HHCTHUTVYT 3A ©®UBUKY

HAYYHOM BERY NMPUMILEHO: 28, 05, 202
UHCTUTYTA 3A ®U3UKY BEOT'PAJL Panjea. | 6poj | Apxuwwudpa | Mpunor
YHUBEP3UTET Y BEOTPALLY

OR0A~ 350/ 1

IIpeamer: Mon6a 3a nokperame NOCTYNKA 32 pen360p y 3Bame HAYYHH CapaJHHK

Monum Hayuno Behe HUnctutyTa 3a Qusuky, Yuusepsurera y beorpapy, na y ckinany ca
ITpaBHIHMKOM O MOCTYNKY, HAYMHY BpPEJHOBaHkha M KBAHTHTATUBHOM HCKa3MBamy Hay4HO-
MCTPaXXMBAYKUX pe3yJiTaTa MCTpaXkuBaya, MHHMCTapCcTBa HaykKe, TEXHOJOLIKOT pa3Boja M
nHoBauuja Permy6nuke CpOuje, mokpeHe nocTynak 3a Moj peu30op y 3Bame HayuyHH capajiHHK.

VY npusory nocrasibam:

1. Munubese pyKoBOAKOLA IPOjeKTa ca NMPeIoroM KOMUCHje Koja he nmucaTtu u3BeIlTaj;
2. Crpyuny Guorpadujy;

3. Ilpernen Hay4He aKTUBHOCTH;

4. EnemeHTe 3a KBAJIMTaTUBHY OLICHY Hay4YHOT JOTIPHHOCA KaHAK/ATa;

5. EneMeHTe 3a KBAHTHTaTHBHY OLIEHY Hay4HOT JONPHHOCA KaH/AM/ATa;

6. Cnincak o0jaB/beHHX paJioBa U APYrux myGiuKaluja pa3BpcTad no BaxxkehuM Kareropujama
nponucanum [IpaBHIIHHKOM;

7. IlopaTke O UMTHPAHOCTH KaHAMAATA;

8. ®orokonHujy pelema 0 NPETXOHOM U300py y 3Bame;

9. Konuje o6jaB/beHHX pafioBa M Ipyrux myOnvkanuja;

10. [Mpwusiore Koju JOKYMEHTYjy H3HETE TBPAHE

V beorpany, 28.05.2024.

Hp Tujana Tomamepuh-WUnuh
Hayunu capagHuk
HuctutyT 32 pusuxy beorpan
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Ipeamer: Munubeme pykoBoaHona Jabopatopuje o pen3bopy y 3Bambe HAyUHH
capaauuk kanauaata Ap Tujame Tomamesuh-Wanh ca npexnorom xomucuje xoja he
NHCATH H3BEIITAaj

Jlp Tujana Tomamesuh-Unuh je 3amocnena y JlaGoparopuju 3a 2] marepujane
HuctuTyTa 3a Qusuky beorpan, YHuusepsuter y beorpany. Y uctpaxuBaukoM paay Gasu ce
TeMaMa Be3aHHUX 3a aobujame, Moaudukaumjy u npuMeny 2J1 Matepujana u TaHKuX GuiImMoBa
2] matepujana 100HjeHUX U3 pacTBOPA, KA0 U HHUXOBHX XETEPOCTPYKTYpa.

C 063upom J1a KaHIMAATKHIbA HCITyHbaBa CBE YCJIOBE npeaBulleHe 3aKOHOM O Hay4HO-
HCTPaXMBAYKOj AenaTHOCTH M [IpaBUJIHHKOM O TOCTYNKY, HauWHy BpEIHOBama H
KBaJINTATUBHOM HCKa3HBakby HAyYHOMCTPAXKMBAUYKUX pe3yJiTaTa HCTpakuBaya MuUHHCTapCTBa
HayKe, TEXHOJIOLIKOT pa3Boja W uHoBauuja Peny6nuke Cpbuje, carnacHa caM ca NoKpeTamheM
nocrynka 3a peu3bop Tujane TomaineBuh-Unuh y 3Bame Hay4HH capajHHK.

