0MjeHnx oaroapajyhuM MeTogama KapakTepu3alldje, Kao W Yy TMpe3eHTaluju Hu
MHTETIPETALUj1 pe3yNiTaTa ! ucamy pajgoBa. TOKOM CBOT paja Ha JUCEPTALNjU KaHIUIaTKUba
je Tokasaja 3aBUIaH HHMBO CAMOCTAJIHOCTH U CIIOCOOHOCTH 33 HAyYHH Pal.



EJIEMEHTHU 3A KBAHTUTATHUBHY OHEHY HAYYHOI' JOITPUHOCA

OcTBapenu M-0010BM 10 KaTeropujama nyoJnKanmja

Kareropuja | M-6o10Ba o Bpoj Yxynno M-6omoBa | YkymHo M-6010Ba
nyonukanuju | myoaukamnuja Hopmupano

M2la 10 2 20 15

M21 8 1 8 6,67

M22 5 2 10 10

M23 3 1 3 3

M34 0,5 15 7,5 6,49

M70 6 1 6 6

IMopeheme ocTBapenor 6poja M-6010Ba ca MHHHMAJTHUM YCJIOBHMA NOTPeGHUM 32 H300p
y 3Babe HAYYHU CapajHuK

[Totpebno OctBapeHo OctBapeHo

Hopmupano
YKynHO 16 545 47,16
M10+M20+M31+M32+M33+M41+M42 10 41 34,67
MI11+M12+M21+M22+M23 6 41 34,67
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ARTICLE INFO ABSTRACT

Liquid phase exfoliation followed by Langmuir-Blodgett self-assembly (LBSA) is a promising method for scalable
production of thin graphene films for transparent conductor applications. However, monolayer assembly into
thin films often induces a high density of defects, resulting in a large sheet resistance that hinders practical use.
We introduce UV/ozone as a novel photochemical treatment that reduces sheet resistance of LBSA graphene
threefold, while preserving the high optical transparency. The effect of such treatment on our films is opposite to
the effect it has on mechanically exfoliated or CVD films, where UV/ozone creates additional defects in the
graphene plane, increasing sheet resistance. Raman scattering shows that exposure to UV/ozone reduces the
defect density in LBSA graphene, where edges are the dominant defect type. FTIR spectroscopy indicates binding
of oxygen to the graphene lattice during exposure to ozone. In addition, work function measurements reveal that
the treatment dopes the LBSA film, making it more conductive. Such defect patching paired with doping leads to
an accessible way of improving the transparent conductor performance of LBSA graphene, making solution-

Keywords:

Graphene films

Liquid phase exfoliation
Langmuir-Blodgett assembly
UV/ozone treatment

Defect patching
Transparent conductors

processed thin films a candidate for industrial use.

1. Introduction

Graphene, with its high optical transparency and low sheet re-
sistance, is an excellent choice for transparent electrodes in various
optoelectronic devices [1]. For such applications, transparency in the
visible part of the spectrum should be above 80%, while the sheet re-
sistance should be low enough for practical use, all while keeping
production costs to a minimum. In the past decade, numerous research
efforts were performed to achieve production of thin graphene films
usable in practical applications [2-4]. Although chemical vapor de-
position (CVD) yields graphene sheets of high quality that can be scaled
for industrial use [5], the method is generally regarded as costly [6] and
alternative methods are being sought that satisfy the quality/cost tra-
deoff. Liquid phase exfoliation (LPE) [7] is the most perspective way of
obtaining large quantities of exfoliated graphite in solution at reason-
able production costs. Nevertheless, all solution-processed graphene
needs to be controllably assembled into thin films of satisfactory quality
for transparent conductor applications. A number of film assembly
strategies exist, such as evaporation-based assembly, assisted, and mi-
cropatterned assembly [8]. Each specific thickness and arrangement of
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graphene sheets in a thin film directly affects physical properties of the
film [9] and device performance. Langmuir-Blodgett (LB) and Lang-
muir-Schaefer (LS) deposition, based on surface-tension induced self-
assembly of nanoplatelets at an interface of two liquids or a gas and a
liquid, are prime candidate methods for production of large-scale,
highly transparent thin graphene films [10,11]. However, all self-as-
sembled films suffer from a large density of defects that often leads to a
high sheet resistance of deposited film. Conversely, the large defect
density offers an opportunity for surface treatment such as annealing,
chemical doping and functionalization [3,12], all of which can reduce
sheet resistance or produce other desirable effects. The susceptibility of
a film to treatment as well as its initial sheet resistance depend on the
nature of the prevalent defects, such as impurities, vacancies, nano-
platelet edges, and topological defects, as well as the defect density. For
example atoms located at the edges of a graphene sheet exhibit higher
reactivity compared to those in the basal plane, making the ratio of the
density of edge atoms to basal-plane atoms the determining factor for
the efficiency of surface modification [13]. It is thus imperative to
carefully study the nature and density of defects in any thin film
transparent conductor, especially when considering physical or
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chemical treatment to enhance the film’s practical usability.

Here, we report characterization of the defect type of Langmuir-
Blodgett self-assembled (LBSA) films from LPE graphene and sub-
sequent defect patching with UV/ozone (UVO) treatment. We observe
the effects that photochemical oxidation has on our films exposed to
ozone, a very important gas adsorbate that significantly alters the
properties of materials through doping, affecting the performance of
electronic devices [14-16]. As shown earlier, oxidation spreads from
edges inwards across the entire surface of graphene flakes [17]. When
applied even for a short time to mechanically exfoliated and monolayer
CVD graphene, UVO leads to significant defect generation resulting in
an increase of sheet resistance [18,19]. Ozone reacts with the edge sites
of CVD graphene until reaching a saturation point. Beyond saturation,
the basal plane becomes more susceptible to oxidation, resulting in the
replacement and relief of carbon atom defects. We find that nanopla-
telet edges are the dominant defect type in our films, in contrast to
CVD-grown graphene and earlier reported mechanically exfoliated
graphene, where charged impurities and covalently bonded adatoms
are the limiting factor for carrier mobility [20]. We treat the film sur-
face with UVO and find that the sheet resistance decreases by a factor of
3, while optical transparency throughout the visible part of the spec-
trum remains high (> 80%) and virtually unchanged. Measurements of
the surface work function indicate that doping is responsible for the
decrease in sheet resistance. FTIR spectroscopy confirms formation of
oxygen-containing groups after UVO treatment. With a careful analysis
of Raman spectra, we find that the density of defects decreases with
treatment, yielding an increase in the carrier mean free path, while
edges remain the dominant defect type, all indicating that the ozone
binds predominantly to the edges of graphene nanoplatelets. We per-
form the same UVO treatment on CVD graphene and show that on
monolayer CVD graphene, UVO has a detrimental effect on sheet re-
sistance. We also treat thick CVD-grown multilayer graphene films,
which prove to be robust against UVO treatment, although such films
have very low optical transparency. Furthermore, in order to under-
stand the experimental results we theoretically analyze deposition of an
ozone molecule on the edges of a wide graphene nanoribbon (GNR) as a
nanosystem that well approximates LBSA film. After we determine the
deposition mechanism, we present electronic and transport properties
of such oxidized ribbons. Hence, transport and work function mea-
surements indicate increased film doping, AFM indicates that no major
macroscopically observable morphological changes are made on the
film, Raman resolutely points to edge patching as the dominant inter-
action mechanism, while FTIR shows that oxygen binding to the gra-
phene lattice occurs during treatment. Our experimental study is firmly
backed by ab-initio calculations that indicate that ozone species binding
to edges will increase film conductivity. We thus conclude that UVO
treatment is a good option for reducing sheet resistance of LBSA LPE
graphene films, bringing the electronic performance of these sheets
closer to that of CVD graphene which is produced at a higher cost.

2. Methods

A graphene dispersion was prepared from graphite powder (Sigma
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Aldrich, product no. 332461) from a concentration of 18 mgml~! in N-
Methyl-2-pyrrolidone (NMP, Sigma Aldrich, product no. 328634), ex-
posed to 14 h of sonication in a low-power sonic bath. The resulting
dispersion was centrifuged for 60 min at 3000 rpm in order to reduce
the concentration of unexfoliated graphite. The resulting dispersions
were used to form films approximately 3 nm thick by LBSA, in the same
way that we demonstrated in our previous work [12,21]. A small
amount of graphene dispersion is added to a water-air interface and
after the film is formed, it is slowly scooped onto the target substrate
(Fig. 1a). Glass and SiO,/Si are used as substrates.

For single-layer CVD studies, we used commercially available
monolayer CVD graphene grown on 20 um thick copper foil (Graphene
Supermarket) and transferred onto SiO,/Si substrate with a home-built
automatic transfer system using ammonium persulfate ((NH4)2S,0g)
0.3M as copper etchant [22]. For multilayer CVD studies, we used
multilayer graphene with an average thickness of 105nm (about 300
monolayers) grown on 25 pm-thick nickel foil (Graphene Supermarket).
We etched away the nickel foil in a 0.25M solution of ferric chloride
(FeCls) in water, yielding a floating multilayer graphene film which was
scooped out of the solution onto a SiO,/Si substrate in the same way as
already reported for multilayer graphene condenser microphones [23].

Photochemical oxidation (UVO treatment) is performed by exposing
the graphene films to ultraviolet radiation and ozone for 3, 5, 15 and
30min at a 50°C chamber temperature and ambient pressure in a
Novascan UV/ozone Cleaner by converting oxygen from ambient air to
ozone using a high intensity mercury lamp (Fig. 1b). We perform the
treatment in a standard commercially available UVO cleaner and ac-
knowledge that while varying the intensity of the radiation and/or the
concentration of ozone gas may lead to interesting results, it will be part
of a subsequent study.

For optical characterization, UV-VIS spectra were taken using a
Perkin-Elmer Lambda 4B UV/VIS Spectrophotometer. The oxidation
process was characterized using a TriVista 557 S&I GmbH Micro Raman
spectrometer (A = 532nm) at room temperature. FTIR spectra were
measured with a Thermo Scientific Nicolet 6700 FT-IR spectrometer in
the diffuse reflectance infrared Fourier transform (DRIFT) mode. The
resistance of each sample was measured in a two-point probe config-
uration and the sheet resistance was obtained by considering sample
geometry factors. The work function measurement is performed with
Kelvin probe force microscopy (KPFM, NTEGRA Spectra), prior to and
after photochemical treatment of our graphene films.

The calculations are done using density functional-based tight
binding method (DFTB) [24,25] with self-consistent charge correction
as implemented in the DFTB+ code [26]. Spin polarization was in-
cluded in calculations. This method has a proven record of various
applications to graphene and graphene nanoribbons [27-30]. Transport
properties are calculated by DFTB augmented with the Green’s func-
tions formalism [31]. Since the atomic structure of LBSA graphene is
dominated by edges, we consider GNR a suitable nanosystem that well
approximates the nanoflakes in our experiment. For this purpose we
model a wide GNR with width 2 nm. The interaction between electronic
clouds of two GNR edges is small for such a wide ribbon, hence its
electronic properties are equal to the asymptotic limit of wide ribbons

a) b) UV radiation
Graphene Graphene film 092100\ g_ss nm)
dispersion 4/ substrate  On substrate 0! ‘@0,

0, ¥ %o,
Graphene
flakes

Fig. 1. (a) Schematic of Langmuir-Blodgett self-assembly (LBSA) on a water-air interface (1: film formation, 2: substrate immersion, 3: film deposition), NMP is N-
Methyl-2-pyrrolidone; (b) Schematic of film exposure to photochemical oxidation.
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Fig. 2. (a) Sheet resistance of LBSA, CVD-grown single- and multilayer graphene films as a function of UVO exposure time, (b) KPFM map of HOPG, untreated, and
UVO treated LBSA film, (c) KPFM histograms of LBSA graphene film before (grey) and after (red) UVO treatment, (c) Schematic of the relation between measured

CPDs and their corresponding work functions.

[32]. The periodic (infinite) edges of GNR correspond to the flakes in
the experiment, which have large circumferences, i.e. long edges. Uti-
lization of GNR instead of nanoflakes per se is not only physically
equivalent but also numerically much more tractable.

3. Results and discussion

Fig. 2a depicts the sheet resistance of graphene films upon exposure
to UVO. Prior to exposure, the sheet resistance of LBSA graphene (red
circles) is above 80 kQ/sq. Upon exposure, the sheet resistance de-
creases rapidly within the first 5 min, reaching a value below 30 kQ/sq,
an approximately 3-fold reduction. At those exposure levels, oxidation
reaches a saturation point and remains stable for longer exposure times.
Single layer CVD graphene exhibits a pronouncedly different behavior
(violet circles), starting from a very low value of sheet resistance which
gently rises after 5 mins of exposure, dramatically increasing for longer
exposures. After 15 min of treatment, sheet resistance of CVD graphene
is still 3-4 times smaller than that of LBSA graphene, whereas after
30 min of exposure LBSA graphene exhibits 4 times smaller sheet re-
sistance. Multilayer CVD graphene (blue circles) has a sheet resistance

Untreated LBSA film

UVO treated LBSA film

of ~8kQ/sq, which changes only slightly even for long exposures to
UVvo.

It is expected that CVD graphene compared to LBSA graphene boasts
a lower sheet resistance, which is inherently related to carrier mobility.
Carrier mobility is inversely proportional to the density of scattering
defects, which should be small in CVD graphene. LBSA graphene
morphology has an abundancy of nanoplatelet edges [21] that act as
scattering centers and have a detrimental effect on initial sheet re-
sistance. However, with UVO treatment, that resistance decreases,
pointing to a reaction of ozone with existing defects [17]. On CVD
graphene, the few edge sites are quickly fully saturated by ozone mo-
lecules, forcing the molecules to deposit their energy by formation of
defects or through adsorption, thus creating new point defects on the
basal plane, having a detrimental effect on sheet resistance [19]. In
multilayer graphene, UVO has little effect on sheet resistance because
the ozone molecules react with the top layers only, whereas charge
transport takes place through the entire volume of the sheet.

To examine the origins of decreasing sheet resistance with UVO
treatment, we measure the surface work function (WF) with KPFM.
Fig. 2b depicts KPFM maps of the contact potential difference (CPD)

90
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60 o

Transmittance (%)
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® after exposition to UV/Ozone treatment

50 T T T T T T
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Fig. 3. (a) 3 x 3 um? topograph of HOPG, untreated, and UVO treated LBSA film, (b) Transmittance of a LBSA graphene film in the visible range on a glass substrate,

before (black) and after (red) 5 min exposure to UVO.
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between the sample and the tip, before and after UVO exposure. Note
the different colormap scale, that indicates a lower CPD between the
sample and the metallized AFM tip for treated samples compared to
untreated samples. To measure the absolute value of the WF, we use as
a reference the work function of highly ordered pyrolytic graphite
(HOPG), a tabulated value of 4.6 eV [33,34]. In order to determine the
average CPD of the measured surface, histograms of KPFM maps were
used and fitted to a Gaussian distribution (Fig. 2c). The mean WFs of
the tip, HOPG, untreated, and treated films are plotted against the va-
cuum level in Fig. 2d. The exact procedure is detailed in our previous
work [21]. It is evident that UVO increases the WF from 4.8 eV to
4.9 eV, shifting the Fermi level downwards by ~100meV. It is this
additional UVO-induced p-doping that leads to an increased carrier
concentration, in turn causing decreased sheet resistance [35].

Aside from improving the sheet resistance, for transparent con-
ductor applications it is important that the optical transparency of the
treated film remains high. Fig. 3a depicts AFM topography of the same
areas of the film that were used to measure the WF. No difference is
observed in the film morphology as an effect of UVO exposure. Fig. 3b
depicts the transmittance spectrum of the pristine and treated UVO
film. The film has good transparency throughout the visible part of the
spectrum, with 80-85% transmittance. The transmittance of the film is
barely affected by the treatment. For comparison, monolayer CVD
would have transmittance on the order of ~97%, whereas multilayer
CVD transmits under 10% of light in the visible, according to manu-
facturer specifications. Hence, single layer CVD graphene has the
overall best performance for transparent conductor applications, al-
though cost remains a limiting factor for wide-scale use, whereas
multilayer CVD has little use for such applications due to its low
transparency. LBSA graphene holds the middle ground, with acceptable
electronic and optical performance (especially after UVO treatment)
with projected low costs of fabrication and good scalability. It is im-
portant to note that the unchanged transparency coupled with a re-
duced sheet resistance leads to a threefold increase in the figure of
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merit (FOM) for transparent conductor applications [36].

Fig. 4 shows FTIR spectra for untreated and UVO treated films. It is
clear that the intensities of peaks associated with oxygen-containing
groups increase after UVO exposure. We distinguish a change in shape
and total peak area of a broad band in the 3000-3700 cm ~* region after
UVO treatment, corresponding to the presence of hydroxyl and car-
boxyl groups as well as water. Also, a peak appears at 1825 cm ™ * after
30 min of UVO exposure indicating the formation of interacting oxygen
groups (OH and C=O0). Another evident change after 30 min of ex-
posure occurs near 800 cm ™!, in a spectral region associated to the
formation of epoxides (C—O—C) at graphene edges, according to a
previous report [37]. The overlapping spectral features of ethers, ep-
oxides, carboxyles and hydroxyl groups complicate spectral inter-
pretation in the 1000-1300 cm ™! region where there is a strong SiO,
absorption band.

The opposite effect that UVO has on CVD and LBSA graphene de-
mands an inquiry into the effect of reactive site morphology on reac-
tions with ozone. LBSA graphene morphology is dominated by nano-
platelet edge defects, whereas CVD yields graphene that has a few
edges, in which chemical reactions should be governed by point defects
such as charged impurities and covalently bonded adatoms [36]. To
clarify the nature of reactive defects and their evolution during UVO
treatment, we apply Raman spectroscopy, a versatile tool for char-
acterization of graphene-based materials [38].

Fig. 5a depicts Raman spectra of LBSA graphene as a function of
UVO exposure. The spectra feature four pronounced bands: D at
~1343cm™ !, G at ~1579cm ™', D' at ~1614cm ™" and the 2D band
at ~2694 cm~'. Furthermore, several combinations of these bands are
also observed: D + D“ at ~ 2450 cm ™' and D + D' at ~2935cm™*
(Fig. 5b), where D” is signature of a phonon belonging to the LA branch,
typically observed at ~1100 cm ™! [39]. The D and G bands are well
resolved for all samples. The 2D peak is a typical signal arising in
multilayer graphene. However, Raman spectra show evident changes of
the intensity of the D mode with UVO exposure. Fig. 5c depicts the ratio

Fig. 4. Reflection infrared spectra of untreated
(black), 5min (blue) and 30 min (pink) UVO ex-
posed LBSA graphene films. We indicate vibrational
modes for hydroxyls (possible C—OH, COOH and
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Fig. 5. (a) Representative Raman spectra of LBSA graphene as a function of UVO exposure time. We recorded Raman spectra in various regions to eliminate spot-to-
spot variations in the obtained spectra. The spectra show four main bands: D, G, D', and 2D, as well as some weak combinations of these modes. (b) Close-up view of
the main bands, (c) The D/G intensity ratio of the films as a function of UVO exposure. The D/G ratio is calculated from integrated peak areas. (d) Interdefect distance
as a function of UVO exposure time. The error bar represents the standard deviation of five measurements, (e) The D/D’ ratio as a function of UVO exposure time.

of the D peak to the G peak calculated from integrated peak areas, often
used to monitor defect evolution in graphene. We observe a large de-
crease of this ratio during UVO exposure, indicating a reduction in
defect density. The D/G intensity ratio evolution shows the same trend
as sheet resistance, with a rapid change within the first 5min of ex-
posure, followed by saturation. The reduction of defect density with
UVO exposure in LBSA graphene is opposite from our results on CVD
graphene (Figs. S1 and S2) and the literature on monolayer graphene
[12,13]. LBSA graphene thus responds in a unique way to an oxidizing
environment, with ozone binding to existing defects leading to im-
proved electrical performance.

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.apsusc.2018.07.111.