3a unaHoBe komucHje 3a peu3bop Tujane TomameBuh-Unuh y 3Bame HayyHM CapajHHK
npeanaxem:

1. Jp Jeneny Ilemmh, BummM HayyHu capagnuk, HWHcTuTyTa 3a ¢u3uky beorpan,

Yuusepaurert y beorpany

2. JIp HWeany Munomerunh, Hayunu capaguuk, HHctutyr 3a ¢u3uky beorpan,
Vuusep3uret y beorpany

3. Ip Henapna Jlasapesuha, Hayunu caBeTHMK, HWHcTHTYT 3a (u3uKy beorpap,
Vuusep3urer y beorpany

4. Jlp Mapka CnaceHoBuha, HaydyHH CaBeTHMK, IHCTHTYT 3a XEMH]jy, TEXHOJIOTHjy H
MeTanyprujy, YuuBep3urer y beorpany

VY Beorpany, 28.05.2024.

lispone ik Ubass

Ip UBana MunoweBuh, Hay4HH capaJHUK
PykoBoaunan JlaGoparopuje 3a 2]] Marepujane




1. CTPYYHA BUOT'PA®UIA

Tujana ([paran) Tomamesuh-Unuh pohena je 19. 10. 1982. rogune y beorpany.
OcnoBHe crynuje Ha Pakynrery 3a pu3nuKy XemMujy YHuBep3urera y beorpany 3aBpmmna je
2011. roguue, oA0paHOM JHUIIOMCKOT paja ,,McnuTuBame riasypa BH3aHTHjCKE KepaMUKE
MPUMEHOM MHKpO-paMaHcke crekTpockonuje’. Tokom 2011.  2012. rogune Ouina je y4ecHUK
mporpama ,,IIpBa Illanca® y llenTpamHoM MHCTUTYTY 3a KOH3epBalnujy. MacTtep akaaeMcke
cryauje Pakynrera 3a pu3muky xemujy YHuBepsurera y beorpany 3aspumia je 2015. ronune,
onopanoM mactep pana ,,CpeOpau ¢unmoBu Ha HaHokpuctanHoj TiO» momo3u: CHHTE3a,
KapakTepH3alyja U aHTHMUKPOOHA akKTHBHOCT . VIcTe roiMHe ynucyje J0KTOPCKE CTYAHje Ha
@akynrery 3a (uU3MUKY XeMmH]y, YHHBep3uTeT y beorpany, m 3amouumme CBOj HaydHO-
UCTPaXKMBAaUKH pajJ Kao BoJOHTep Ha MHctutyTy 3a Qu3uky beorpan, Yuusepsuter y
Beorpany, y Jlabopatopuju 3a 2]] marepujane, LleHTpa 3a 4BpCTO CTamke U HOBE MaTepujare.
JloKTOpCcKy aucepTanyjy mnoa HasuBoM ,IloBpmmHcka Moaudpukanyja TaHKUX (UIMOBA
rpadena exkcommpannx u3 TeuHe Qasze u nenoHoBaHor Jlanrmmp-brnoyeroBom meromom
onopanmna je 30. cenremOpa 2019. roguae Ha PakynTeTy 3a GQU3NUKY XEMHU]Y.

Y HuctutyTy 3a QU3MKy 3amociieHa je onx HoBemOpa 2016. roawHe, a OJIIYKOM
MatuaHor HaydHOT of0opa 3a ¢usuky 24. janyapa 2020. ronuHe CTekja je 3Bambe HAYYHU
capaguuk. tben pan y Jlaboparopuju 3a 2]] matepujane je dboxycupaH Ha ekcdoiujarnmjy
CJI0jeBUTHX, 2J] MaTepujaia u3 pacTBOpa, KOHTPOJIMCAHY JEMO3UIM]y HaHOMaTepHjaja y TaHKe
¢dbunmoBe, (QyHKIIMOHATU3AIM]Y/TIOBPIIMHCKY Moaubukanujy 2J| maTtepujaia pazauuauTUM
KOBQJICHTHUM W HEKOBAJICHTHHM CTpaTerHjaMa M UCTPaKMBAIE NMPUMEHE TaHKHX (UIMOBA
3acHOBaHMX Ha 2J] marepujanmma (ceHzopw, conmapHe hemnmje, 3amTuTHE TpeBiake). [lopen
rpadeHa U AUXaJKOreHuJa Nnpesaa3HuX MeTaja, Takohe paay Ha ClI0jeBUTUM H30JaTOpUMa U
Hu3y npyrux 21 Mmatepujana. YuecTBoBaa je Ha HaroHanHoM npojekty OM 171005 ,,duznka
ypeheHnx HaHOCTPYKTypa M HOBHX Marepujana y Hanoporonuu' (2010-2019; anraxoBaHa
on 2016. rommne), nBa mpojekTa OmiarepanHe capaame m3mehy CpbOuje m Hemauke
,,KOoHTponncana mMomu¢ukanmja eJIeKTPOHCKAX OCOOMHA TaHKMX (PHIMOBA IHXAIKOTCHHUIIA
NpelasHuX MeTaja 3a MpHMEHe Yy CcoJapHuM henmdjaMma — KOMOWHOBaHH TEOPH)CKO-
eKCIIepUMEeHTaIHU NpucTyn™ u ,,Tanku ¢unmoBu exchonupannx TMJI-a u3 Teune daze 3a
netekujy raca” (2020-2021), wHOBaIMOHOM TPOjeKTy ,, YHoTrpeba HaHOMaTepujaja 3a
norpebe ojauaBama JpBeTa Kao KOHCTpyKTHBHOr enementa™ (2020-2021), kao wu
WHOBAIIMOHOM TIPOjeKTy ,,Jloka3z konmenTa“ Mucturyra 3a ¢usuky beorpan ,.I'padenom
MMIPETHUPAHO JpBO noBehaHe Ononoiike oTHOpHOCTH U TpajHoctu™ (2023-2024). TpenyTHO
j€ aHTa)kOBaHA HA WHOBAIMOHOM TPOjeKTy ,,Jlokas konnenra™ MHcTUTYyTa 32 3Ky beorpan
,OnTumMm3anmja npuMene 6akTepuja y CHHTe3n OnoHaHodecTuia reoxkha“(2024).