The ratio Ip/Ig can be converted to the carrier mean free path (Lp),
as long as the laser wavelength is known [40]:

-1
L2 (nm)? = (1.8 + 0.5) x 10*912(5—9)
G

@

For the wavelength used in this study (A;, = 532 nm), we plot Ly, as
a function of exposure time in Fig. 5d. Lp in LBSA graphene increases
from 15nm to 19.5nm upon UVO exposure, again indicating defect
patching. Before and after exposure, the mean free path is smaller than
our average flake diameter (previously reported as 120 nm [21]), which
points to defects within the nanoplatelets, either through edges of
sheets that are stacked on top of each other, or through other point-like
defects that we cannot observe with AFM and SEM.

Possible defects in graphene include topological defects (such as
pentagon-heptagon pairs), boundaries, vacancies, substitutional im-
purities, and sp® defects [41]. Topological defects have the lowest
formation energy [41], and they are always present in LPE graphene
sheets as a result of the cavitation process [42]. As the ratio between the
intensity of the D and the D' mode is very sensitive to the type of defect,
with a value of 3.5 for edges, 7 for vacancies, between 7 and 13 for
substitutional impurities, and 13 for sp® defects [43,44], we measure

this value to deduce the nature of defects in our sample. We observe
that the ratio of the D-peak intensity to the D’-peak intensity in our
films is nearly constant at a value of 4.8 + 0.5, regardless of UVO
exposure. The measured ratio indicates that edges are the dominant
defect type in our films, ruling out vacancies, substitutional impurities,
and sp® defects, in agreement with previously published data for LPE
graphene [42]. There is little change in defect type with photochemical
oxidation (Fig. 5e), although the defect density decreases, indicating
that ozone most likely reacts with the existing defects and patches
them.

In LBSA graphene, flakes may bundle in stacks with varying thick-
ness and lateral dimensions, edge geometries with varying saturation
levels (bound oxygen, hydrogen, or other chemical groups), and a wide
variety of possible defects. From these virtually infinite possibilities, for
our DFTB + calculation we choose an example of a GNR with bare zig-
zag edges and with width of 2 nm. Electronic properties of graphene
depend sensitively on physical and chemical modification of edges
[45-47]. It was shown that roughness at zig-zag edges does not sig-
nificantly influence their conductance in contrast to armchair edges
[48-50]. The simple choice of a zig-zag GNR is for demonstration
purpose only, i.e. to uncover the basic physics of the experimental re-
sults, without intent to cover all aspects of the experimental reality. The
initial atomic structure consists of the GNR with an ozone molecule
placed parallel to the edge. After geometry optimization of the system
we obtained a transition configuration (TC) using the dimer method
[51]. Optimization of the TC geometry led to the next (meta)stable
geometry. The nudged elastic band (NEB) method [52,53] is used for
evaluation of the potential barrier between the configurations. Using
this procedure we obtained three (meta)stable configurations. The re-
action is presented in Fig. 6a and b. Firstly, one of the two O-O bonds in
O3 breaks, which is followed by a rotation of the O—O dimer around a
C—C axis by 180°, as illustrated with the insets in Fig. 6a. The product
of the reaction is the GNR edge with three separate O adatoms at the
nearest sites of the edge (the configuration will be called 30 in the
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Fig. 6. (a) and (b) Potential energy surface of the cascaded reaction of an O3 molecule with a GNR zig-zag edge (O3 configuration). Breaking of an O—O bond in the
ozone molecule and rotation of O—O dimer about C-O dimer (transition state), which settles the intermediate (30) state, are shown in (a). The consequent association
of two neighboring O atoms, yielding the O, + O configuration, is presented in (b). The reaction is analyzed only on one edge (the left edge in the insets). (c)
Conductance at zero bias of the GNR with the three configurations. (d) Illustration of the stack with four layers of GNRs with O, + O edge configuration doped in-
plane by five oxygen atoms. Projected density of states of the stack without (e) and with (f) in-plane doping. Panels (e) and (f) distinguish contributions to PDOS from

GNR edges and lines of central carbon atoms.

remaining text). The potential barrier for the reaction is Ef = 1.11 eV,
while the energy for the reverse reaction is E, = 4.58 eV. At a tem-
perature of 50 °C, which was used in our experiment, both forward and
reverse reactions are impossible. However, the exposure of the sample
to UV radiation may assist the reaction. The forward reaction is exo-
thermic with AE = —3.47 eV. Two of the three O atoms attached at the
edge can associate into an O, molecule, as indicated in Fig. 6b. The
potential barrier is much smaller in this case, being only E¢ = 0.05 eV.
The reverse reaction is also viable with E, = 0.22 eV. The reaction is
exothermic as well, with AE = —0.17 eV. The final product of the
cascaded reaction consisting of an O, molecule and an adatom at the
GNR edge will be designated as O, + O configuration in following text.
Therefore both configurations, O, + O and 30, being nearly iso-
energetic, can coexist at the same time. The reaction is somewhat dif-
ferent from the one obtained in [54], but it is expected since the paper
considered zig-zag edges in a small hydrogenated carbon cluster in
contrast to the infinite ribbon without edge saturation that we consider.

The conductance of the three configurations (the initial O3 and the
two reaction products O, + O and 30) is shown in Fig. 6¢c. While a
pristine zig-zag GNR (not shown in the figure) does not have an elec-
tronic band gap, a gap opens upon deposition of Oz at a GNR edge. We
set the Fermi level (Ep) to the top of the valence band in the initial O3
and O, + O configurations. The electronic gaps are around 0.10 eV and
0.35 eV, respectively, whereas the conductance at Er is one quantum for
both cases. This corresponds to a sheet resistance of 12.9 kQ. Breaking
of the O—O bond in the O, + O configuration causes a significantly
different conductance. The 30 configuration does not exhibit a gap,

while the conductance is increased by a factor of 3 or 5, since Eg is
positioned at the border of regions with two distinct conductance va-
lues. The 3- to 5-fold increase of conductance of a free-standing GNR
indicates a possible mechanism of decreasing sheet resistance in our
experiment. Note that there is not a one-to-one correspondence be-
tween experiment and theory as transport through LBSA graphene is
more complex, involving stacks of GNRs with a variety of edges, and
transport between stacks which is perhaps based on quantum tunneling.
However the increase of conductance is in positive correlation with our
experiments. All configurations exhibit p-type doping, in agreement
with experiment.

A complete analysis of electronic properties of stacks of flakes (or
GNRs) would require consideration of flakes with numerous combina-
tions of edge structures, physical dimensions of flakes and their dif-
ferent mutual orientations, varying number of GNRs in stacks. After
obtaining the conductance inside and between stacks a set of stacks
could be modeled with an equivalent electrical circuit and their re-
sistance calculated. This comprehensive study will be published else-
where. Here, for demonstration only, we opt for a single structure, a
Bernal stacking of four GNRs with an O, + O edge configuration as
shown in Fig. 6d. We compare projected density of states (PDOS) of the
stack in the plane of the top layer, without and with oxidation in Fig. 6e
and f, respectively. The O adatoms responsible for the in-plane oxida-
tion make epoxy groups as found previously in [55]. Upper four sub-
graphs in each panel represent PDOS at the GNR edge, while the lower
four sub-graphs show PDOS at the center of GNR. Colors of the graphs
distinguish four GNRs in the stack (named layers in Fig. 5e and f). Both
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edges and the middle of GNRs contribute to PDOS in the range from Eg
- 0.5eV to Er + 0.5eV. Edges have much larger contributions for en-
ergies below Er — 0.5eV, hence conductance is expected to be domi-
nated by edges for a bias voltage larger than ~1 V. The stack without
in-plane oxidation exhibits a uniform PDOS among layers, with Eg po-
sitioned at the top of the valence band. In contrast, the oxidation of the
top layer alternatively dopes the layers with p and n character. Since
PDOS at Er is non-zero in three out of four layers, we expect a much
larger low-bias conductance of the in-plane oxidized stack than the one
without in-plane oxidation. Note that the transport properties analyzed
in this section are applicable only to the plane parallel to GNRs in the
stack. The conductance in the perpendicular direction has a tunneling
character, with expected much larger electric resistance.

4. Conclusion

In contrast to the degrading effects it has on CVD graphene, pho-
tochemical oxidation (UV/ozone treatment) of LBSA graphene leads to
a decrease in defect density, which together with doping reduces sheet
resistance while retaining high optical transparency. We find that edges
are the dominant defect type in LBSA graphene, with little influence of
other defects such as vacancies, impurities, or sp> defects that are
common limiting factors for electronic performance of CVD and me-
chanically exfoliated graphene. Our study thus shows that graphene
film morphology and defect landscape play a crucial role in the effect
that UV/ozone treatment has on the film. This accessible treatment
improves the performance of LBSA graphene, which is key to embed-
ding such materials in durable devices especially those involving direct
exposure to ultraviolet radiation and ozone gas. Our novel observation
is expected to contribute to the technological acceptance of thin films
based on solution-processed 2D materials.
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UV/Ozone treatment was performed on CVD single- and multilayer graphene. Corresponding

Raman spectra are shown in Figure S1.
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Fig. S1 (a) Raman spectra of the LBSA, CVD-grown multilayer and CVD-grown single-layer graphene films as a
function of UVO exposure time, (b) Close-up view of the main bands of (a).

In all cases, Raman spectra show evident changes of the intensity of the D mode with
photochemical oxidation. Figure S1 highlights the different behavior of LBSA and CVD
graphene in an oxidizing environment. In contrast to the effect that UVO has on LBSA graphene,
described in the main text, treatment of CVD graphene leads to defect generation. Upon
photochemical oxidation, CVD graphene develops a strong D peak in the Raman spectra after

only 5 min of exposure, indicating oxidative removal of the graphitic material and the formation



of a significant number of defects. Figure S2a shows a comparison of the ratio of the D-peak to
the G-peak before and after UVO exposure for LBSA, CVD multilayer and CVD single-layer
graphene. As highlighted in the main text, a large decrease of this ratio is observed after UVO
exposure for LBSA graphene and an increase of this ratio is observed after the same time of
exposure for CVD graphene, indicating defect patching in LBSA and defect formation in CVD.
Figure S2b shows a change in the mean free path with UVO exposure of all three types of

graphene.
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Fig. S2 (a) The D/G intensity ratio of the LBSA, CVD-grown multilayer and CVD-grown single-layer graphene

films as a function of UVO exposure time. The D/G ratio is calculated from integrated peak areas. (b) Interdefect

distance of the coresponding graphene films as a function of UVO exposure time. The error bar represents the

standard deviation of five measurements.
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Abstract

We demonstrate a facile fabrication technique for highly conductive and transparent thin graphene
films. Sheet conductivity of Langmuir—Blodgett assembled multi-layer graphene films is enhanced
through doping with nitric acid, leading to a fivefold improvement while retaining the same
transparency as un-doped films. Sheet resistivity of such chemically improved films reaches 10 k2 /],
with optical transmittance 78% in the visible. When the films are encapsulated, the enhanced sheet
conductivity effect is stable in time. In addition, stacking of multiple layers, as well as the dependence
of the sheet resistivity upon axial strain have been investigated.

1 Introduction

Graphene has a multitude of potential applications
from high-speed electronics, to energy storage and
conversion, to use as transparent conductor [1-3]. As
graphene technology matures, applications are mov-
ing from the lab to the market, and the performance-
to-cost ratio is becoming a crucial parameter in
technology adoption, raising the importance of scal-
able and cost effective routes for production of
graphene and related materials [4-7].

Transparent conductive electrodes (TCEs) [8] are
an exemplary technology for which graphene offers
key advantages compared to established standards.
The unique properties that graphene TCEs offer are
flexibility [9], thermal and chemical stability [10, 11],
functionalization [12] and ease of integration with
organic semiconductors [13—15]. Therefore, the use of
graphene has already been demonstrated in photo-
voltaic solar cells [11, 16—18], liquid crystal displays
[10], touch-screen panels [19], organic light emitting
diodes [20, 21] and many others.

Most of these applications currently rely on gra-
phene obtained through chemical vapor depos-
ition (CVD) [22-24]. Although the CVD process

produces some of the highest quality graphene films
[25], there are several drawbacks of this technique.
CVD of graphene requires high growth temperatures,
a vacuum environment and transfer from the metallic
substrate, during which the costly metal is usually
sacrificed [26]. Nonetheless, multiple layers of CVD
graphene grown on copper, transferred, stacked [27]
and chemically doped [19, 28] have managed to sur-
pass the industry standard [8] for TCEs set by indium—
tin—oxide.

A low-cost alternative to CVD is solution-pro-
cessed synthesis of graphene and related materials, the
first experiments of which yielded graphene oxide
[29-31]. Solution-processed sheets of reduced gra-
phene oxide are functionalized with hydroxyls and
epoxides and cannot be fully reduced to graphene,
which limits film conductance. This issue can be over-
come by using a non-covalent liquid phase exfoliation
(LPE) of graphite in organic solvents with matching
surface energy. LPE was first demonstrated for gra-
phene [10, 32, 33], and then adopted for other two-
dimensional materials such as boron-nitride, MoS,,
WS,, WSe, and other [7, 34-36]. LPE of graphite
results in a dispersion of graphene and multi-layer gra-
phene sheets (GSs) in the solvent. There are many ways

©2016 IOP Publishing Ltd
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Figure 1. (a)—(c) show schematic representations (out of scale) of a LBA GS film formation, scooping of the film onto a targeted
substrate and subsequent chemical doping, respectively. (d) A photograph ofa2 x 2 cm”LBA GS film on a PET substrate,
demonstrating its transparency in comparison to PET. Inset of (d) shows bending of the sample. (e) Optical microscope image of an
edge of a LBA GS film (left) on a SiO,/Si substrate (right) with 300 nm thick oxide layer. Scale bar in (e) is 20 pm.
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to deposit these sheets onto a targeted substrate, for
example spray coating [10], ink-jet printing [37-39],
vacuum filtration [31, 40], Langmuir—Blodgett assem-
bly (LBA) [41-44], or self-assembly on a liquid-liquid
interface [45—47]. Still, the electronic conductance of
LPE films is inferior to that of CVD graphene, and any
improvement is a step towards industrial applications
of solution processed graphene.

We make transparent conductive films of multilayer
GSs on flexible polyethylene terephthalate (PET) by
LBA on a water—air interface. The sheets adhere strongly
to the PET substrate, which allows immersion into
other liquids without the risk of the film washing away.
We make use of the strong adhesion to chemically dope
the graphene in nitric acid for enhanced conductivity,
and to stack multiple films on top of each other, open-
ing a gateway to liquid phase assembly of Van der Waals
heterostructures [36, 48, 49]. The power of this method
is demonstrated by the fivefold reduction in sheet resis-
tivity for a single LBA layer, while maintaining the same
optical transparency of the unperturbed films.

We show that LBA GS films can be very effectively
p-doped by nitric acid, making them a more suitable
low-cost alternative to CVD graphene for various TCE
applications. As indicated by the work function mea-
surements and by the measurements of the sheet resis-
tivity under axial strain, chemical doping does not
only increase carrier concentration of individual GSs,
but also reduces the contact resistance between GSs,
which additionally contributes to a larger reduction
factor of the sheet resistivity.

2 LBA GS film fabrication and
morphological characterization

2.1 Preparation of GS dispersion
As a starting material for the formation of LBA layers, a
dispersion of GSs in N-methylpyrrolidone (NMP) has

been used. The dispersion fabrication process is based
on the earlier established protocol [32]. An initial
concentration of graphite powder (Sigma Aldrich-
332461) was 18 mgml~' in NMP (Sigma Aldrich-
328634). The solution was sonicated in a low-power
ultrasonic bath for 14 h, and centrifuged for one hour
at 3000 rpm immediately after sonication. The results
of this process are GSs in solution, with a concentra-
tion of 0.36 mgml~'. The concentration was deter-
mined via UV-VIS spectrophotometry (SUPER
SCAN, Varian) [32]. This particular set of LPE
parameters was chosen since the resulting dispersion
of GSs in NMP was found to be stable for over six
months.

2.2 Langmuir-Blodgett assembly

GSs suspended in NMP were used to fabricate
transparent and conductive films by LBA at a water—
air interface [43]. Since the LPE process introduces a
low degree of oxidation and covalent functionaliza-
tion, resulting GSs have high hydrophobicity, which is
very favorable for the formation of LBA layers [41].
Furthermore, driven by the minimization of interfa-
cial energy, LBA produces a close packed structure of
GSs [45]. A schematic representation of LBA GS film
formation is presented in figure 1(a). Beakers filled
with deionized water (18.2 Mf2) with a water—air
interface surface-to-water volume ratio of 0.5cm ™"
were used for film formation. A 1.5-2vol% of GS
+NMP was added to the interface with a continuous
flow rate of 5-10 uls~'. A closely packed LBA GS film
was found to form on the water—air interface with this
set of parameters. Formation of the LBA film was
found to be self-limiting, meaning that prior to the
film formation on the whole given surface, added GSs
are fixed at the interface, and after the complete film
was formed, any additional GSs fall through the
interface to the bottom of the beaker. Only several
microliters of the GS+NMP solution are needed to

2
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fabricate several square centimeters of film. When
scaled up, one liter of GS+NMP solution would be
sufficient to produce 150 x 150 m” of LBA GS films.
Compared to CVD graphene, fabrication cost of these
TCEs would be at least three orders of magnitude
smaller [4].

2.3 Deposition on a substrate and chemical doping
Interestingly, as proposed by Kim et al[43], this
process dissolves NMP in the water, effectively remov-
ing most of the solvent from the graphene layer. After
the film is formed, it is slowly scooped onto the
targeted substrate, as schematically presented in
figure 1(b). The substrate was either pre-positioned
vertically at the edge of the beaker, or was introduced
after the LBA film was formed, puncturing the film
near the edge of the beaker. Films are then left to dry
for several minutes in ambient conditions. After the
films were transferred onto the targeted substrates
their sheet conductivity was enhanced by chemical
doping. This was achieved either by dipping into or
covering LBA GS films with a 65% solution of nitric
acid in water (see figure 1(c)), followed by quick drying
with an air gun.

Our procedure yields quality films on all tested
substrates, including SiO,/Si, quartz, glass and PET.
We typically pre-fabricated ~50 nm thick gold electro-
des on the substrates prior to GS deposition.
Figures 1(d) and (e) show LBA GS films on the PET
and SiO,/Si substrate, respectively. Films fabricated
with this method are uniform over the entire substrate
area. Up to several square centimeters of uniform LBA
GS films on various substrates were fabricated using
this technique, with sheet conductivity and optical
transparency not varying more than 5% from the
mean value over the entire film.

2.4 Film morphology

The morphology of the obtained LBA GS films was
characterized with atomic force microscopy (AFM)
and scanning electron microscopy (SEM). AFM mea-
surements were carried out on an atomic force
microscope, NTEGRA Spectra, in tapping mode. A
typical AFM profile of an LBA GS film on a SiO,/Si
substrate is shown in figure 2(a). SiO2/Si was chosen
as a substrate for AFM due to its low surface rough-
ness. Figure 2(b) shows a height histogram of a
5 x 5 um” AFM topography image containing a sharp
edge of the LBA GS layer (inset). Ten height histograms
of sample/substrate edge areas were used to estimate
the thickness of LBA GS films. Each histogram had two
clearly resolved peaks corresponding to LBA GS film
and the substrate. An average film thickness was
estimated as a peak-to-peak distance. While the
substrate peak is narrow, due to the low roughness of
the SiO,, (left peak in figure 2(b)), the LBA GS film has
a much broader height distribution. The sample peak
was fitted with a log-normal curve, yielding a mean
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film thickness (3.4 £ 0.7) nm. This indicates that LBA
GS films have an average thickness of ~10 layers.

The lateral profile of graphene flakes was analyzed
with a Tescan MIRA3 field-emission gun SEM. A his-
togram of flake diameter is presented in figure 2(c).
The distribution of flake diameters from six
5 x 5 um” SEM images (~2000 flakes) was fitted with
alog-normal curve, giving an average flake diameter of
120 nm. Both AFM and SEM images were used to esti-
mate a surface coverage of over 90%.

3 Results and discussion

3.1 Nitric acid doping

The key result of this study is doping of LBA GS films
with nitric acid for improved sheet conductivity.
Chemical doping of graphene can be accomplished
with  various liquids, vapors and polymers
[10, 16, 17, 19, 28, 50-53]. One of the most efficient
p-type chemical dopants of graphite and graphene is
nitricacid [19, 28, 52, 54, 55]. Nitric acid has been used
to chemically dope CVD graphene, and reduce the
sheet resistivity by a factor of two to three
[17, 19, 28, 50]. It was also used to chemically dope
reduced GO [53]. Nitric acid doping of graphene was
found to be very favorable for photovoltaic solar cells,
where graphene is used as a top anode [16, 17, 50, 56].
Besides a reduction in sheet resistivity, the doping
increases graphene’s work function from about 4.5 to
5 eV, making these TCEs more suitable anode electro-
des for various types of hybrid solar cells
[17, 50, 52, 56, 57]. Recently, nitrogen-doped reduced
GO and carbon have been demonstrated to show
enhancement in energy storage [58, 59]. In the
following sections we discuss the results of doping
LBA GS films with nitric acid.

3.2 Nitric acid exposure time

In order to determine optimal conditions for chemical
doping, the exposure time of a single layer LBA GS
layer to nitric acid was varied between 10s and 2 h.
Figure 3(a) shows the exposure time dependent
reduction factor of the sheet resistivity, obtained
as the ratio of the sheet resistivity prior and after the
doping (Rnp/Rp). Even after only 30 s of the exposure,
the reduction factor greater than four was achieved,
and after several minutes the reduction factor was
found to saturate at (5= 1). In order to ensure the
control over chemical doping, the exposure time
of 5 min was chosen as an optimal value in this study.

3.3 Time stability of the enhanced conductivity
effect

Considering that nitric acid is volatile and that dopants
can be desorbed from the sample, the stability of the
sheet resistivity was examined over an extended period
of time. Two batches of LBA GS films were prepared,
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57

nm

Figure 2. (a) An AFM topography image of a LBA graphene film on a SiO,/Si substrate. Scale baris 5 ym. (b) An LBA GS film/
substrate height histogram obtained froma5 x 5 yim* AFM topography image (inset), fitted by a log-normal curve (solid line). The
height of the film has been estimated to 3.4 nm, indicating an average GS thickness of ten layers. (c) GS diameter histogram obtained
from several SEM images. The dashed line in (c) represents a log-normal fit, giving an average GS diameter of 120 nm.
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one with the doped LBA GS surface exposed to the
ambient conditions, and the other encapsulated (cov-
ered with Scotch tape) immediately after chemical
doping. Figure 3(b) shows the relative change of sheet
resistivity in time as R(t)/R,, where R, stands for the
initial sheet resistivity. Encapsulated samples show
excellent time stability, with less than 5% change in
sheet resistivity over two weeks.

3.4 Stacking of multiple LBA GS layers

The excellent adhesion of LBA GS sheets to the PET
substrate allows not only for straightforward methods
of chemical doping using liquids, but also for repro-
ducible stacking of additional LBA layers. This is a very
promising technique for making solution-based GRM

heterointerfaces [36], using a simple, one-step, low-
cost and high-yield self-assembly process.

Figure 3(c) shows the sheet resistivity (Rs) as a
function of optical transmittance of stacked LBA GS
layers. After stacking, samples were exposed to nitric
acid for 5 min. The lowest sheet resistivity obtained
were on the order of 800 2/, albeit at only 50%
transmittance. The fact that subsequent doping can
affect the entire film could be attributed to intercala-
tion of nitric acid into the LBA GS stacks [28].

The sheet conductivity (o5 = 1/Rs) of both doped
and undoped samples was found to linearly depend on
the number of LBA layers, as shown in the inset of
figure 3(c). This indicates that appended LBA layers
act as additional transport channels, and that the cur-
rent is homogenously distributed across the entire film
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Figure 4. Compared total device conductance Siq of a doped
and undoped device, as a function of an applied back-gate
voltage V. Solid and dashed lines represent linear fits used
for estimating hole mobilities of the samples.

when the distance between the electrodes is in the mil-
limeter range [28].

3.5 Sheet resistivity and DC electrical characteristics
measurements

The total resistance of each sample was measured in a
two-point probe configuration, and the sheet resistiv-
ity was obtained by including the sample geometry
factors. More details are given in supplementary
information. The contact resistance was neglected
being a three orders of magnitude smaller than the
LBA GS film resistance. Sheet resistivity of as produced
LBA GS films on PET was (70 £+ 6) k) /[ for films
with average thickness of 10 graphene layers. The sheet
resistivity of the films after the doping was found to be
reduced by the factor of five to six, reaching the value
of (12 £ 3) k2 /1. This change is two times larger than
that reported for nitric acid doping of CVD graphene
[17, 19, 28, 50]. Such a large reduction of sheet
resistivity can be attributed to the fact that LPE based
films have a large amount of un-functionalized GS
edges, thus having more sites available for adsorption
of NO3 and hydroxyl groups [53].

In order to characterize electrical properties of
both undoped and chemically doped LBA GS films,
measurements of direct-current (DC) electrical char-
acteristics were carried out at room temperature.
Device preparation, schematic representation of the
measurement setups and measurements of the current
between source (s) and drain (d) electrodes as a func-
tion of applied source—drain voltage V4 are given in
supplementary information.

Figure 4 shows the dependence of the total con-
ductance (S4,) as a function of back gate voltage (Vi)
for several consequent sweeps between 0 and 60 V.
The negative slope of Sgy(V}g) confirms that both
undoped and chemically doped LBA GS films have
holes as dominant charge carriers. Unintentional
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p-doping of the sample prior to the exposure to nitric
acid is attributed to the remaining water and NMP
residue at the interface during film transfer [32]. Con-
ductance function was approximated to be linear,
neglecting the deviation of the undoped sample at
higher voltages, which is likely due to approaching a
charge neutrality point. Using the linear approx-
imation, carrier mobility has been estimated [43, 60]
to be 0.6-0.8 cm® V™ 's~! for the undoped samples,
and 1.55-1.75 cm®> V™' 57! for the samples that were
exposed to nitric acid.

3.6 X-ray photoelectron spectroscopy (XPS)

XPS was used to elucidate the mechanisms behind the
doping of graphene with HNO;. Measurements were
carried out on a Thermo Scientific Theta Probe XPS
system, providing the quantitative elemental analysis.
The samples were not encapsulated, and the measure-
ments were carried out at room temperature without
in situ heating. In addition, angle resolved XPS was
used to obtain qualitative information of elemental
distribution along the depth of the samples. Exper-
imental details are given in supplementary informa-
tion. XPS indicated the presence of carbon, oxygen,
and nitrogen in the sample (see supplementary
information figure S2). Nitrogen 1s core level inten-
sities of undoped LBA GS film on PET imply nitrogen
concentrations of ~0.5 at%, which is an indication of
intrinsic film doping by residual NMP [32].

Figures 5(a) and (b) show C 1s and O 1s core-level
XPS spectra of the pristine and HNOjs-treated gra-
phene films deposited on PET. In figure 5(a) the C 1s
band is deconvoluted to reveal peaks corresponding to
binding energies of graphene (sp®) /C-C bonds
(284.4 V), as well as the C-O (288,6 eV) and C=0
bonds (289.1 eV). The origin of a small C=0 peak in
the pristine graphene/PET sample may be from pho-
toelectrons ejected from the PET substrate or from the
water molecules trapped between the flakes in the film.

In figure 5(b), the O 1s band peak has been decon-
voluted to reveal the C-O (533.6eV) and C=0
(532 eV) bonds. In both C 1s and O 1s bands the che-
mical modification by HNOj is evident through the
change in the intensity of C=0 peaks. This change is
small (oxygen content is reduced from 7.3 to 5.9 at%)
and can not solely account for the change in con-
ductivity of graphene films after the treatment with
nitric acid. The relative depth plot (see supplementary
information figure S3) reveals the change in the ele-
mental distribution across the graphene layer. In pris-
tine graphene films, oxygen atoms are mostly placed
closer to the surface layer, while in the acid-treated
films the situation is reversed. This can be an indica-
tion of the rearrangement in the LBA graphene films
on the substrate, with oxygen bonds established
between the edges of the graphene flakes deeper in the
film. This result is in accordance with the reduction of
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the relative intensity of the D- and G-modes in our
Raman spectra, corresponding to the GS edges.

The amount of nitrogen in acid-treated films
increased from 0.5 to 1 at%. The nature of the mea-
surements could potentially diminish in a small frac-
tion the amount of nitrogen present in the sample.
However, the samples were not heated and the nitro-
gen is incorporated within the film, therefore the
change in at% of nitrogen that could arise from these
measurements is neglected. In the high-resolution
spectrum of N 1s band (see supplementary informa-
tion figure S3), there is no evidence of the shift in bind-
ing energy corresponding to N-O or N-C chemical
bonding. Its binding energy (399.8 eV) corresponds to
previously reported conjugated nitrogen which does
not belong to the graphene molecule [61].

XPS analysis indicates that nitrogen is not incor-
porated in the honeycomb lattice structure as this
would result in n-doping of graphene [51]. The
C=07, C(O)OH ", and NOj3 bonds are changing the
carbon atoms hybridization and possibly allowing for
the creation of edge-plane like catalytic sites in gra-
phene [52, 62]. Which one of these chemical moieties
is the most important factor contributing to the
improved conductivity of HNO;-treated graphene is
not clear.

3.7 Transmittance measurements

The effect of chemical doping on optical properties of
LBA GS films was investigated with measurements of
optical transmittance, using a spectroscopic ellips-
ometer in photometric mode (SOPRA GES5E IRSE).
Figure 6(a) shows the transmittance of a LBA GS film
in the visible and UV ranges on quartz. In the UV, the
transmittance of graphene is dominated by an exci-
ton-shifted van Hove peak in absorption [63—65]. For
this reason the measured data was fitted with a Fano
resonant function [65, 66]. Average transmittance of a
single LBA GS film at a wavelength of 650 nm was
(78 £ 4)%. Considering that each layer of graphene
absorbs 2.3% of incident light in the visible part of the
spectrum [67] and has a thickness of 0.335 nm, the

average film thickness indicated by transmittance
measurements is (3.2 & 0.6) nm, in agreement with
AFM measurements.

The transmittance of the doped film at the same
wavelength is 74%, which is within the experimental
error and the variation between individual samples
(figure 6(a), shaded area). While the transmittance
decreased only slightly with chemical doping, the sheet
resistivity of this sample decreased by a factor of ~ 4.5.

3.8 Raman spectroscopy

Raman spectra of LBA GS films prior to and after nitric
acid doping were also investigated. Room temperature
measurements of Raman spectra were obtained using
a TriVista 557 S&I GmbH Raman spectrometer
(A = 532 nm). Figure 6(b) shows Raman spectra of a
LBA GS film on a glass substrate prior to (solid line)
and after (dashed line) chemical doping, compared
with graphite powder (dotted-line) before the LPE
process. Analogous results were obtained for films on
a PET substrate (see supplementary information),
however in this case Raman spectra is dominated by
PET modes. No significant shifts of any characteristic
Raman modes of graphene (graphite) were detected
after chemical doping. The only notable change of the
Raman spectra due to chemical doping was the
reduction of a I(D)/I(G) relative intensity by 25%
(see figure 6(b) inset). The relative intensity
I(D)/1(G) is indicative of the amount of GS edge
scattering [68], hence our results point to a weakening
of edge effects in doped films.

3.9 Work function measurements

The work function of a surface holds important
information about the electronic structure. Using
Kelvin probe force microscopy (KPFM, NTEGRA
Spectra), we measured the work function of LBA GS
films prior to and after chemical treatment, using the
tabulated value of the work function for highly ordered
pyrolytic graphite (HOPG) [69, 70] as a reference for
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calibrating the AFM tip (details in supplementary
information).

As a result, the work function values of
(4.19 £ 0.05) eV and (4.95 + 0.05) eV were obtained
for the LBA GS films prior and after chemical doping,
respectively. The results are presented in figure 6(c).
Undoped films have much lower work function than
HOPG, which is expected due to the presence of a
large number of GS edges. Furthermore, this confirms
that GSs are not functionalized, since in the case of
reduced GO or surfactant assisted LPE much higher
work functions of the resulting films are obtained [71].

Chemical doping with nitric acid increases the
work function by as much as 0.75 eV, a 50% larger
increase than in the case of a similar treatment of CVD
graphene [17, 50]. An increase of the work function
confirms that electrons migrate from GSs [72], result-
ing in further p-doping and a decrease of the Fermi
level with the respect to Dirac point. Adsorption of
NO; groups at the sheet edges is also expected to
strongly contribute to the increase of the work
function.

3.10 Dependence of the sheet resistivity upon axial
strain

In addition to chemical doping, the change of the sheet
resistivity of LBA GS films on PET substrates was
investigated under various bending conditions. The
curvature of the substrate was controlled by a micro-
meter screw in steps of 150 um, as schematically
presented in figure 7(a). The amount of bending is
expressed as an axial strain (¢) that LBA GS films suffer
at the surface of a PET substrate upon bending.
Bending radii down to 6 mm were used, giving values
of axial strain up to 1.6%. Stretched LBA GS films have
shown an increase in the sheet resistivity, significantly
larger than in the CVD graphene [9]. Upon axial strain
of about 1.5% LBA GS films on PET substrate show an
increase of sheet resistivity by as much as 50%.
Furthermore, Raman spectra of strained films (given
in supplementary information figure S5) did not show
any detectable shifts of graphene modes. This indicates
that individual GSs are not exhibiting a significant
amount of strain. The change in sheet resistivity is
attributed to increased separation between individual
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how the stretching affects the sheet resistivity components of a

GSs, which increases the contact resistance between
them, as schematically presented in figure 7(b). The
relative change in sheet resistivity upon bending
reaches 20% larger values in undoped films, as
presented in figure 7(c). A large change of resistance
upon axial strain opens up a possibility to use LBA GS
films in sensing applications as strain gauges, pressure
sensors, touch screens or e-skin [73].

Chemically doped samples show a significantly
different change in sheet resistivity under small axial
strain. For bending radii greater than 30 mm (axial
strain less than 0.3%) chemically doped samples show
anegligible change in the sheet resistivity. On the other
hand, undoped samples show more than 10% change
for the same bending conditions. Axial strain of 0.3%
would correspond to the separation between indivi-
dual sheets of 0.36 nm when an averaged sheet dia-
meter of 120 nm is considered. Interestingly, this is
well matched with a thermochemical radii of NO3
anions. This indicates that NOj groups attached at the
edges of GSs provide a contact between the sheets until
a high enough axial strain is reached. Afterwards, the
sheet resistivity of the doped samples follow a similar
trend as the undoped ones. This opens up a possibility
to use chemically doped LBA GS films for flexible
TCEs, in the cases when small bending radii are not
required.

4 Conclusion

In summary, we have shown how the LBA of multi-
layer GSs produced from the dispersion in NMP and
transferred on PET can be used to fabricate transpar-
ent and conductive films. An excellent adhesion of
these films on PET enables for a straightforward
chemical doping and stacking of multiple layers. In
particular, p-type chemical doping with nitric acid has
been used to reduce sheet resistivity and increase work
function of these films, thus making them a more
suitable low-cost alternative to CVD graphene for
various TCE applications.

The sheet resistivity of deposited LBA GS layers on
PET was found to be (70 & 6) k2/[J with the trans-
mittance of 78% at 650 nm wavelength. Upon a short
exposure to nitric acid, sheet resistivity was
reduced 5-6 fold, reaching the value of (12 + 3) kQ2/[J
with a minor reduction of the visible light transmit-
tance. An increase of the LBA GS film work function by
0.75 eV was found upon chemical doping, yielding a
value 0f4.95 eV for the doped films. The work function
measurements and the dependance of the sheet resis-
tivity upon axial strain both indicate that a large reduc-
tion of the sheet resistivity occurs due to adsorption of
NOj3 groups at the edges of GSs. This reduces a contact
resistance between the sheets, in addition to an increase
of carrier concentration within the sheets.
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1. Direct Current Electrical Characteristics

Direct current (DC) electrical characteristic measurements were used to confirm the
type of majority carriers and to estimate carrier mobility. The results are shown in
Fig. 3 of the main text. Here are presented the details regarding device fabrication,
measurements setup and confirmation of Ohmic contacts with gold electrodes.

In order to measure DC electrical characteristics, LBA GS films were deposited
on a highly doped (0.001-0.01 ©/cm) silicon wafer with a 300 nm thick SiO, layer.
The substrates had pre defined gold electrodes with ~150 pm channel length and ~700
pm channel width, made by a shadow mask. LBA GS films were deposited in the
same manner as described in the main text. It is worth mentioning that due to much
lower adhesion between LBA GS film and SiO, surface compared with PET substrates,
majority of the films are either washed out by the acid, or exhibited holes and cracks on
the surface. Only films that had no visible damage (inspected under optical microscope)
after chemical doping have been used in DC electrical characterization.

Figure Sl(a) shows a schematic representation of the setup used for the
measurements of total source-drain conductance (Sy;) as a function of back gate voltage
(Vig).  Ssa(Viy) measurements are given in Fig. 3 in the main text. A schematic
representation of the setup used for the measurements of I44(Vyy) is shown in figure
S1(b), and the I-V function for the undoped film is shown in figure S1(c). The linear
dependence of I,4(Vsq) confirms that contacts between the LBA GS layer and underlying
gold electrodes are Ohmic.

Figure S1(d) shows a top view schematic representation of the sample geometry
used for two-point probe resistivity measurements. Gold pads were defined by a shadow
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Figure S1. (a) and (b) schematic representations of the setups used for measuring
Ssa(Vig) and Iq(Vsa), respectively. (c) The dependance of I;4(Vsq) for an undoped
LBA GS layer. (d) A top view schematic representation of the sample geometry used
for two-point probe resistivity measurements. L and W stand for LBA GS channel
length and width, respectively.

mask. The sheet resistivity was obtained by including the sample geometry factors L
and W as: p=R-W/L.

2. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) has been used to obtain elemental and chemical
information of LBA GS films deposited on PET. High resolution scans of carbon 1s and
oxygen 1s peaks are shown in Fig. 4 of the main text. Here, survey scans, high resolution
scans of nitrogen 1s peak, relative depth plots, and the details regarding the estimate
of residual NMP wt% in LBA GS films are given.

Figure S2(a,b) shows a survey scans of undoped and HNOj3-treated LBA GS films on
PET, respectively. Survey scans were obtained with a spot size of 400 pum, thus averaging
over a large amount of GSs. Using 1s core level intensities, atomic% of each detected
element is calculated. The results are shown in a tabular insets of figure S2. Using angle
resolved XPS (ARXPS) silicon was detected as a surface contamination. Considering
that the LBA GS layer is 3-4 nm thick, the XPS spectra will have contributions both
from the graphene layer and from the underlaying PET substrate.

Figure S3(a,b) shows high resolution scans of nitrogen 1s peaks for undoped and
HNOgs-treated LBA GS films on PET. These spectra indicate that nitrogen is mostly
present in a conjugated C=N bond at the edges of GSs [1].
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Figure S2. (a) and (b) survey scans of a LBA GS film on PET substrate prior and
after chemical doping, respectively. Inset tables show atomic% of all elements detected

in the scans.
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Figure S3. (a) and (b) high resolution scans of nitrogen 1s peak for undoped and
HNOs-treated LBA GS films on PET. (c) Relative depth plot obtained using ARXPS
for undoped (circles) and chemically doped (triangles) LBA GS films on PET. Each
point also indicates atomic% (at%) for that particular element in the sample.
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ARXPS has been employed to obtain qualitative information on the depth ordering
of the elements in LBA GS films prior and after chemical doping. ARXPS measurements
were carried out under 16 separate angles between 20° and 80° by measuring high
resolution spectra for each element with a 400 pum spot. As a result relative depth
plots are obtained. A comparison between relative depth plots of undoped (circles) and
HNOs-treated (triangles) LBA GS films on PET is shown in figure S3(c). Each point
in figure S3(c) represents an average depth of that particular species in the sample.
Position of a Cls peak is associated with the position of a LBA GS layer. Relative
positions of N1s and Ols peaks can then indicate where is the majority of nitrogen and
oxygen atoms located in comparison with LBA GS layer. Interestingly, ARXPS suggests
that prior to chemical doping both nitrogen and oxygen atoms are on average mostly
located on the top of LBA GS layer, and after the doping both species are located
under LBA GS layer. This implies a rearrangement of the LBA GS film upon exposure
to nitric acid, as described in the main text.