Hp Tomamesuh-Unuh je pykoBoauman HalmOHaTHOT TpojekTa ,,2D Material-based
Tiled Network Films for Heritage Protection-2DHeriPro” mporpama [IPU3MA ®onna 3a
Hayky PemyOmuke CpOuje (2023-2026), xao um mpojekta OuiarepaiHe capalme usMmely
Peny6ommke Cpbuje u PenyOmmke Aycrpuje ,Mopaynamuja MarHeTHHX OCOOMHA
caMOOpraHM30BaHMX (HUIMOBa rpadeHa 3a neTekiujy 3arahema U npeunirhaBame OTIAaIHUX
Boja“ (2022-2024).



Takobhe, 2019. rogune Ap Tomamesuh-Unuh je yuectBoBana u y Erasmus+KA 107
nporpaMmy pa3MeHe UCTpakuBada 1 MeljyHapoaHe capaame MHcTuTyTa 32 Qusuky y beorpany
n YHuBep3ureTa y Xajaenoepry, Hemauxa.

Hp Tujana Tomamesuh-Nnuh je ayrop/koayTop jeaanaect HayuHux pagosa ca CIU-
nmucte (1Ba M21a, yetupu M21, Tpu M22 karteropuje, jenan M23 u jegan 6e3 kaTeropuje),
Kao M JIBaJeCeT caommTema ca MmehyHapoaHux KoH(epeHIHja (IeBETHASCT MITAMIIAHUX Y
W3BONY W je/IaH INTaMIIaH y IEeJHN).

2. NMPETJVIEA HAYYHE AKTUBHOCTH Jp TUJAHE TOMAILIEBUh-UWJINHh

HayuHo-uctpaxxuBauku pazn, np Tomamesuh-Unuh je npBeHcTBeHO (oKycupaH Ha
exconujanmjy 2/ marepujasna u3 TeuHe (aze, KOHTPOJIUCAHY JCTIO3HIIN]Y M HCIUTHBAE
MOP(OJOMIKNX, CTPYKTYPHUX, ONTHYKHX M EIEKTPOHCKMX OCOOMHA TAaHKHX (UIMOBA
CaMOOPTaHM30BaHUX CTpyKTypa 2J| marepujama exc(OIMpaHHX M3 PacTBOPa, HHXOBY
(GyHKIMOHATH3A1H]y/TIOBPIIMHCKY MOAU(UKAIM]y W aHAJIM3y MPOMEHA Ha MOBPIIMHHU KOje
HACTajy Yy UWHTEPaKIHMjH OBHX MaTepujaja ca CHOJhalllbOM CPEJIMHOM, YKIbY4yjyhn
UCTpaXXMBambe MPUMEHE TaHKMX (uiMoBa 3acHOBaHMX Ha 2J] Martepujamuma (CEH30pH,
coiapHe henuje, 3aIITUTHE TIPEBIIAKe).