3. KPFM Maps and Data Analysis

Kelvin probe force microscopy (KPFM) has been used to measure the work functions of
LBA GS films prior and after chemical doping with nitric acid. The results are given in
Fig. 5(c) of the main text. Here the details regarding the measurements, map analysis
and the method used for obtaining the work functions are presented.

KPFM measurements were done using the two-pass technique [2, 3]. In the first
pass, a topographic line was measured in the tapping mode. Figure S4(a) shows a typical
5x5 pm? LBA GS film topography measured with 256 x 256 points. In the second pass,
the tip was lifted by 30 nm and moved across the surface following the topographic
profile, obtained from the first scan. During the second pass, a combination of an AC
and DC voltage was applied between the tip and the sample. The frequency of the AC
voltage was matched to the resonant frequency of the cantilever. The DC component was
then adjusted to cancel an electrostatic force between the tip and the sample, resulting
with a zero amplitude of the cantilever oscillations (near its resonant frequency). This
procedure was repeated for every point of a selected area of the sample. Resulting
KPFM maps show the applied DC component, i.e. the contact potential difference
(CPD) between the sample and the tip. Figure S4(b) shows corresponding KPFM map
to the sample topography (figure S4(a)). In order to determine CPD of the measured
surface histograms of KPFM maps were used and fitted by Gaussian lines, as shown in
figure S4(c).

CPD shows the difference in the work functions of the tip and the sample. In order
to obtain the work function of the measured surface, the work function of the tip must
be known. This was obtained by measuring several KPFM maps of freshly cleaved
highly oriented pyrolytic graphite (HOPG). Work function of HOPG was considered to
be 4.6 eV [2, 4].

Afterwards, several KPFM maps of LBA GS films were measured prior and after
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Figure S4. (a) 5x5 um? topography image of a doped LBA GS film on PET. (b)
Corresponding KPFM map of (a). (c) Histogram of (b) (circles) and Gaussian fit (solid
line). (d) Schematic representation of the relation between measured CPDs and their
corresponding work functions.

chemical doping. All of the obtained CPD histograms for each surface were added up,
and an average CPD value was obtained from Gaussian fits as an average of the peak
positions weighted by the hight of the peaks. The work functions were related to their
corresponding CPD measurements as illustrated by a diagram in figure S4(d).

4. Raman measurements of LBA GS films on PET

Raman spectra of LBA GS films on PET substrate prior (solid line) and after (dashed
line) chemical doping are shown in figure S5(a), and are compared with a clean PET
substrate (dotted line). Most of the observed Raman modes belong to PET. The
only two detected modes of the LBA GS film in the measured spectral range are D
(~1350cm™!) and G (~1580cm™!) modes of graphene (graphite), also shown in figure
S5(b) and (c), respectively. Due to the low intensity from LBA GS layer, compared
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Figure S5. (a) Raman spectra of a single LBA GS film on a PET substrate, before
(solid line) and after (dashed line) chemical doping, compared with a clean PET
substrate (dotted line). (b) and (c) enlarged regions of graphene D and G modes,
respectively.

to Raman intensity from PET substrate, graphite’s 2D mode was barely resolved on
PET. Relative intensity I(D)/I(G) of both undoped and HNOj-treated LBA GS films
on PET are in agreement with the data obtained for the samples on glass substrates
(figure 4(b) in the main text).

Additionally, no notable changes in any Raman modes of PET were detected after
exposure of the sample to nitric acid. This indicates that nitric acid does not affect
underlaying PET substrate.

Raman spectra of LBA GS films under various bending conditions have also been
examined. Figure S6(a) shows Raman spectra of a single LBA GS film on PET substrate
upon axial strain of 0 % (solid line), 1.5 % (dashed line) and 3 % (dot-dashed line).
Figure S6(b) shows enlarged region of G mode. Resistance of the samples was monitored
during the measurements of Raman spectra. Sheet resistivity increased by ~50 % under
axial strain of 1.5 %, and ~100 % under axial strain of 3 %. However, as can be seen
from Raman spectra in figure S6 individual sheet do not exhibit axial strain, since there
is no detectable shifts or broadenings of the G mode [5, 6].
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Micro-supercapacitors are high-performance energy storage devices, which are particularly important for build-
ing a micropower system to power portable and wearable devices. This study demonstrates a fabrication route
for graphene-based in-plane micro-supercapacitors using a laser system for micromachining of electrodes on
LTCC substrate. Micro-electrodes were patterned by programmed laser scanning. The proposed subtractive fab-
rication route is green, on demand and it enables the direct printing of micro-scale features (about 50 um) with a
Keywords: precision of 2 um. The width of electrodes was 210 pm, spacing between electrodes was 60 um, and the length
Supercapacitor was 6.8 mm. In order to build all solid-state supercapacitive devices, a gel electrolyte was introduced into the ac-
LTCC tive area of micro-electrodes (0.68 cm?). Laser patterning enables fabrication of micro-supercapacitors of arbi-
trary sizes and patterns, thus providing a good opportunity for miniaturized electronic applications.
Electrochemical characterization was performed. The resulting micro-supercapacitors deliver an area capaci-

Graphene dispersion
Laser ablation

Energy storage tance of 80.5 pF/cmz.
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1. Introduction

Recent advances in development of miniaturized electronic devices
(portable electronics, wearable electronics) has increased the demand
for energy systems with optimized capacity, cycle life, power and envi-
ronmental impact. Energy storage devices have been identified as im-
portant electronic components for environmental and sustainable
protection and efficient energy development and storage. Sustainable
energy research has led to development of novel energy storage sys-
tems, particularly for the utilization of renewable energy. Renewable
energy systems irregularly generate electricity. A promising solution
to address this challenge is the development of efficient electrochemical
energy storage systems like batteries and supercapacitors (SCs). One of
the most important advantages of batteries over SCs is that for a given
volume, they can store 3 to 30 times more energy. However, SCs can de-
liver the power that is hundreds to many thousands times larger than
the power of similar- sized batteries. The life cycle of batteries is gener-
ally limited to several hundred to a few thousand cycles, compared to
the many millions of life cycles for SCs [1].

Supercapacitors as high-performance energy storage devices are
particularly important for building a micropower system, which will
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power up portable and wearable devices for a long time without main-
tenance. Their main advantages are portability, low environmental im-
pact, flexibility, stability, safety, light-weight, high power density, and
long cycle life.

According to the charge storage mechanism, SCs are generally divid-
ed into electric double layer capacitors (EDLCs) and pseudocapacitors.
In EDLC, electrostatic energy storage is accumulated at the electrode/
electrolyte interface (a Helmholtz double layer). The high capacitance
is strongly dependent from high specific surface area and electronically
conducting electrodes. In contrast, pseudocapacitors use fast and re-
versible electron transfer of the redox-active materials based on transi-
tional metal oxides as well as electronically conducting polymers for
charge storage [2,3]. All carbon-based materials with a high-surface
area (activated carbon, carbon nanotubes, graphene, etc.) are used as
electrode materials for EDLCs, whereas transition metal oxides (RuO,,
MnO,, CoOy, NiO, Fe,05, etc.) and conducting polymers (polypyrrole,
polyaniline, etc.) are used as electrode materials for pseudocapacitors
[4].

EDLC SCs can be manufactured using different printing and lithogra-
phy techniques. The binder-free microelectrodes were developed by
combining electrostatic spray deposition and photolithography lift-off
methods [5]. Fabrication procedure of three-dimensional micro
supercapacitors with thick interdigitated electrodes supported and sep-
arated by SU-8 and sealed by PDMS caps with ionic liquid electrolytes
injected into the electrode area was presented in [6]. A novel class of
all solid-state graphene-based in-plane interdigitated micro-
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supercapacitors on both rigid and flexible substrates through
micropatterning of graphene films was demonstrated in [7]. Combined
photolithography with selective electrophoretic buildup were used to
fabricate lateral ultrathin reduced graphene oxides microelectrodes for
all-solid-state micro-supercapacitors with a gel electrolyte [8]. A new
approach for fabricating solid-state flexible micro SCs through selective
wetting-induced micro-electrode patterning was analyzed in [9]. A
tailorable gel-based supercapacitor with symmetric electrodes pre-
pared by combining electrochemically reduced graphene oxide deposit-
ed on a nickel nanocone arrays current collector was presented in [10].
Scalable fabrication of flexible and high-performance graphene-based
monolithic micro SCs by photochemical reduction and patterning of
graphene oxide/TiO, hybrid films was described in [11].

A versatile printable technology to fabricate arbitrary-shaped, print-
able graphene-based planar sandwich SCs based on the layer-structured
film of electrochemically exfoliated graphene as two electrodes and
nanosized graphene oxide as a separator on one substrate was demon-
strated in [12].

An ink-jet printed micro SCs (ink-jet printed graphene was on top of
ink-jet printed silver current collectors) was reported in [13]. A new
class of solid-state power sources fabricated on paper substrate by
inkjet printer was demonstrated in [14]. A 3D printing technique
known as direct-ink writing was applied for the fabrication of 3D peri-
odic graphene composite aerogel microlattices for supercapacitor appli-
cation. The 3D printing method was modified as to accommodate
processing of an extrudable graphene oxide-based composite ink [15].

However, new techniques, which reduce the cost and improve scal-
ability and form factor are constantly in demand. One such technique is
laser-processed fabrication of supercapacitors. The scalable fabrication
of a new type of all carbon, monolithic supercapacitors by laser reduc-
tion and patterning of graphite oxide films (avoiding the restacking of
graphene sheets) was demonstrated in [16]. A graphene-oxide (GO)
film supported on a flexible substrate was placed on top of a
LightScribe-enabled DVD media disc, and a computed image is then
laser-irradiated on the GO film in a computerized LightScribe DVD
film in [17,18]. A new approach for fabrication of 2D MoS, film based
micro-supercapacitors via laser patterning of painted MoS, films was
presented in [19]. The fabrication of SCs based on laser carbonization
of polyimide sheets, where localized pulsed laser irradiation rapidly
converts the pristine polyimide surface into an electrically conductive
porous structure was presented in [20-22]. Laser machining was ap-
plied to carbon films for the fabrication of microelectrodes on a glass
wafer in [23]. A controlled high powered CO, laser system was used to
reduce and pattern a graphene oxide film supported onto a flexible
polyethylene terephthalate substrate [24,25]. Graphene-based in-
plane flexible interdigitated micro-supercapacitor devices fabricated
through direct laser writing onto ultra-thin graphite oxide films were
presented in [26]. Although the focus of this work was on EDLC SCs,
laser processed techniques can be applied for fabrication of hybrid
supercapacitors as well. Energy-dense and high-power supercapacitor
electrodes were realized by integrating a highly conductive and high-
surface-area 3D laser-scribed graphene framework with MnO, [27].

There are different technologies used for macroscale patterning to
achieve interdigital electrodes. High-temperature carbonization is one
way to produce electrically conductive carbon for supercapacitors [28,
29]. The high-temperature carbonization is limited to rigid substrates
that can survive high-temperatures, which is a shortcoming. Transfer
of a porous carbon (electrodes), as a product of high-temperature car-
bonization, to flexible substrates requires a tedious step [30,31].
Microinterdigital electrodes can be patterned in a controlled way
using photolithography, followed by high-temperature carbonization
[32] or combining electrostatic spay deposition and photolithography
lift-off [5]. However, microinterdigital electrodes can be directly written
on flexible substrate by the laser-induced carbonization where the flex-
ible substrate (pristine polymer) is used as precursor for carbonization
[20]. Thin and flexible graphene interdigital electrodes were achieved

via direct writing on graphite oxide dispersed over the flexible substrate
using lasers to reduce graphite oxides [17,18,24,25]. Ink-jet printing,
which enables additive patterning, direct writing, low cost and scalabil-
ity, can be used to print graphene or reduced graphene oxide for
interdigital electrodes of supercapacitors [33,34,13]. Ink-jet printing is
limited by the difficulties in delivering sufficient porous material and
maintaining resolution. Thus, the method, which allows for freedom
in the choice and amount of material that can be delivered is direct
printing of graphite oxide into a specific pattern with a liquid dispenser,
which was originally designed as a DNA array, and subsequent reduc-
tion of the graphite oxide [35]. The use of gravure for the printing of re-
duced graphene interdigital microsupercapacitors is attractive due to its
high throughput, optimal control of feature size, and ability to use very
wide range of potential inks [36,37]. A novel mask-free plasma-scan-
ning method is used to fabricate all-solid-state interdigital
microsupercapacitors via the application of an atmospheric pulsed
micro-plasma jet [38,39]. The method does not require photoresist,
masks, post-processing, vacuum system, high temperature treatment
or clean room operations. Interdigital electrodes configuration are wild-
ly used for design of EDLC. However, besides planar interdigital config-
uration, a three dimensional (3D) interdigital structure is used for
microsupercapacitors [40]. 3D configuration significantly increases sur-
face area for the same footprint. A theoretical study showed that a dou-
ble stacked 3D configuration increases charging capacity for the same
footprint in comparison with one layer 3D configuration [41]. An inno-
vative approach to fabricate highly conductive interdigital microelec-
trodes is femtolaser in-situ reduction of hydrated graphene oxide and
chloroauric acid (HAuCl,) nanocomposite simultaneously, which incor-
porates both the patterning of reduced graphene oxide and the fabrica-
tion of Au collectors in a single step [42].

In the present study, a fabrication route of miniature graphene-
based supercapacitors with laser processed electrodes is introduced.
The study will explore electrochemical properties of graphene-based
supercapacitors for energy storage applications. Screen printed gold
layers on LTCC substrates have been used as current collectors. Thin
films from liquid phase exfoliated graphene have been used as active
material. These all-solid-state micro-supercapacitors have been
fabricated using hydrogel (comprising aqueous H,SO,4 solution and
poly(vinyl alcohol)).

2. Fabrication procedure
2.1. Fabrication of LTCC substrate

The Low Temperature Cofired Ceramic (LTCC) technology is a way to
produce multilayer circuits with the help of single tapes, which are to be
used to apply conductive, dielectric and/or resistive pastes on. In this
work, LTCC technology was used to prepare substrates with gold layers
on the top for fabrication of miniature supercapacitors. Fig. 1 illustrates
the fabrication process of the LTCC substrate. First, a mask design for via
punching and tape cutting and a mask design for screen printing were
prepared. Ceramtec: Ceramtape GC tapes were used. Tape cutting and
via punching was performed using Diode pumped Laser Rofin
Powerline D, ND: YAG, 1064 nm and computer loaded image files con-
taining necessary mask designs. For screen fabrication, a photopolymer
film of 30 pm was used and a screen of mesh size 325, wire diameter
0.03 mm and mesh width 0.05 mm was used. The screen was thorough-
ly cleaned, carefully coated, exposed and eventually a mask for a gold
layer was developed. Gold layers were printed using Ekra M2H screen
printer and TC 7102 gold conductive paste. Lamination mold and pre-
pared tapes were dried in an oven at 80 °C before a collating step (in
order to achieve a similar temperature with a lamination press CARVER
395CEB). The tapes were pressed between heated platens at 75 °C,
2300 kg for 3 min. Laminates were fired in the oven Nabertherm L9
11 SKM. Firing is performed according to two-step profile at two
dwell temperatures: organic burnout and sintering temperature.
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Fig. 1. LTCC processing steps to fabricate substrate with gold layers for supercapacitor's electrodes.

Organic burnout was done at 450 °C, which was reached with 2 °C/min
rate, while sintering was done at 865 °C reached with the rate of 4 °C/min.
After the end of firing cycle, a natural cooling took place. Gold layers were
used as current collectors for electrochemical cells.

2.2. Preparation of graphene dispersion

Graphene sheets were exfoliated from graphite by ultrasonic treat-
ment in a water solution of surfactant, sodium dodecylbenzenesulfonate
(SDBS). All chemicals were purchased from Sigma Aldrich: graphite pow-
der (product number 332461) and sodium dodecylbenzenesulfonate
(product number 289957). Stock solution of SDBS was prepared in
deionized water (resistivity 18 MQ) by stirring overnight. The sample
was prepared by dispersing graphite powder (concentration of
36 mg ml~ ') in the water solution of surfactant using 10 h of sonication
in a low power sonic bath (Bransonic CPXH Ultrasonic Cleaning Bath).
The resulting dispersion was centrifuged for 60 min at 3000 rpm in

a)

order to reduce the amount of unexfoliated graphite. More details about
graphene dispersion preparation is given in [43].

2.3. Spin-coating and laser ablation

Fabricated LTCC substrate with gold layers is shown in Fig. 2a. A mul-
tilayer graphene film was deposited over a gold layer (current collector)
on LTCC substrate as the active material for supercapacitor electrodes, as
it is shown in Fig. 2b. Each layer of the graphene film was obtained by
spin-coating the graphene dispersion for 20 s at 1000 rpm. Three proto-
types of supercapacitors, with different number of layers in graphene
film, were fabricated and tested. In Sample 1, the active material was
20-layer graphene film. In Sample 2, the active material was 30-layer
graphene film. In Sample 3, the active material was 40-layer graphene
film. After deposition of each layer of graphene film, the substrate was
heated in an oven for 10 s at 100 °C. After deposition of the last layer
of graphene film, the substrate was heated in the oven for 12 min at
100 °C.

b)

Fig. 2. a) LTCC substrate with gold layers for electrodes fabrication and b) interdigitated electrodes were laser ablated after deposition of graphene dispersion over gold layer.
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A laser ablation process (Diode pumped Laser Rofin Powerline D,
ND: YAG, 1064 nm) was used for shaping the geometries necessary
for the interdigitated electrodes. A fabricated prototype of a
supercapacitor with interdigitated electrodes on LTCC substrate is
shown in Fig. 2b. The substrate constituted of a gold layer and graphene
film was carefully aligned using a camera with computer-loaded image
files containing interdigitated electrode designs. The current applied to
the laser was adjusted to 28.7 A, in order to generate ablation of the
layers without damaging the electrodes by a thermal effect. A frequency
of 50 kHz and a speed of 150 mm/s were selected to achieve fast and
well-resolved ablation. Four passes were needed to completely ablate
the gold layer covered with the active material. The width of electrodes
was 210 pm, spacing between electrodes was 60 um, and the length was
6.8 mm. Laser ablation techniques enable direct printing of micro-scale
objects from computer loaded image files in a cost effective, time saving
and environmentally friendly fabrication process. The proposed sub-
tractive fabrication method is green, on demand (less than 1 min is
needed to ablate the interdigitated electrodes) and it enables the direct
printing of micro-scale features (about 50 um) with a precision of 2 pm.

2.4. Preparation of the hydrogel-polymer electrolyte, PVA-H,S0,4

Polyvinyl alcohol (PVA) (Polyvinyl Alcohol 72,000 BioChemica,
A2255, AppliChem) powder was mixed with deionized water (1 g PVA/
10 g H0). The mixture was heated at approximately 90 °C under constant
stirring until the solution turned clear. After cooling under ambient condi-
tions, 0.8 g of concentrated sulfuric acid solution (95%-97% solution in
water, 1093/5, ZORKA Pharma Hemija) was added and the solution was
stirred thoroughly [18]. A 3D profile of the part of supercapacitor's elec-
trodes, without electrolyte, is presented in Fig. 3a. The solid-state SCs
were finished by drop-casting a PVA/H,SO, solution as a solid electrolyte
on micro-patterned electrodes. The active surface area, including the area
of microelectrodes and the interspaces between them, was approximate-
ly 0.68 cm?. A 2D view of electrodes surface with hydrogel-polymer elec-
trolyte is shown in Fig. 3b. After deposition of the electrolyte, the sample
was left in a fume hood for 24 h, to allow the electrolyte to solidify. Fig. 3
clearly shows that the microelectrodes are well aligned without any con-
spicuous defects or cuts. Before all experiments, using a multimeter, it
was confirmed there was no electrical contact between the electrodes.

3. Capacitance studies
3.1. Electrochemical characterization
Cyclic voltammograms (CV) for the micro-supercapacitor cells are

presented in Fig. 4. Cyclic voltammetry was examined at the scan
rates from 10 mV/s to 3000 mV/s. All electrochemical measurements

were carried out at room temperature. As shown in Fig. 4, the CV re-
sponses exhibit the typical capacitive behavior of a supercapacitor due
to symmetrical electrode configuration and the potential-dependent
charging behavior. CV loops are not of ideal rectangular shape due to
the existence of cell resistance, and it is a common phenomenon in
the capacitors. The resistance is determined by two factors. The first
one is small ionic conductivity of the electrolyte and the second one is
polymer electrolyte wetting within the electrodes. Although polymer
electrolyte diffuses less inside the micro-electrodes than aqueous elec-
trolyte, still diffusion process occurs. During the diffusion of H,SO,4/
PVA electrolyte, the gel electrolyte becomes solid due to the evaporation
of water and, finally diffusion of the gel electrolyte stops. The open
edges of micro-patterned electrodes with active material enhance the
ability of the gel electrolyte to infiltrate into the layers of the electrodes,
thus further enhancing total accessible electrochemical surface. In addi-
tion, non-ideal rectangular shape can be ascribed to the reaction of elec-
trochemically active surface groups formed during laser processing. The
cyclic voltammogram profiles contain some noise, which indicates that
their energy state becomes non-uniformly distributed, thus provoking
locally irregular doping energy states [44]. However, the CV loops are
generally rectangular in shape over a wide range of scan rates
confirming the formation of an electrical double layer and good charge
propagation across the electrodes. Pseudocapacitive peaks are not ap-
parent within the examined potential window. Electrochemical perfor-
mance of Samples 1 and 2 was examined for the potential window of
0.8 V, whereas the potential window for Sample 3 was increased to
1V, as it is shown in Fig. 4. Increasing the scan rate, the peak current
density continues to increase fast, characteristic of a good instantaneous
power. Sample 3 has the highest peak current density of all samples, as
it is shown in Fig. 3¢c. The comparison of CV profiles for all three samples
at a constant scan rate of 10 mV/s is shown in Fig. 3d. Although, all three
CV profiles have similar shape, Sample 3 has a significantly higher peak
current density. Electrochemical impedance spectroscopy also indicates
supercapacitive effect, as it is shown in Fig. 5. A semi-vertical line is seen
at low-frequencies which is common for supercapacitors. A leveling-off
of the curve is observed at high frequencies as the consequence of large
dynamic change in the electric field, which affect ion transport through
the electrode pores [20], as it is shown in a magnified view in Fig. 5.

3.2. Capacitance calculation

The capacitance values were calculated from the CV data according
to the Eq. (1):

Vi
1
Camie = 517y | V)4V, )
Vi

Fig. 3. a) A 3D image of the part of interdigitated electrodes before electrolyte deposition and b) a 2D image of the part of interdigitated electrodes after electrolyte deposition. Images were

obtained by Huvitz HRM 300 profilometer.
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Fig. 4. Electrochemical properties of micro-supercapacitors a) Sample 1, b) Sample 2, c) Sample 3 and d) Comparison of cyclic voltammograms for Sample 1, Sample 2 and Sample 3 at

10 mV/s.

where Ceyice 1S the capacitance contribution from graphene electrodes,
v is the scan rate (mV/s), V; and Vyare the integration potential limits
of the voltammetric curve and I(V) is the voltammetric discharge
current.

Specific capacitances were calculated based on the area of the device
according to the Eq. (2):

Carea = Cdevice/vy (2)
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Fig. 5. Measured electrochemical impedance plots for Samples 2 and 3, with a magnified
view of high frequency response.

where Cypeq (in Fem™2) refer to the area capacitance of device. A and V
are the total area of the device. The area capacitances were calculated
based on the entire active surface area of the supercapacitor, including
the area of microelectrodes and the interspaces between them
(0.68 cm?).

The capacitive contribution obtained from the integrated area under
the CV loops revealed that the supercapacitive value of microelectrode
is typically increased with the decrease in the scan rate, as it is shown
in Fig. 6. The area capacitance for Sample 1 is 31.1 pF/cm?, for Sample
2 is 47.4 uF/cm? and for Sample 3 80.5 uF/cm?, comparable to the values
reported in the literature for graphene based microsupercapacitors [7].

4. Conclusion

In summary, graphene based all solid-state micro-supercapacitors
were fabricated using the focused laser beam to induce ablation of
micro-supercapacitors on LTCC substrate. Electrochemical characteriza-
tion of micro-supercapacitors showed formation of an electrical double
layer and good charge propagation across the electrodes. The highest
delivered area capacitance is 80.5 pF/cm?, which is comparable with
previously published works. The advantage of the applied fabrication
route is laser patterning of micro-electrodes which requires short pro-
cessing time and introduces flexibility and scalability in design of device
geometry.
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Abstract We describe transparent and conductive films of liquid-phase exfoliated graphene
deposited with the Langmuir-Blodgett (LB) method. Graphene sheets (GS) were exfoliated
from graphite by ultrasonic treatment in N-Methyl-2-pyrrolidone (NMP) and N,
N-dimethylacetamide (DMA) solvents. For comparison, graphene sheets were also exfoli-
ated in a water solution of surfactants. We confirm a higher exfoliation rate for surfactant-
based processing compared to NMP and DMA. Furthermore, we demonstrate that our films
exfoliated in NMP and DMA, deposited with LB and annealed have a higher optical trans-
mittance and lower sheet resistance compared to films obtained with vacuum filtration, which
is a necessary step for GS exfoliated in water solutions. The structural, optical and electrical
properties of graphene layers were characterized with scanning electron microscopy, atomic
force microscopy, UV/VIS spectrophotometry and sheet resistance measurements. Our facile
and reproducible method results in high-quality transparent conductive films with potential
applications in flexible and printed electronics and coating technology.
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1 Introduction

Transparent conductors are an essential part of many optical devices. Many of the thin
metallic or metal oxide films used as transparent conductors (Granqvist 2007) exhibit
nonuniform absorption across the visible spectrum (Phillips et al. 1994), or they are
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chemically unstable, or both (Scott et al. 1996; Schlatmann et al. 1996). The experimental
discovery of graphene (Novoselov et al. 2004) brought a new alternative to this field.
Graphene is a material with high optical transparency, large carrier mobility, good
chemical stability, and mechanical strength, making it an excellent choice for transparent
electrodes in various optoelectronic devices (Blake et al. 2008).

Although graphene is a natural choice for transparent conductive films (Bonaccorso
et al. 2010), the feasibility of its mass production is essential for applications. In order to
produce large quantities of graphene Blake et al. (Blake et al. 2008) and Hernandez et al.
(2008) developed a method of graphene production using solvent assisted exfoliation (or
liquid phase exfoliation, LPE) of bulk graphite, which is simpler and less costly than
chemical vapor deposition and returns a higher yield than mechanical exfoliation
(Novoselov et al. 2004, 2005). LPE allows the possibility to scale up the synthesis of
graphene making it economically available in a large amount, presenting a promising route
for large-scale production (Paton et al. 2014).

Numerous research efforts followed up to increase the concentration and quality of the
graphene flakes produced. One of the most promising synthesis routes for LPE graphene is
non-covalent exfoliation using solvents that have surface energy values comparable to that
of graphite (Hernandez et al. 2008). Typically ultrasound assists the separation of graphene
flakes from graphite powder in solvent. Exfoliation conditions such as the initial con-
centration of graphite powder, sonication time (Khan et al. 2010), solvent type (O’Neill
et al. 2011; Bourlinos et al. 2009; Hernandez et al. 2010; Lotya et al. 2009; Guardia et al.
2011), and possible filtration (Khan et al. 2011) were tuned in order to optimize the yield
and quality of graphene dispersions. These graphene dispersions can be used to form films
by various methods, for example spray coating (Blake et al. 2008), vacuum filtration
(Hernandez et al. 2008; Lotya et al. 2009) or Langmuir-Blodgett assembly (LBA) (Cote
2009; Kim et al. 2013; Li et al. 2008).

In this study, graphene sheets (GS) were exfoliated from graphite by ultrasonic treat-
ment in organic solvents with high boiling points, N-Methyl-2-pyrrolidone (NMP), N,
N-dimethylacetamide (DMA), and for comparison, in a water solution of surfactant,
sodium dodecylbenzenesulfonate (SDBS) and Pluronic P-123 (P-123). The graphene dis-
persions from NMP and DMA were used to form films by controlled deposition of few-
layer graphene using the Langmuir-Blodgett (LB) method on a water—air interface. We
confirm a higher exfoliation rate for surfactant-based processing, but demonstrate that our
films exfoliated in organic solvents with high boiling points and deposited with LB have a
higher optical transmittance and lower sheet resistance compared to films obtained with
vacuum filtration, which is a necessary step for GS exfoliated in water solutions. The
structural, optical and electrical properties of graphene layers were characterized with
scanning electron microscopy, atomic force microscopy, UV/VIS spectrophotometry and
sheet resistance measurements.

2 Experimental procedure

All chemicals used were purchased from Sigma Aldrich: graphite powder (product number
332461), N-Methyl-2-pyrrolidone (product number 328634), N, N-dimethylacetamide
(product number 38840), sodium dodecylbenzenesulfonate (product number 289957) and
Pluronic P-123 (product number 435467). The particular graphite powder product was
chosen for its large initial flake size, which should result in the largest possible graphene
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flakes after exfoliation. Stock solutions of SDBS and P-123 of different concentrations
were prepared in deionized water (resistivity 18 MQ) by stirring overnight. A range of
graphene dispersions were prepared. A typical sample was prepared by dispersing graphite
in the desired solvent using from 30 min to 14 h of sonication in a low power sonic bath.
The resulting dispersion was centrifuged for 60 min at 3000 rpm in order to reduce the
amount of unexfoliated graphite.

The graphene sheets exfoliated from graphite by ultrasonic treatment in NMP were used
to form films at a water—air interface. Beakers filled with deionized water, 10 mL volume,
were used for film formation. A 1.5-2 vol% of GS + NMP was added to the interface with
a continuous flow rate of 5-10 mL/s (Fig. 1a). This set of parameters provides enough
surface pressure for the film to be close-packed. After the film is formed, it is slowly
scooped onto the targeted substrate (Fig. 1b), as shown in our previous work (Matkovié
et al. 2016). PET and SiO,/Si were used as substrates. As it has been shown that annealing
decreases sheet resistance due to solvent evaporation (Hernandez et al. 2008; Lotya et al.
2009), some of these deposited films were annealed. Annealing was carried out in a tube
furnace at 250 °C in an argon atmosphere for 2 h.

For optical characterization, UV-VIS spectra were taken using a SUPER SCAN Varian
spectrophotometer with quartz cuvettes. The resistance of each sample was measured in a
two-point probe configuration, and the sheet resistance was obtained by including the
sample geometry factors. AFM measurements were taken with an atomic force micro-
scope, NTEGRA Spectra, in tapping mode. SiO,/Si was chosen as a substrate for AFM due
to its low surface roughness. The lateral profile of graphene flakes was analyzed with a
Tescan MIRA3 field-emission gun SEM.

3 Results and discussion

We optimized for high graphene concentration and large flake size, tuning exfoliation
conditions such as initial graphite concentration, sonication time and solvent type. The
Lambert—Beer law was applied to UV-VIS absorption spectra to find graphene concen-
tration. The concentration was estimated from the absorbance at 660 nm by using the
extinction coefficient of graphene (o = 13.90 mL mg~' m™") previously determined in
surfactant/water solutions (Hernandez et al. 2008; Lotya et al. 2009; Guardia et al. 2011)
and (o = 24.60 mL mg_l m~!) in NMP and DMA solutions (Hernandez et al. 2008).
Figure 2a depicts a higher final concentration for surfactant-based processing for all initial
concentrations of graphite powder, from 0.5 to 18 mg mL™'. The most commonly used
deposition technique for LPE GS is vacuum filtration. This is a necessary step for GS
exfoliated in water solutions. For GS films formed by evaporation of a high boiling point

LBA GS film
on substrate

Fig. 1 Schematic (a) (b)
representations of a LBA GS film <

formation, b scooping of the film NMP +GS

onto a targeted substrate ; )
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solvent, one of the biggest problems is that graphene flakes aggregate during evaporation
(O’Neill et al. 2011) hindering fine control over the film thickness (Hernandez et al. 2008).
This can be avoided by depositing with LB, which allows reliable and reproducible
thickness control and prevents further agglomeration of graphene flakes during drying
(Kim et al. 2013). We chose the dispersion in NMP with the highest graphene concen-
tration (Fig. 2b) for experiments on LB films.

A single LB deposition resulted in films with an average thickness 3.3 nm, as measured
with AFM, indicating an average GS thickness of 10 layers (Fig. 3).

Figure 4 shows optical transmittance versus sheet resistance for varying number of LB
depositions on PET, compared to graphene film obtained with vacuum filtration of GS
exfoliated from the same graphite precursor using the same experimental procedure
(Hernandez et al. 2008; Lotya et al. 2009) before and after annealing. The highest trans-
parency for a single LB film deposition prior to annealing was found to be about 83 %,
which is between 20 and 40 % higher than the transmittance that can be accomplished with
vacuum-filtration. The sheet resistance of one LB film deposition is between 70 and
250 kQ/sq, 2-5 times lower than sheet resistance achieved with vacuum filtration without
annealing. Increasing the graphene film thickness with additional LB depositions led to
consistent increases in conductivity, but a decrease in transparency. Our graphene films for
three LB depositions prior to annealing have comparable sheet resistance but higher optical
transmittance compared to vacuum-filtered films after annealing.

The electrical conductivity is affected by the size and connectivity of the flakes as well
as the thickness of the films. Our average GS diameter was is 120 nm, as measured with
SEM (Fig. 5). SEM also revealed the presence of pinholes between flakes for a single LB
deposition, which probably results in parasitic sheet resistance (Fig. 5a). In order to
remove the residual solvent between the overlapping flakes, which may affect transport, we
employed thermal annealing. Annealing does not repair the holes and other irreversible
defects (Fig. 5b), but it can remove residual solvents, improving the coupling between
graphene flakes and hence decreasing sheet resistance. For a single LB deposition,
annealing reduced sheet resistance by about six times, without considerably decreasing
transparency (Fig. 4). The sheet resistance of a singly deposited film after annealing was
found to be between 10 and 20 k€)/sq, a significant improvement over other published data.
After annealing we performed a second LB deposition and achieved sheet resistance of
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Fig. 2 Concentration of dispersed graphene: a in different solutions for different initial graphite
concentration and sonication time of 5 h, b in NMP for different sonication time and different initial
graphite concentration
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Fig. 3 a AFM image of a LB graphene film on a SiO,/Si substrate, b an LB GS film/substrate height
histogram fitted with a log-normal curve
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Fig. 4 Optical transmittance versus sheet resistance for varying number of LB deposition of graphene
sheets on PET exfoliated in NMP before (red) and after annealing (black), compared to graphene films
obtained with vacuum filtration in the same solvent (blue) (Hernandez et al. 2008) and graphene films
obtained with vacuum filtration in surfactant/water solutions (green) (Lotya et al. 2009) before and after
annealing. (Color figure online)

Fig. 5 SEM images of: a singly deposited LB film on a glass substrate, b the same film after annealing,
¢ two LB depositions with an annealing step in between
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3 kQ/sq and a transparency of more than 70 %. Decreased resistance is the result of
reduced density of pinholes (Fig. 5c) as well as increased film thickness.

4 Conclusion

In summary, we have shown that Langmuir—Blodgett assembly of multi-layer graphene
sheets produced from liquid phase exfoliation of graphite powder in solvents can be used to
fabricate transparent and conductive films. The sheet resistance of deposited LBA GS
layers was found to be between 15 and 250 k€/sq, with transmittance between 60 and
85 %, depending on the number of deposited LBA graphene layers. The conductivity of
these LBA films can be further increased by about six times with annealing, without
considerably decreasing transparency. Optoelectronic properties of these films are much
better compared to graphene films obtained with vacuum filtration of GS exfoliated with
the same experimental procedure, which is the most commonly used deposition technique
for LPE GS. Ours is a facile, reproducible and low-cost technique for transparent con-
ductive films with potential applications in coating technology.
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Abstract

We calculate the dielectric function within the framework of the random-phase approxima-
tion (RPA) based on DFT ground-state calculations, starting from eigenvectors and eigen-
values. The final goal of our theoretical work is a comparison to corresponding experimen-
tal data. We compare our computational results with optical measurements on MoS, and
WS, nanoflakes. MoS, and WS, were exfoliated by ultrasonic treatment in high-boiling
point organic solvent and characterized using UV-VIS spectrophotometry. We find that
DFT-RPA yields a good, computationally inexpensive first approximation of the imaginary
part of the dielectric function, although excitonic effects require more complex code and
extra computing power.

Keywords DFT optical properties - MoS, and WS, - 2D materials

1 Introduction

Even though graphene is being the most promising two-dimensional material, absence of the
gap has imposed limitations of its applications in nanoelectronics and nanophotonics. Transi-
tion metal dichalcogenide crystals (TMDCs) emerged as important alternative as a layered 2D
materials family with the finite gap and received considerable attention owing to their extraor-
dinary potential for applications in electronics and optics (Pospischil et al. 2014; Baugher
et al. 2014; Britnell et al. 2013; Koppens et al. 2014; Ross et al. 2014; Shi 2013; Zhang 2016;
Huang 2016; He 2016; Szczesniak 2017). MoS, and WS, are part of the family of transition
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metal dichalcogenide crystals. They display distinctive properties at a thickness of one and
few layers (Butler et al. 2013; Wang et al. 2012; Xu et al. 2014) and very peculiar physics,
ranging from trions (Mak et al. 2013) to superconductivity (Szczesniak et al. 2018). They
have also attracted much interest for applications in optoelectronics as detectors, photovoltaic
devices and light emitters (Pospischil et al. 2014; Baugher et al. 2014; Britnell et al. 2013;
Koppens et al. 2014; Ross et al. 2014). MoS, and WS, are layered crystals in hexagonal struc-
ture, consisting of metal atoms sandwiched between two chalchogenide atoms, with covalent
interaction within layer and van der Waals interaction between layers. For many applications
knowledge of the optical properties is of fundamental importance. Spectroscopic techniques
are among the most important methods for research in the field of nanoscience and nano-
technologies. Parallel with the development of experimental methods, computational science
becomes a very valuable tool in pursuit for new low-dimensional materials and their charac-
terization. Employing high-end modeling codes, it is possible to simulate from first principles
more than a few spectroscopic techniques. The most basic description of light-matter interac-
tions in TMDC thin layers is given by the materials complex dielectric function. Importance
of the dielectric function is not only in understanding theoretical concepts underlying inter-
esting properties of TMDCs but it is crucial for the characterization of these materials i.e.
the imaginary part of dielectric function is directly related to the absorption. The observed
double-peak structure in the optical absorption spectra of monolayer TMDCs is connected
to excitonic excitations. These excitons are due to the vertical transition at the K point of the
Brillouin zone from a spin-orbit-split valence band to doubly degenerate conduction band
(Zhu et al. 2011). For experimental approach, spectroscopic ellipsometry allows determina-
tion of material’s optical properties in nondestructive manner (Tompkins and McGahan 1999;
Liu et al. 2014). The liquid-phase exfoliation is a simple and effective method to exfoliate
bulk layered materials into mono- and/or few-layer 2D nanosheets. In this work, high quality
TMDC, MoS, and WS, were prepared in NMP with the similar procedure as our previous
works (Matkovi¢ et al. 2016; TomaSevi¢-1li¢ et al. 2016). UV-VIS spectroscopic measure-
ments effectively characterize dispersions by their absorbtion spectra. Using approaches based
on density functional theory (DFT), implemented in the Quantum Espresso software package
(Giannozzi et al. 2009), we study optical properties of low-dimensional materials, MoS, and
WS,. We calculate the dielectric function within the framework of the random-phase approxi-
mation (RPA) (Brener 1975) based on DFT ground-state calculations, starting from eigen-
vectors and eigenvalues. Although the tight-binding approximation prove their efficiency and
accuracy in describing low-dimensional bands and energy gaps in TDMC materials (Liu et al.
2013; Shanavas et al. 2015; Szczesniak et al. 2016), even for study of the optical properties
(Ghader et al. 2015) we relay on DFT based methods due to their applicability on large spectra
of systems joint with simplicity of use. The final goal of this study is a comparison to cor-
responding experimental data provided by spectroscopic measurements of liquid exfoliated
nanoflakes of MoS, and WS,. We use our results for analysis of optical properties of liquid
phase exfoliated MoS, and WS, nanoflakes, as a proven method for analysis of basic optical
properties of 2D materials (PeSi¢ et al. 2016).

2 Computational details
For presented analysis, Quantum Espresso (QE) code (Giannozzi et al. 2009),

based on DFT, was used. The approach is established on an iterative solution of the
Kohn—Sham equations of the DFT in a plane-wave basis set. The ionic positions in the
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cell are fully relaxed, in all calculations, to their minimum energy configuration using
the Broyden—Fletcher—Goldfarb—Shanno (BFGS) algorithm. We modeled monolayer
MoS, and WS, with hexagonal unit cell with 3 atoms per unit cell (Fig. 1). For pre-
sented analysis, GGA exchange-correlation functional, Perdew—Burke—Ernzerhof (PBE)
(Krack 2005) was used. This parameter-free GGA functional, PBE, is known for its gen-
eral applicability and gives rather accurate results for a wide range of systems. Com-
pared to hybrid, PBE potential is significantly faster, hence more convenient for qualita-
tive description we aim in this discussion. Although LDA is computationally even more
affordable, GGA (i.e. PBE) has proven to be closer to experimental results for spectra
of properties in low-dimensional materials (Rasmussen 2015; Molina-Sanchez et al.
2015). Additional accuracy that would be obtained with addition of spin orbit correc-
tion, however it would lead to significant increase in computational costs (Rasmussen
2015) making this approach obsolete, since we use it for its efficiency. Namely, many-
body calculations applying the GW approximation and Bethe—Salpeter equation give
good agreement for optical properties, but their computational costs is great comparing
to DFT + RPA. Our computationally inexpensive approach gives qualitatively satisfying
description. The hexagonal cell parameter ¢ was set to be very large (10-12 A) in order
to simulate vacuum and two-dimensional system and avoid an interaction due to perio-
dicity. The plane wave kinetic energy cutoff of 70 Ry was used and the uniform k-point
grid was composed of 4096 points in the first Brillouin zone. In TMDCs van der Waals
interaction (Lu et al. 2017) have an important effect on the electronic structure, and
in case of multilayer, structures were relaxed to their minimum position, with van der
Waals interaction included to obtain proper interlayer distance (using Grimme scheme
Grimme 2006). In case of monolayer, there was no need for inclusion of it. Dielectric
function e(w) was calculated, in the range 1-20 eV, within the framework of the RPA
(Brener 1975) based on DFT ground-state calculations, starting from eigenvectors and
eigenvalues, implemented in Quantum Espresso (QE) code as epsilon.x post-processing
utility. Matrix elements were accounted only for interband transitions. RPA does not
include the nonlocal part of the pseudo-potential and it is not able to include in the
calculation the non-local field and excitonic effects. We are interested in the study of
the optical properties of this two materials using DFT as a computational inexpensive
method for the qualitative description. In QE implementation of the RPA, frequency
dependence is computed from an explicit summation of dipole matrix elements and
transition energies. Similar theoretical methods were already used to describe the bulk
TMDCs (Molina-Sanchez et al. 2015, 2013).

Fig.1 Structure of monolayer of WS, and MoS,
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3 Synthesis of MoS, and WS, dispersions

Liquid Phase Exfoliation (LPE) is the physico-chemical process where thin sheets of van
der Waals materials, ie. MoS, and WS, are exfoliated from their corresponding bulk mate-
rials by ultrasonic treatment in liquids such are organic solvents (Fig. 2). In liquid disper-
sion flakes mainly range from monolayer to few-layer flakes. For the fabrication of both
MoS, and WS, dispersion, we followed the protocol described in earlier papers (Matkovié
et al. 2016; Tomasevic-1li¢ et al. 2016; Panajotovic et al. 2016; Vujin et al. 2016). An initial
concentration of powders are: MoS, powder (Sigma Aldrich, Product No. 69860) 24 mg/
ml and WS, powder (Sigma Aldrich Product No.243639) was 12 mg/ml. The mixture was
sonicated in a low power sonic bath (Bransonic CPXH Ultrasonic 8 Cleaning Bath) for
14 h in N-Methyl-2-pyrrolidone (NMP) (Sigma Aldrich-328634) for both materials. In
order to prevent reaggregation and reduce the amount of unexfoliated material, the solu-
tions were centrifuged for MoS, 1000 rpm for 30 min and WS, 15 min at 3000 rpm and
second centrifuge 6000 rpm for 15 min after we decanted excess of liquid.

4 Characterization of MoS, and WS, dispersions

Large quantities of TMDC flakes were observed as few-layer layered nanosheets, confirm-
ing the high quality of the prepared LPE samples. The aggregated nanosheets are absent in
these SEM images (Fig. 3), which is in favor of quality of exfoliation procedure.

The UV-visible absorption spectra of the nanosheet dispersions in NMP was meas-
ured using the UV-VIS Spectrophotometer (Perkin-Elmer Lambda 4B). The quality of the
obtained TMDC nanosheets was characterized by SEM (Tescan MIRA3 field-emission gun
SEM). Two typical characteristic absorption peaks of MoS, and WS, are clearly observed
at the region of 600 nm (Fig. 4, which correspond to the A1 and B1 direct excitonic transi-
tions of the TMDC originated from the energy split of valence-band and spin-orbit cou-
pling (Zhu et al. 2011; Coleman et al. 2011). Noteworthily, the splitting between A and B
excitonic peaks of WS, is larger than that of MoS, because of the much heavier mass of the
W atom (Shi 2013). These two peaks indicate that the TMDC are dispersed in NMP as the
2H-phase. The Lambert-Beer law was applied to UV-VIS absorption spectra to calculate
TMDCs concentration by estimating the absorbance at distinctive peak (MoS, at 672 nm
and WS, at 629 nm ) by using a cell length of 1 cm and the extinction coefficient of MoS,
(@ =34.00mL mg™' m™!), WS, (« = 27.56 mL mg~! m~"), in NMP solutions, which cor-
responds to previously reported values (Coleman et al. 2011). The concentration of exfoli-
ated MoS, is 343 pg ml~! and WS, is 237 pg m1~" .

Layered material Sonication in high-boiling Liquid dispersion of

in bulk point organic solvent 2D material %

sonication centrifugation

Fig.2 Procedure of liquid phase exfoliation
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Fig.3 MoS, (up) and WS, (down) flakes on Si/SiO2 substrate—Tescan MIRA3 field-emission gun SEM-
left. Photos of MoS, and WS, dispersions-right
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Fig.4 UV-VIS spectra were taken using Perkin—Elmer Lambda 4B UV-VIS spectrophotometer with
quartz cuvettes

5 Results and Discussion

First we calculate the dielectric function for the MoS, and WS, monolayer (Fig. 5a). On
example of MoS, monolayer we shall discuss dielectric function. The imaginary part of the
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dielectric function for the E vector perpendicular to the c axis is presented in the red color
and E parallel to the c axis is presented in the green on Fig. 5. Four distinct structures on
Fig. 5, at 1(2.7), 2(3.7), 3(4.2) and 4(5.3 eV) can be connected to the interband transitions,
marked on the inset of the electronic band structure, with 1, 2, 3 and 4 as well. All the
interband transition depicted here are mainly due to the transition from the p valence bands
of sulfur to the d conduction bands of the molybdenium (Kumar et al. 2012). The peak 1 is
determined by the interband transitions from the valence bands I, II below the Fermi energy
to the conduction bands I, II and III above the Fermi energy along I'M and KI" direction.
The peak 2 is due the interband transitions from the valence bands II below the Fermi
energy to the conduction bands II and III above the Fermi energy along I"'M direction and
near the M. The peak 3 exists due to the interband transitions from the valence bands III
below the Fermi energy to the conduction bands II and III above the Fermi energy along
KT direction. Peak 4 is determined by the interband transitions from the valence bands IV
below the Fermi energy to the conduction band I above the Fermi energy in the vicinity of
the M high symmetry point. Our calculations are in agreement with the other similar DFT
studies (Kumar et al. 2012) and experimental research as well (Li et al. 2014). All TMDCs
have similar band structure and corresponding analysis can be applied on WS, monolayer.
In Fig. 5 imaginary part of dielectric function of WS, is presented. Same as for MoS,,
there are present four distinct peaks originating in same transitions as in MoS,.

Next we compare the imaginary part of the dielectric function in MoS, and WS, with
experimental results. Figure 6 qualitatively compares experimental results of MoS, and
WS, LPE with DFT+RPA calculations and results obtained using the Kramers—Kronig
analysis (Li et al. 2014). The green line represent experimental results, UV-VIS spectra
of LPE flakes. Violet lines are DFT + RPA model of MoS, and WS,. The red line is

Fig.5 The calculated imaginary Imaginary part of dielectric function for MoS, in RPA
part of the dielectric function for 1 A
MoS, and WS, 14 (
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.10 £
w g
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2
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Fig.6 The qualitative comparison of imaginary part of experimental results and theoretical calculations for
MoS, and WS,,. Asterisks corresponds to result for the reference Li et al. (2014)

Fig.7 The calculated imaginary
part of the dielectric function for
few layers of WS,
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imaginary part of the dielectric function obtained using Kramers—Kronig analysis from
the reference Li et al. (2014). Due to the nature of approximation, excitonic effects are
not clearly visible in DFT+RPA calculation and characteristic A and B peaks are not
present. However both for MoS, and WS, peaks at around 400 nm (which originate in
electronic transitions) are well described.

After analysis of monolayer we proceeded with calculations of few layer structures to
observe changes in the imaginary part of dielectric function with increase of number of
layers. We compared monolayer with bilayer and 4-layer WS,, Fig. 7 and conclude its
thickness-dependent nature. It can be noticed that thicker structures have higher €, in the
low energy area. This regular change shows a good agreement with the variation ten-
dency of the density of WS, films, as demonstrated in the XRD analysis in ref (Li et al.
2017). Being aware of this effect, a referent model for various thicknesses of TMDCs
sheets (ie. number of layers) could be made using DFT-based approach. It is planned
to be used as a guide in comparison with UV-VIS spectrophotometry measurement for
rapid assessment of thickness of nanoflakes in dispersion.

@ Springer
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6 Conclusion

In this paper we studied optical properties i.e. the dielectric function of the monolayer
MoS, and WS, as a monolayer TMDCs, using DFT based techniques. Many effects pre-
sent due to the exitonic effects demand detail and advanced approach based addition
of GW approximation and Bethe—Salpeter equation (but computationally significantly
more expensive, time-demanding and resource-consuming), in this kind of the calcula-
tions they have been complectly neglected. Thickness-dependent nature of MoS, and
WS, dielctric function was revealed. However, we can conclude that DFT+RPA tech-
niques can be used for quick analysis of the optical properties of these and similar 2D
materials, and they provide the reliable and computationally non-expensive solution for
the suitable qualitative description.
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Nanocrystalline TiO, films were prepared on glass slides by the dip coating technique using colloidal
solutions consisting of 4.5nm particles as a precursor. Photoirradiation of nanocrystalline TiO, film
modified with alanine that covalently binds to the surface of TiO, and at the same time chelate silver ions
induced formation of metallic silver film. Optical and morphological properties of thin silver films on
nanocrystalline TiO, support were studied by absorption spectroscopy and atomic force microscopy.
Improvement of photocatalytic performance of nanocrystalline TiO, films after deposition of silver was

ie}l'\;":gﬁ: observed in degradation reaction of crystal violet. Antimicrobial ability of deposited silver films on
A Nanostructures nanocrystalline TiO, support was tested in dark as a function of time against Escherichia coli,
A. Oxides Staphylococcus aureus, and Candida albicans. The silver films ensured maximum cells reduction of both
A. Thin films bacteria, while the fungi reduction reached satisfactory 98.45% after 24 h of contact.

© 2014 Published by Elsevier Ltd.

1. Introduction

Photocatalytic reactions on TiO, surfaces are very important in
environmental cleanup and remediation, such as oxidation of
organic materials [1,2] and reduction of heavy metal ions [3,4]. The
large band gap of TiO, (3.2eV), allowing only UV photons
(A <380nm) to produce electron-hole pairs and stimulate redox
processes on the catalyst surface, limit the efficiency of solar light
utilization [5]. In addition, the majority of photogenerated
electron-hole pairs recombine, rendering them not available to
initiate surface redox processes [6]. Different approaches have
been applied in order to achieve efficient TiO, based photocatalytic
process, including: (a) doping [7-9], to improve visible light
absorption of the photocatalyst, (b) morphology and crystal phase
optimization to enhance lifetimes of photoexcited states, and (c)
deposition of metal nanoparticles to increase electron transfer
rates [10,11].
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The performance improvement of TiO, nanoparticles for
reduction of heavy metal ions was achieved using multifunctional
ligands which bind simultaneously the colloid surface and heavy
metal ions [3]. The above mentioned studies were extended to
photocatalytic depositions of metals by using solid state material.
Efficient reduction of silver, copper and gold ions to corresponding
metals by using dry nanocrystalline TiO, films surface modified
with aliphatic amino acids was reported [12,13].

Arising problem with microbes resistant to antibiotics renewed
the interest for silver and silver compounds which are historically
recognized as powerful biocides for more than 650 various
microbes. Despite the excellent antimicrobial activity, silver nitrate
is unsuitable for the long term use. However, a desirable level of
antimicrobial activity can be obtained with silver nanoparticles.
The antimicrobial activity of colloidal silver nanoparticles is highly
influenced by the dimensions of the particles - the smaller the
particles, the higher the antimicrobial efficiency [14]. Recently
developed simple routes for preparation of silver colloids with
desired size gave burst to their application in the antimicrobial
finishing of textile materials [15-22]. On the other hand, there are
just a few studies concerning bacterial inactivation on nanostruc-
tured metallic films prepared by either high power impulse
magnetron sputtering or direct current pulsed magnetron
sputtering [23,24].
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In this study, nanocrystalline TiO, films on glass slides were
prepared by the dip coating technique using as a precursor colloid
consisting of particles with average size of 4.5 nm. Photocatalytic
reduction of silver ions led to the formation of metallic silver on
nanocrystalline TiO- films. Photocatalytic and antimicrobial ability
of synthesized nanostructures were main focus of this study. The
influence of silver on photocatalytic efficiency of nanocrystalline
TiO, films was tested in degradation reaction of the organic dye
crystal violet. In addition, antibacterial and antifungal ability of
deposited silver on nanocrystalline TiO, support against Gram-
negative bacteria Escherichia coli and Gram-positive bacteria
Staphylococcus aureus, as well as fungi Candida albicans was
investigated.

2. Experimental

2.1. Synthesis and characterization of silver films on nanocrystalline
TiO, supports

The TiO; colloids with mean particle diameter of 4.5 nm were
prepared by controlled hydrolysis of titanium(IV) chloride, as
described elsewhere [25]. The concentration of TiO, was deter-
mined from the concentration of the peroxide complex obtained
after dissolving the colloid in concentrated H,SO4 [26].

The nanocrystalline TiO-, films were prepared on the glass slides
by a dip coating technique using 4.5 nm colloids as a precursor.
After dipping the glass slides in the concentrated TiO, colloidal
solution (0.12 M), the samples were dried at elevated temperature
(110°C) for 30 min. The thickness of the nanocrystalline TiO, films
(0.4-0.5 pm) was adjusted by repeating the above mentioned
procedure.

The surface modification of nanocrystalline TiO, films was
accomplished in the dark by immersion of the samples in a water
solution containing 0.05M alanine and 0.05M AgNOs for more
than 24 h. After that the samples were rinsed with distilled water
and dried in a stream of nitrogen.

[llumination of surface modified TiO, nanocrystalline films,
almost instantaneously led to the reduction of silver ions to
metallic silver. An UV-Xe lamp (Orion Corp.) was employed for
steady state illumination. After illumination the samples were
immersed for a few seconds in 0.1 M HCl, then rinsed with distilled
water and dried in a stream of nitrogen.

The UV-vis absorption spectra of precursor TiO, colloid and
corresponding nanocrystalline TiO, support, as well as deposited
silver films on nanocrystalline TiO, support were measured using a
Thermo Evolution 600 spectrophotometer.

Transmission electron microscopy (TEM) was performed using
a JEOL JEM-2100 LaBg instrument operated at 200 kV. TEM images
were acquired with a Gatan Orius CCD camera at 2x binning. The
atomic force microscopy (AFM) studies were performed in the
tapping mode at a scanning frequency of 2 Hz using “Ascope 250+ "
instrument (Quesant Instrument Corporation).

2.2. Photocatalytic degradation of crystal violet

Photocatalytic ability of nanocrystalline TiO, films after
deposition of silver was compared with photocatalytic ability of
pristine TiO, films using degradation of organic dye crystal violet
(CV) as a test. The photochemical reactor consisted of UV lamp
(Roth Co., 16 W, 2.5 mW/cm?, Amax =366 nm) positioned annular to
the 50 ml quartz flask. The rates of photocatalytic degradation of
CV were followed for different initial concentrations in the range
from 5.0 to 10.0 M. The acidity of solutions was not adjusted and
pH values were in the range from 6.7 to 7.0. The blank experiments,
direct photolysis of CV, were also performed. In order to test
performance of nanocrystalline TiO, films under long run working

conditions, photocatalytic degradation of organic dye was studied
in a repeated cycles.

Initial concentrations of organic dye, as well as its decrease
during photodegradation reaction were determined by measuring
absorption at the peak position of CV (Anax=590nm; &s90=8.7
x10*M~Tecm™1).

2.3. Antimicrobial activity tests

The antimicrobial activity of silver films on nanocrystalline
TiO, support was evaluated against Gram-negative bacteria E. coli
(ATCC 25922), Gram-positive bacteria S. aureus (ATCC 25923) and
fungi C. albicans (ATCC 24433) using the standard test method
(Standard test method for determining the antimicrobial activity of
immobilized antimicrobial agents under dynamic contact con-
ditions, ASTM E 2149-01) with some modifications [27]. Briefly, the
glass slides (1.5 cm x 2.0 cm) with TiO,-Ag films were submersed
in flask with 10 ml saline inoculated with appropriate microor-
ganism. The controls were nanocrystalline TiO, films on glass
slides. The flasks were shaken in a water bath at 150 rpm for a
proper time at 37 °C. After that, the 1ml aliquot was taken and
diluted in saline. From each dilution, the 1 ml aliquot was plated in
TSA (tryptone soy agar, Torlak, Serbia). The inoculated plates are
incubated at 37°C for 24h and surviving cells are counted. The
percentage of microbial cells reduction (R, %) was calculated using
the following equation:

R=C 100 (1)

Co

where C; (CFU - colony forming units) is the number of microbial
colonies in the control sample (nanocrystalline TiO, film) and C
(CFU) is the number of microbial colonies on the deposited silver
films on nanocrystalline TiO, support. All antimicrobial tests were
performed in dark and stated values are averages from three sets of
measurements.

3. Results and discussion
3.1. Characterization of silver films on nanocrystalline TiO supports

Conventional TEM image at high magnification of colloidal TiO,
nanoparticles, used as a precursor in the dip coating process for
preparation of thin TiO, films, is shown in Fig. 1. TEM
measurements revealed the presence of nearly spherical TiO,
nanoparticles with low degree of crystallinity and average size of
4.5 nm. Fast Fourier transform of the image, shown as an inset to

Fig. 1. Typical TEM image of colloidal TiO, nanoparticles used for preparation of
nanocrystalline TiO, films. Inset shows SAED image.
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Fig. 2. Absorption spectra of precursor 4.5 nm TiO, colloid (a), nanocrystalline TiO,
film (b), and photochemically deposited metallic silver on nanocrystalline TiO, film
(c). Inset shows transmission spectrum of nanocrystalline TiO, film with
interference fringes.

Fig. 1, indicated that observed lattice fringe is close to the (101)
anatase value (0.36 nm).

The absorption spectra of precursor (TiO, colloid) and
corresponding nanocrystalline TiO, film obtained by dip coating
technique are shown in Fig. 2 (curves a and b, respectively). In both
cases, steep increase of absorbance bellow 380 nm can be noticed,
which corresponds to the characteristic band gap energy of anatase
titania (3.2eV).

The thickness of the nanocrystalline TiO, films on the glass
slides was determined from the transmission spectra measured in
the spectral range of 350-900 nm. Typical transmission spectrum
of nanocrystalline TiO; film is shown as inset to Fig. 2. The method
proposed by Babu et al. [28] was used to calculate thickness of TiO,
films from the position of interference fringes in transmission
spectra. Briefly, locations of the extrema in the transmission curve
are uniquely determined in a first approximation by specifying the
product nd, where n is refractive index and d is thickness of the thin
film. In this approximation, which is applicable for weakly
absorbing films, extrema occur at wavelengths specified by

m-—1
A=(m) m=1,2,... 2)
i.e., the locations of the extrema are uniquely determined by nd. If
m’ is the order of an extremum from an arbitrary reference
extremum (of order mg), then m=mgy+m’ and
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Fig. 3. Typical AFM image of silver grains on the surface of nanocrystalline TiO, film.
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A plot of 1/Aqx versus n?’, for a constant value of nd, will yield a
straight line of slope 1/4nd and intercept mg/4nd.

Knowing the value of the refractive index of anatase TiO,
particles (n=2.524), estimated thickness of all nanocrystalline TiO,
films used further in experiments was in the range from 0.4 to
0.5 wm. Also, it should be pointed out that dip coating technique
led to the formation of nanocrystalline TiO, films having a fairly
uniform thickness across the film.

In order to efficiently deposit silver on nanocrystalline TiO,
films, surface modification with simple amino acid alanine was
performed in the presence of silver ions. It is well-known that
nanocrystalline TiO, differs from the bulk material, and has unique
surface chemistry due to distortions in surface Ti sites from the
octahedral geometry to a penta-coordinate square pyramid with
one double Ti= O bond [29,30]. The way of binding between
surface Ti atoms and alanine was already described in our previous
work [31]. Nanosized surface-modified TiO, offers several
advantages for photocatalytic reduction of metal ions over the
commercially available microparticle TiO,: high surface area,
increased adsorption of metal ions and enlarged charge separation
distances.

Following illumination of dry samples with ultraviolet light,
photogenerated electrons are transferred to the chelated silver
ions adsorbed onto the surface, and as a consequence, metallic
silver can be generated on the nanometer range length scale.

time (hours)

Photogenerated holes on the other hand can oxidize excess alanine
adsorbed to surface Ti atoms. In order to remove alanine and
unreduced silver ions from the photocatalytically deposited silver
films on nanocrystalline TiO, support the samples were treated
with diluted mineral acid (0.1M HCI). Basically, this process
resembles to the fixation process in photography. The absorption
spectrum of photochemically deposited metallic silver on nano-
crystalline TiO, support is shown in Fig. 2 (curve c). The presence of
surface plasmon resonance band around 440 nm indicated that the
grain size of silver is in the nanometer size range.

The morphology of deposited silver film on nanocrystalline TiO,
support was investigated by using AFM measurements. Typical
AFM image shows reasonable flat surface across the nanocrystal-
line TiO, film (Fig. 3). Also, AFM measurements indicate that
homogeneous silver film consisting of well resolved grains with
average size of about 80 nm is successfully assembled. It should be
noticed that AFM data concerning grain size and optical properties
of thin silver films are in agreement.

These results are in agreement with published data concerning
photocatalytic reduction of silver, copper and gold ions to
corresponding metals by using dry nanocrystalline TiO, films
surface modified with aliphatic amino acids [12,13]. Purpose of
these studies was development of simple procedure for formation
of metallic pattern structure on nonconductive support, which is
important technological process in microelectronics [32]. In this
study, additional functions, antimicrobial ability and improvement
of photocatalytic performance of TiO, films upon deposition of
silver were tested.
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0 1 2 3 4 5 6 7, 1 2 3 4 5 6 7
100 1 L 1 1 1 1 1 1 1 1 1 1 100
a b
C,=5.0 um C,=7.5uM

= Q

= 904 . 90 ©

3. o 3

= 8

c

i) =

-~ -

8 80 80 2
o

§ 5
—~

c =

8 70 70 5

100 100
c d
- \
C,=10.0 um e 1t nd

— O — 2 d o

= 90 1 3fdioo ©

=4 - >

N < 8

c

o \. =1

= =

g 80 y 80 g__

& S

(0] =

3 C,=10.0 uM &

= =

8 70 1 L70 §

T T T T T T T T 1) T T T
0 1 2 3 4 5 6 7 1 2 3 4 5 6 7

time (hours)

time (hours)

Fig. 4. Degradation kinetic of CV using pristine nanocrystalline TiO- films (black squares) and nanocrystalline TiO, films with deposited silver (red dotes) as a function of
initial concentration of organic dye: (a) 5.0 uM, (b) 7.5 wM, and (c) 10.0 M. Degradation kinetic of CV as a function of repeated cycles (initial concentration of CV was
10.0 wM) using pristine nanocrystalline TiO, film as photocatalyst (d). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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3.2. Effect of silver on photocatalytic degradation of crystal violet over
nanocrystalline TiO, films

Effect of deposited silver on photocatalytic performance of
nanocrystalline TiO, films was investigated using degradation of
organic dye CV as a test reaction. The organic dye CV was chosen for
this purpose because direct photolysis does not induce its
degradation. The comparison between kinetics of photocatalytic
degradation of CV for different initial concentrations over pristine
nanocrystalline TiO, films and nanocrystalline TiO, films with
deposited silver is shown in Fig. 4 (a-c). Complete decolorization of
organic dye was not achieved after 24 h of illumination, but based
on the degradation kinetics data some general features can be
recognized. First, the photocatalytic degradation for all initial
concentrations of CV is slower over pristine nanocrystalline TiO,
films compared to nanocrystalline TiO, films with deposited silver.
As expected, in the presence of nanosized silver electron transfer
rates of photogenerated charge carriers are enhanced reducing
their recombination. This result is in agreement with literature
data concerning Ag-TiO, nanocomposites consisting of hollow
spheres whose photocatalytic activity were higher compared to
pure TiO, and commercial Degussa P25 powders [33]. Second, the
photocatalytic degradation kinetics of CV slowed down with the
increase of initial concentration of organic dye for both kinds of
films. This effect can be easily explained with limited number of
available TiO, surface sites for adsorption of organic dye. Also, it
should be mentioned that in all experiments pH of the solutions
was in between 6.7 and 7.0. It is well known that TiO, is amphoteric
and that the zero point charge is at pH,p~5.9 [34]. Under such
experimental conditions, the electrostatic attraction between
positively charged organic dyes and negatively charged, i.e.,
deprotonated surface —OH groups is the driving force for
adsorption of organic dyes. In addition, the formation rate of
hydroxyl radicals, major active species during photocatalytic
oxidation reaction, is much higher in the case of anatase compared
to other semiconductors [35].

In order to test the photocatalytic ability of nanocrystalline TiO,
films with and without deposited silver under long run working
conditions, the degradation of CV was ascertained in repeated
cycles without the photocatalyst being subject to any cleaning
treatments. The subsequent degradation kinetic curves for CV
using pristine nanocrystalline TiO, film as photocatalyst are shown
in Fig. 4d. Identical behavior was also observed in the experiments
with nanocrystalline TiO, films with deposited silver (results are
not shown). It is noticeable by comparing the first kinetic cycle
with the second as well as the third one that the photocatalytic
ability of pristine nanocrystalline TiO, film is improving. Most
likely, enhanced photocatalytic ability of TiO, films in repeated
photocatalytic cycles can be explained by self-cleaning effect, i.e.,
removal of residual impurities from the surface of nanocrystalline

3.3. Antimicrobial activity of silver films on nanocrystalline TiO»
support

Antimicrobial and antifungal efficiency as an additional
function of silver films photochemically deposited on

Table 1
The percentage of cells reduction (R, %) of E. coli, S. aureus and C. albicans after 24 h of
contact in dark with silver films deposited on nanocrystalline TiO, support.

Sample E. coli S. aureus C. albicans

N/ml R (%) N/ml R (%) N/ml R (%)
TiO, film (control) 1.2x107 99.99 1.8 x107 99.99 11x107 98.45
TiO,-Ag film 5.6 x 10? 1.1 x10° 1.7 x 10°

nanocrystalline TiO, support was tested against Gram-negative
bacteria E. coli and Gram-positive bacteria S. aureus, as well as
yeast C. albicans. It is well known that TiO, particles under UV
light have pronounced antibacterial activity [36,37]. In order to
ensure that reduction of both bacteria and yeast is exclusively
consequence of antibactericidal activity of silver films, all
measurements were performed in dark. The obtained results after
24 h of contact in dark of various bacterial colonies with silver films
are collected in Table 1. The silver films ensured maximum
reduction of both bacteria, while the fungi reduction reached
satisfactory 98.45%.

In order to determine differences in biological response of
various microbial species (E. coli, S. aureus and C. albicans) exposed
to silver films deposited on nanocrystalline TiO, support microbial
cells reduction measurements were performed as a function
time (from 2 to 60 min). The obtained data are presented in Fig. 5. It
is clear that biological response is different for different microbial
species and in entire time interval the microbial cells reduction
in ascending order from C. albicans, over S. aureus to E. coli can be
observed. Also, the differences of antimicrobial activities against
various microbial strains are becoming more pronounced at
shorter exposure times. For example, after 2min of contact
only reduction of E. coli was observed (slightly above 50%),
while exposure of S. aureus and C. albicans to silver films deposited
on nanocrystalline TiO, supports was uneffective. After 15 min
of exposure, cells reduction of E. coli reached 96.3%, while for
S. aureus and C. albicans was found to be 33.3 and 16.3%,
respectively.

Different microbial species have different protective mecha-
nisms when exposed to silver. Hwang et al. [38] showed that
elevated accumulation of intracellular reactive oxygen species
(ROS) in C. albicans cells is the main antifungal activity of silver
nanoparticles. The accumulation of ROS induces and regulates the
induction of apoptosis in yeasts. However, the C. albicans cells can
produce the antioxidative enzyme-catalase that can protect the
cells from the antimicrobials and oxidative damage [39]. Similar
protective mechanism can be found in S. aureus strains that also
produce catalase and other antioxidants, including, alkyl hydro-
peroxide reductase, and staphyloxanthin, which may supplement
catalase in defense against H,O, and ROS [40]. Among tested
organisms, only E. coli that showed the highest sensitivity upon
exposure to silver, does not produce catalase. In addition to
catalase action, there is a difference in cell wall composition
between Gram-positive and Gram-negative species, which is
responsible for smaller bactericidal effect of silver on S. aureus in
comparison to E. coli [41].

uC. albicans W S. aureus ™E. coli
100 a A

R (%)
3

” ll |
12 5 10 15

Fig. 5. The percentage of reduction of E. coli,S. aureus and C. albicans as a function of
time of contact between microbial cells and silver films deposited on nanocrystal-
line TiO, supports; for the sake of clarity time scale is not proper.

20 25 30 35 40 45 50 55 60
time (min)
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4. Conclusion

Nanocrystalline TiO, films were prepared on glass slides by dip
coating technique using colloids consisting of 4.5 nm TiO, nano-
particles as a precursor. Deposition of silver on nanocrystalline
TiO, support was achieved using simple and non-expensive
photocatalytic route. Deposited silver films proved to have
excellent antimicrobial activity against Gram-negative bacteria
E. coli and Gram-positive bacteria S. aureus, as well as fungus C.
albicans. The different biological response of different microbial
species was observed when contact between the microbial cells
and silver was on a time scale of minutes. Also, the effect of silver
on photocatalytic performance of nanocrystalline TiO, films was
tested using degradation kinetic of the organic dye crystal violet as
a test reaction. The obtained kinetic data indicated improvement of
photocatalytic ability of nanocrystalline TiO, films after deposition
of silver. Most likely, this effect is a consequence of reduced
recombination of photogenerated charge carriers due to enhance-
ment of their electron transfer rates.
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Transparent and conductive films from liquid phase exfoliated
graphene
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Liquid phase exfoliation of graphite presents a promising route for large-scale graphene
production [1]. We describe basic advantages and disadvantages of the controlled
deposition of few-layer graphene using the Langmuir-Blodgett (LB) method, which is
compatible with usage in transparent conductors [2,3]. The graphene sheets (GS) were
exfoliated from graphite by ultrasonic treatment in N-Methyl-2-pyrrolidone (NMP) and
dimethylacetamide (DMA) solvents. For comparison, graphene sheets were also
exfoliated in a water solution of surfactants. We confirm a higher exfoliation rate for
surfactant-based processing compared to NMP and DMA. Furthermore, we demonstrate
that our films exfoliated in NMP and DMA and deposited with LB have a higher optical
transmittance compared to films obtained with vacuum filtration, which is a necessary
step for GS exfoliated in water solutions [4]. The structural, optical and electrical
properties of graphene layers were characterized with scanning electron microscopy,
atomic force microscopy, ellipsometry, UV/VIS spectrophotometry and sheet resistance
measurements. Our facile and reproducible method results in high-quality transparent
conductive films with potential applications in flexible and printed electronics and
coating technology.
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Graphene
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Abstract. Graphene synthesized by various techniques has different properties. Here we give an
overview of several graphene synthesis techniques and device fabrication processes; as microme-
chanical exfoliation, fabrication of free standing membranes, chemical vapor deposition, liquid
phase exfoliation, Langmuir-Blodgett assembly, wet transfer, shadow mask and UV photolithogra-
phy. We employ various scanning probe and optical spectroscopy techniques to determine how these
different fabrication processes affect properties of graphene, and present advantages and drawbacks
for various applications.

In particular we focus on optical properties of graphene obtained using spectroscopic ellipsom-
etry, and how these are altered by the interaction with an ambient [1], or various dielectric and
metallic substrates [2], or by different fabrication processes [3]. We highlight how transfer residue
and sample annealing affect optical properties of graphene [3], as well as how the interaction be-
tween graphene and a gold substrate can be observed through spectroscopic ellipsometry and Kelvin
probe force microscopy [2]. In addition, we demonstrate how graphene can be manipulated by an
atomic force microscope, using dynamic plow lithography [4].
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Abstract. We demonstrate how chemical doping can be used to enhance properties of liquid-phase
exfoliated (LPE) graphene films. Langmuir-Blodgett assembly (LBA) on a water-air interface was
used to fabricate multi-layer graphene films several square centimeters in size (Fig. 1(a)). Sheet
conductivity of these films is enhanced through doping with nitric acid, leading to a fivefold
improvement while retaining the same transparency as un-doped films (Fig. 1(b)). In addition,
chemical doping increases the work function by 0.75 eV, to a value of 4.95 eV, making these films
a promising candidate for anode electrodes in hybrid solar cells and organic electronics.
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FIGURE 1. (a) 2x2 cm? LBA graphene sheet (GS) film on a polyethylene terephthalate (PET) sub-

strate. (b) The sheet resistance (Rgs) and sheet conductivity (o5) (inset) of stacked LBA GS layers, prior
and after chemical doping.
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Functional bio-hybrid nanocomposite materials are created from photosynthetic reaction center
proteins (RC) purified from purple bacteria and from carbon-based materials (carbon nanotubes,
carbon nanowires and graphene) and the optical and electric properties of the composites are
characterized. RCs were successfully bound to the inorganic carbon materials with different
procedures and the light induced change in the absorption and electric conductivity was
measured. Spectroscopy measurements showed that RC kept its photo-activity after the binding.
The current-voltage (I/U) characteristics of the composites in the dark and under illumination
indicated that there is an electrostatic/electronic interaction between the photo-active biological
and the inorganic carrier samples. Our results indicated that the photo-induced conductance
change was probably affected by the energy absorbed by the carbon carrier material directly, or
through the heat dissipated by the RC after electronic excitation. The determination of the
contribution of the heat dissipation to the conductivity change is in progress. The results will help
us to design new generations of optoelectronic devices, e.g. sensors for highly specific biosensor
applications, light-activated switches, photoelectric energy converter systems and microimaging
devices.
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Abstract. In this paper we develop and tasted low light low cost state of the art LPE
graphene/n-Si Schottky junction solar cell with 1% efficient for 0.25 sun and 0.1% for 2 sun.
The solar cells have better performances in low light than in normal light intensity which
recommends it for the applications in low light geographical conditions. There performances
mainly depend on the quality of the LPE graphene film and the treatment. Main contribution
comes from Ry Of the graphene film. The additional reason comes from treatments of
graphene films with ozone, annealing and atmospheric conditions. The second realized main
goal is low cost graphene film production that will have valuable impact on faster adoption of
this device.

1. Introduction

In this paper we develop and tasted low light low cost state of the art LPE graphene/n-Si Schottky
Junction solar cell with 1% efficient for 0.25 sun and 0.1% for 2 sun. The solar cells have better
performances in low light than in normal light intensity which recommends it for the applications in
low light geographical conditions. There performances mainly depend on the quality of the LPE
graphene film and the treatment. Main contribution comes from Ry, Of the graphene film. The
additional reason comes from treatments of graphene films with ozone, annealing and atmospheric
conditions. The second realized main goal is low cost graphene film production that will have valuable
impact on faster adoption of this device.
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The lab production of graphene has sparked huge scientific and
commercial interest, especially since the discovery of methods to
produce graphene in large quantities. Although many of those
methods use costly sacrificial growth substrates, liquid phase
exfoliation (LPE) with the aid of ultrasound has proven to be a facile,
reliable, and economically satisfying solution to producing significant
volumes of graphene colloid dispersions. Graphene can be extracted
from dispersion to be used in various electronic devices and as a
transparent flexible electrode in applications ranging from solar cells to
wearable sensors.

We describe transparent and conductive films of LPE graphene
deposited from soluation with the Langmuir-Blodgett (LB) method [1].
Graphene sheets (GS) were exfoliated from graphite by ultrasonic
treatment in N-Methyl-2-pyrrolidone (NMP) and N, N-
dimethylacetamide (DMA) solvents. For comparison, graphene sheets
were also exfoliated in a water solution of surfactants. We confirm a
higher exfoliation rate for surfactant-based processing compared to
NMP and DMA. Furthermore, we demonstrate that our films exfoliated
in NMP and DMA, deposited with LB and annealed have a higher
optical transmittance and lower sheet resistance compared to films
obtained with vacuum filtration, which is a necessary step for GS
exfoliated in water solutions. High optical transmittance and low sheet
resistance are desirable properties for transparent electrodes. The
structural, optical and electrical properties of graphene layers were

ESOF theme:

e Material
dimensions
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characterized with scanning electron microscopy, atomic force
microscopy, UV/VIS spectrophotometry and sheet resistance
measurements.

Our facile and reproducible method results in high-quality transparent
conductive films with potential applications in flexible and printed
electronics and coating technology.
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films that seriously compete with CVD films
as materials of choise for applications in
electronics.

References

Abstract

Two-dimensional (2D) materials are a new
class of materials with interesting physical
properties and applications. The most
studied 2D semiconducting dichalcogenide
MoS: is gaining importance as a promising
channel material for field-effect transistors
(FETs) [1]. Liguid phase exfoliation (LPE) is a
promising route for large-scale production of
2D materials [2]. However, the MoS2 films
produced with LPE showed low carrier
mobility [3]. The assembly of nanomaterials
in thin films directly affects their morphology
and electronic properties with ordered
packing usually resulting in superior film
quality and device performance.
Intfegrating nanomaterials into FETs requires
reliable assembly methods to fabricate
relatively uniform thin films. In our work, we
describe controlled deposition of few-layer
MoS:2 films using a modified Langmuir-
Schaefer (LS) method and perform mobility
measurements on few-layer MoS2 FETs (Fig.
1). Our films showed p-type conduction and
mobility larger than 60 cm2 V-1s' at room
temperature in air (Fig. 2). This is the largest
ever achieved mobility for FET devices from
LPE MoS»2, comparable to the previously
reported p-type MoS2 FET from chemically
doped CVD samples [4]. Our facile and
reproducible method results in high-quality
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Figures

Figure 1: Schematic *“cross-sectional” view of
the device
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Figure 2: Room-temperature fransfer

characteristics with 100 mV applied bias
voltage, and output characteristics Ids-Vds
measured for different gate voltages (inset).
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Bioszenzorika és bio-nanotechnolégia
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Szén alapu bio-nanokompozitok optoelektronikai alkalmazasanak lehetéségei

SZABO TIBOR!2, T. TOMASHEVIC3, R. PANAJOTOVIC3, ABD ELAZIZ SARRAI'*, SZEGLETES ZSOLT?,
VARO GYORGY>, HAJDU KATA!, MATHE BOTOND!, SZABO ANNA®, HERNADI KLARA® ES NAGY
LASZLO!

1. Orvosi Fizikai és Orvosi Informatikai, Szegedi Tudomdnyegyetem, Szeged
2. Izotdp Klimatologiai és Kornyezetkutato Kozpont (IKER), Magyar Tudomdnyos Akadémia
Atommagkutato Intézet, Debrecen
3. Institute of Physics, University of Belgrade, Belgrade, Serbia
4. Laboratory for Biomaterials and Transport Phenomena LBMPT, University Yahia Fares, Medea, Algeria;
5. Biofizikai Intézet, Magyar Tudomdnyos Akadémia, Szegedi Biologiai Kutatokozpont, Szeged
6. Alkalmazott és Kornyezeti Kémiai Tanszék, Szegedi Tudomdnyegyetem, Magyarorszdg

Funkciondlis bio-hibrid nanokompozit anyagokat allitottunk elé biborbaktériumokbdl tisztitott
fotoszintetikus reakciocentrum fehérjébdl (RC) és szénalapi nanoszkopikus hordozd anyagokbol (szén
nanocs6vekbdl, nanocsé kotegekbol, grafénbol). Az igy elballitott anyagok optikai és elektromos
tulajdonsagait jellemeztiik. A RC-ot sikeresen kotottik kiilonbdzé modszerekkel (fizikai szorpcid és
specifikus kémiai kotésekkel) a szervetlen hordozokhoz, és a fényindukalt abszorpciovaltozast, elekromos
vezetOképességvaltozast mértiik. A spektroszkopiai vizsgalatok azt mutattak, hogy a RC a ko6tddés utan is
fotoaktiv maradt. A s6téten €s fényben mért aram/fesziiltség karakterisztikak azt mutattak, hogy a fotoaktiv
biologiai és a szervetlen hordozd kozott elektrosztatikus/elektromos kodlesohatas lehet. Az eredmények azt
mutattak, hogy a fényindukalt ellenallasvaltozas kialakitdsaban mind a szervetlen hordozdban lejatszodd
gerjesztési, mind pedig a RC-ban végbemend energiadisszipacio szerepet jatszhat. A kapott eredméyek
segithetnek ujgeneracids optoelektroikai rendszerek (pl. nagy specifitasu bioszenzorok, fénnyel
mikodtethetd kapcsoldk, fotoelektromos energiadtalakitdo rendszerek, mikroképalkotd rendszerek, stb.)
kialakitasaban.

Koszonetnyilvanitas ;

A kutatas az Emberi Eréforrasok Minisztériuma Uj nemzeti Kivalosag Programjanak tdmogatasaval késziilt, timogatta
tovabba a Svajci Hozzajarulas program (SH/7/2/20 ), OTKA PD116739 és OTKA NN114463,
GINOP-2.3.2-15-2016-00001.
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Low light solar cells

Djordje Jovanovié', Tijana Tomasevi¢', Aleksandar Matkovié'?, Nikola Tasi¢?, and Rado§ Gaji¢'
! EU Centre of Excellence for Optical Spectroscopy Applications in Physics, Institute of Physics Belgrade, University of
Belgrade, Serbia
2 Institut fiir Physik, Montanuniversitiit Leoben, Leoben, Austria
? Department of Materials Science, Institute for Multidisciplinary Research, University of Belgrade, Serbia
: In this study we have developed and tested low-light Graphene / n-Si Schottky junction solar cells (SC) based on LPE
(liguid phase exfoliated) graphene produced by Langmuir-Blodgett assembly (LBA) [1-3]. SCs have about 1% efficiency
for 0.25 sun and 0.1% for 2 sun for AM1.5G solar light. When tested upon very weak light intensity for 0.01 sun, with
non-standard SC simulator setup, the efficiency is increased by an order of magnitude - over 20%. SCs have better
performance in low light that could have applications in these conditions [3]. SCs performance is measured on non-treated
(NT) and treated (T) - ozone (O3) and annealed (A) one layer LBA Graphene films / n-Si. Performance depends mainly
on quality of the graphene films (GS). Low cost graphene film production will have an impact on faster adoption of these
devices.

1. Aleksandar Matkovi¢ et al., 2D Mater. 3, 015002 (2016).
2. Lachlan J. Larsen et al., RSC Adv. 5, 38851 (2015).
3. Valentina Jano3evi¢ et al., Prog.Photovolt: Res. Appl. (2015).

Modification of reduced graphene oxide with gold nanoparticles stabilized by
SH-PEG-NH2

A. Leniartl, P.Szustakiewiczl, W. Lewandowkil
1Faculty of Chemistry, University of Warsaw, Laboratory of organic nanomaterials and biomolecules, Pasteur 1 Street,
02-093 Warsaw, Poland

Reduced graphene oxide modified with nanoparticles (RGO / NPs) may, in the future, provide a basis for the development

of various technologies. The challenge for us is to optimize the synthesis process and to investigate the physicochemical
properties of such composites. The project, which will be presented, consisted of three stages: the synthesis of reduced
graphene oxide (RGO), the synthesis of nanoparticles (NPs) and the modification of the reduced graphene oxide with
gold nanoparticles. An essential element of the strategy is to achieve stable metallic nanoparticles coated with amino
ligands e.g SH-PEG-NH2. An additional objective was to carry out the amidation reaction on the particle surface to
covalently bonding RGO and NPs, which can provide the high durability material. The synergy resulting material,
composed of nanoparticles disposed on the surface of graphene, combines the properties of both components. The
resulting hybrids were examined in transmission electron microscope (TEM) in order to illustrate the topography of the
material. To sum up, we were able to get a stable material type RGO / NPs in various solvents. In addition, we have made
successful attempts to modify RGO with anisotropic nanoparticles, such as nanoprisms. The resulting material type RGO
/ NPs opens wide possibilities of application in particular in analytical chemistry, technology SERS or catalysis.

Transparent Graphene Oxide and reduced Graphene Oxide Humidity Sensors
D.-P. Argyropoylos', S. Papamatthaiou’, F. Farmakis', N. Georgoulas!
Department of Electrical and Computer Engineering, University of Thrace Xanthi, Greece

Graphene oxide (GO) is a promising material for various sensing applications. In this contribution we propose a humidity

sensing device based on GO on glass. A GO water-based solution was disposed on glass substrate and with the aid of spin
coating method, a thin film was deposited and planar resistive devices were fabricated by depositing Aluminum metal
pads through thermal evaporation. Two different spin speeds were applied (3000 and 6000 rpm) to evaluate the effect of
GO thickness to the humidity sensing properties. In addition, the devices were subjected to various thermal annealing
steps in order to reduce GO and investigate the role of functional oxygen groups to the sensing properties. Furthermore,
a transparent device was prepared by depositing ITO contacts with DC magneton sputtering. The resistive behavior was
evaluated with current-voltage measurements and it was correlated with the process parameters. The sensing behavior of
the devices was investigated through resistance measurements while alternating between vacuum and air conditions. GO
sensors at both speeds, exhibit a high sensitivity in humidity of more than 10.000% but lack of stability over several
air/vacuum cycles was observed. As expected, thermal reduction of GO largely improves its resistance and after several
thermal annealing steps it remains rather constant. The humidity sensing capability of the reduced GO is much lower than
GO and it is further decreased after two successive annealing steps and remains constant for any additional step. This
behavior is well correlated with the existence of the functional oxygen groups within the GO layer. In all cases, thicker
(spin-coated at 3000 rpm) rGO sensors exhibit higher sensitivity and faster response to humidity (<3 s for six times
annealed rGO) compared thinner (spin-coated at 6000 rpm) rGO sensors.
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Enhancing conductivity of self-assembled transparent graphene films with
UV/Ozone Treatment

T. Tomasevié-Ili¢', B. Jovanovi¢', J. Pesié¢', A. Matkovi¢"?, M. Spasenovi¢', R. Gaji¢'
'Graphene Laboratory (GLAB) of the Center for Solid State Physics and New Materials, Institute of Physics, University f
Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
’Present address: Institute of Physics, Montanuniversitiit Leoben, Franz Josef Strafie 18,
8700 Leoben, Austria
e-mail:ttijana@ipb.ac.rs

We demonstrate enhanced electrical conductivity of self-assembled transparent large area graphene films by
UV/ozone treatment. Graphene as a material with high optical transparency and conductivity is an excellent
choice for transparent electrodes in various optoelectronic devices [1]. Langmuir-Blodgett (LB) and
Langmuir-Shaefer (LS) assembly are methods for simple, large-scale and cost-effective production of thin
graphene films [2]. However, uncontrollable monolayer assembly into thin films and large defect density often
leads to reduced LB and LS film conductivity. There is much effort to decrease sheet resistance of these films
with annealing, chemical doping and functionalization [3, 4]. Here, we examine the effects of exposure to
ultraviolet radiation and ozone (UVO) on LB/LS self-assembled graphene thin films by UV/VIS
spectrophotometry, resistance measurements and Raman spectroscopy. We observe that the intensity of the D
peak in Raman spectra of our graphene films decreases after UVO exposure, indicating a lower defect density.
Also, sheet resistance decreased by an order of magnitude without loss in film transparency. We conclude that
in contrast to the degrading effects it has on mechanically exfoliated and CVD-grown single layer graphene [5,
6], UVO treatment on LB/LS self-assembled graphene thin films leads to local defect patching which
enhances the film conductivity while retaining the high optical transparency. We propose that our approach is
suitable for various materials with a multitude of active edges and a large area of reactive surface making the
solution-processed thin films usablein practical optoelectronics applications.

This work is supported by the Serbian MPNTR through Projects OI 171005 and by Qatar National Research
Foundation through Projects NPRP 7-665-1-125. We thank the EU and Republic of Serbia for financing
through the Science-Industry Collaboration Program administered by the Innovation Fund.
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Ab-initio study of optical properties of MoS, and WS,compared to spectroscopic
results of liquid phase exfoliated nanoflakes

Jelena Pesi¢!, Jasna Vujin', Tijana Tomasevi¢-Ili¢!, Marko Spasenovi¢', Rados Gajic!
'Graphene Laboratory (GLAB) of the Center for Solid State Physics and New Materials,
Institute of Physics, University of Belgrade,

Pregrevica 118, Belgrade, 11080, Serbia
e-mail: yelena@ipb.ac.rs

MoS, and WS, are part of the family of transition metal dichalcogenide crystals (TMDC). TMDCs have
emerged as a new class of semiconductors that display distinctive properties at a thickness of one and few
layers [1-3]. They have also attracted much interest for applications in optoelectronics as detectors,
photovoltaic devices and light emitters [4-8].

Spectroscopic techniques are among the most important methods for research in the field of nanoscience and
nanotechnologies. Parallel with the development of experimental methods, computational science becomes a
very valuable tool in pursuit for new low-dimensional materials and their characterization. Employing high-
end modeling codes, it is possible to simulate from first principles more than a few spectroscopic techniques.
Using approaches based on density functional theory (DFT), including density functional perturbation theory,
time-dependent DFT and many-body perturbation theory, implemented in the Quantum Espresso software
package [9], we study optical properties of low-dimensional materials, MoS, and WS,.

We calculate the dielectric function within the framework of the random-phase approximation (RPA) [10]
based on DFT ground-state calculations, starting from eigenvectors and eigenvalues all calculated with
Quantum Espresso. The final goal of our theoretical work is a comparison to corresponding experimental data.
We compare our computational results with optical measurements on MoS, and WS,nanoflakes. MoS, and
WS, were exfoliated by ultrasonic treatment in low-boiling point organic solvent [11-15] and characterized
using UV/VIS spectrophotometry. We use our results for analysis of optical properties of liquid phase
exfoliated MoS, and WS, nanoflakes, as a proven method for analysis of basic optical properties of 2D
materials [11].

This work is supported by the Serbian MPNTR through Project OI 171005 and by Qatar National Research
Foundation through Projects NPRP 7-665-1-12
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Silicon going indoor

Djordje Jovanovié', Tijana Tomasevié-1lié!, Nikola Tasié¢?, Aleksandar Matkovié3, Marko Spasenovic?,
Rados$ Gaji¢t, and Emmanuel Kymakis?
1Graphene Laboratory, Center for Solid State Physics and New Materials, Institute of Physics, University of
Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
’Department of Materials Science, Institute for Multidisciplinary Research, University of Belgrade, Kneza
Viseslava 1,11000 Belgrade, Serbia
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“Electrical Engineering Department, Technological Educational Institute (TEI) of Crete, Heraklion, 71004 Crete,
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We develop and test low-light efficient graphene/n-Si Schottky junction solar cells (SCs) based on
liguid phase exfoliated (LPE) graphene produced by Langmuir-Schaefer (LS) assembly. SCs
performances are tested under different light intensities of the solar simulator. Our SCs have better
performances in indoor then outdoor light conditions. For illumination of only 0.002 Sun, the SCs
have up to 10% efficiency and just 0.2% for illumination of 1 Sun, which is about 50 times efficiency
increase. This result is, according to our knowledge, highest efficiency solar cells made by LPE 2D
materials and is better than commercial Si solar cells in indoor conditions. SC performance in low
light regime mainly depends on high shunt (parallel) resistance of solar cells. Better performances in
low-light regime proposed their usage in indoor conditions. Furthermore, the low cost of the
graphene films we used will have an impact on faster adoption of these specific devices.
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The influence of nanosheet size on formation of graphene films by
Langmuir-Blodgett deposition from the liquid phase
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YCenter for Microelectronic Technologees, Institute of Chentistry, Technology and Metallurgy, Belgrade, Serbia
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email: stevan@nanosys.ihtm.bg.ac.rs

Graphene as a 2D material has numerous applications. The material is an efficient electrical and
heat conductor with high mechanical stability and optical transparency. Because of these
characteristics, it can be used in sensors, solar cells, microphones, light-emitting diodes, batteries,
transparent conductors and for many other applications. The favored commercial method of
producing graphene is chemical vapor deposition (CVD). This technique is costly, due to the
significant metal waste involved. Liquid phase exfoliation (LPE) is a promising alternative
method for mass production of graphene, although it is challenging to obtain high quality thin
films from LPE graphene. Langmuir-Blodgett assembly (LBA) is a way of obtaining low-cost,
high-quality thin films from LPE graphene [1], however the graphene dispersion needs to be
carefully prepared in order to successfully apply LBA. Here we study the influence of exfoliation
parameters on nanosheet size, and in turn of the sheet size on quality of LBA films, with a focus
on applications in transparent conductors. A certain amount of graphite is added to N-Methyl-2-
pyrrolidone (NMP), which is used as the solvent, and the entire solution is sonicated. In order to
control the nanosheet dimensions, we employ cascade centrifugation (CC) [2]. The first step in
CC is 1 kepm. At this speed, the sediment contains any unexfoliated graphite layers and the
supernatant has the remaining graphene sheets. The following steps are in the range from 2 to 5
kepm. For each step, bigger sheets remain in the sediment while smaller ones stay in the
supernatant. In order to characterize the nanosheets we use AFM, UV-VIS spectroscopy and
optical microscopy. The resulting dispersion is used to assemble graphene films using the
Langmuir-Blodgett method. We examine the influence of nanosheet thickness and lateral size on
film quality for applications in transparent conductors.
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Large-scale deposition of self-assembled thin films from liquid phase
exfoliated h-BN
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Degradation processes, such as exposure to oxygen, humidity, temperature and ultraviolet (UV)
llumination makes the intrinsic lifetime of the various optoelectronic devices, such as organic or
2D materials based solar cells, without encapsulation very short [1]. Hexagonal boron nitride (h-
BN) is among the most interesting 2D materials, due to its exceptional properties as an inert
passivation layer that can protect devices against environmental and chemical effects. A large
area, high quality, inexpensive method for depositing thin h-BN has not been reported to date
[2]. Here we demonstrate uniform large area h-BN thin films deposited from solution on solid
substrates. h-BN was exfoliated from powder using liquid phase exfoliation (LPE) and deposited
on a substrate using the Langmuir-Blodgett self-assembly technique (LBSA) [3]. The optical and
structural properties of our thin films were characterized with UV-VIS spectrophotometry,
Raman spectroscopy, X-ray photoelectron spectroscopy and optical and atomic force
microscopy. Our fabrication method results in films with an optical band gap of 5.45 eV, high
substrate coverage and an average thickness of 4 nm. The method features uniform deposition
over large areas on any kind of solid substrate. Our inexpensive, facile, reproducible and reliable
assembly method bridges the gap for use of h-BN as an ultrathin protective coating on various
matetials that are subjective to molecular degradation.

ACKNOWLEDGMENT: This work is supported by the Serbian MPNTR through Projects OI
171005 and 11145018.

REFERENCES

[1] E. Singh, H. S. Nalwa, RSC Advances 5, 73575 (2015).

[2] G. R. Bhimanapati, N. R. Glavin, ]. A. Robinson, Semiconduct. Semimet. 95, 101 (2016).
[3] T. Tomasevi¢-Ilic¢ et al., Appl. Surf. Sci. 458, 446 (2018).

114



SEPLEMBEr 03-06, 2019 e Dresoen, germany
EUrOPEAN CONFErence on CHeEmMISGryY OF TwWo-nimensionaL materiaLs
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Chemical sensors are an enabling tool across many industries, including the largest ones such as
energy, transport, and construction. Low-cost, high performance sensors, especially ones compatible
with flexible substrates, are becoming increasingly important with the development of mobile
gadgets and wearable devices. Here we show humidity sensors produced from thin films of graphene
exfoliated in the liquid phase and deposited with Langmuir-Blodgett assembly. The films are formed
from connected nanoflakes that are ~120nm in diameter and ~10 layers thick. We show that such
films have an abundancy of reactive edges that act as binding sites for gas detection, enabling high
sensitivity to gas presence [1]. The method that we demonstrate uses low-cost processes, is highly
scalable and consistently yields films of high quality that can be deposited on any substrate,
including flexible and transparent ones. We produce our thin films on top of a Si/SiO2 wafer with
four contacts for measuring sheet resistance in real time as gas is introduced. The sensors that we
make are more sensitive to humidity than ones demonstrated with CVD graphene [2], with up to
30% change in sheet resistance upon exposure to water vapor. Although we demonstrate detection
of humidity, the same sensors can be used to detect other, both toxic and non-toxic gases.
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Figures

Figure 1: The active area of the graphene sensor on four metallic contacts
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