HayuHa akTMBHOCT KaHIUIaTKHIbE, IPe MPETXOIHOT N300pa y 3Bame, ce rpy0o Moxe
MOJETUTH Ha TPU LEJIMHE: HCITUTUBAE YTUIIAja HOBPIIMHCKE MOTU(HKALMje TAHKUX (QHIMOBA
rpadena exconupanor u3 TeuHe (aze; ekconujanmja U UCMUTHBAKEC TaHKUX (puIMOBa
npyrux 2]l matepujana; CHHTE3a U MOBPIIMHCKA MoAuduKaIuja Tankux ¢unmona TiO2.

[IpBu u Haj3HauajHUju Aeo HayyHe aktuBHOCTH Jp Tujane Tomameswh-Wnuh, mpe
MPEeTXOAHOT M300pa y 3Bame, O0yXBaTao je EKCIHEPUMEHTAIHO HWCTPAKUBAKE YTHUIIAja
MOBpIIMHCKE MoauduKanyje rpadena ekconmpanor u3 treune hase u nenoHoBaHor JlanrmMup-
broieTroBoM MeTO0M, Ha ONTOENEKTPOHCKE OCOOMHE NOOMjeHHX TaHKUX (uiamoBa. Merona
exconmjanuje u3z Teune dase, npahena Jlanrmup-broieToBoM METOIOM, KOja ce 3aCHUBA Ha
(camMoO)opraHu3anuju HAHOCTPYKTYpa Ha TeUYHO-racHO] Mel)yda3u HHIYKOBaHO] HOBPLIIMHCKUM
HAIOHOM MartepHjalia, MpeAcTaB/ba jeAHOCTaBHY, UHAYCTPHjCKU MPHUMEHJbUBY U €KOHOMCKH
UCIIATHBY TPOIEIYPY KOjOM C€ MOTY JOOWTH BEJIWKE MOBPIIMHE KOHTHHYaTHHX (UIMOBA
rpadeHa, BUCOKE TPAHCTIAPEHTHOCTH HA Pa3IMYUTUM Noyiorama. MelhyTuMm, TaHKd (HUIMOBH
NO0OMjeHn Ha OBaj HAYMH HMMajy BHCOKY TIOBPIIMHCKY OTIIOPHOCT KOja je MOCIenuIa
caMmoopranuzanyje Jjpycnuna rpadeHa y Tanke (GuiIMOBe KOja MHIYKYje BEIUKY TYCTHHY
nedexara ¢uamoBa. KanmumaTkuma je y OKBHPY pe3yirara CBOT HCTPaKUBamba
UACHTH(HUKOBAIA IPUPOTY nedeKaTa y Jo0ujeHnM (GHUIMOBHMA U TTOKa3ala Ja ce MPUMEHOM
arpecMBHUX METOJa TOBPIIMHCKE Moan(dUKaIyje/PyHKIMOHAIN3aIje, Kao MITO CYy
¢doroxemujcka OKCcUAaNrja, XeMHujcKa (yHKIIMOHAIH3AlHja a30THOM KHUCEIMHOM U TePMAaTHO
OJIrpeBame, MOBPIIMHCKA OTIIOPHOCT TAHKUX (GuiMoBa rpadeHa excdonupaHor u3 TeuHe dase
u gaenoHoBaHOr Jlanrmup-broyeToBOM METOJOM Ha 4YBpPCTE, AW W TPAHCHIAPEHTHE |
¢iiexcuOMIHe TOMIOTe, MOXKE BHIIECTPYKO CMAmbHUTH, IPU Y€MYy HHjelHa OJf MOMEHYTHX
MeToJla He JIOBOAM [0 3Ha4yajHe MPOMEHE BHCOKE TpaHcmapeHiuje Gunmosa. YV by Oosber



pa3yMeBama NPOMEHE EIEKTPUYHHUX CBOjCTaBa A0 KOJUX JI0JIa3H IPU MHTEPAKLIU]H Pa3InIUTHX
nonaHara ca GopmupaHuM GUIMOBHMA rpadeHa NCIIUTHBAaHA CYy MOPQOJIOIIKa, CTPYKTYpHa,
ONTHYKA M €IEKTPOHCKA CBOjCTBA CAMOOPIaHM30BaHUX CTPYKTYypa Ipe ¥ HAaKOH NPHMEHE JaTuX
METO/a MOBPUIMHCKE MOAU(UKAIH]je, METOJaMa MUKPOCKOIINj€ aTOMCKHX CHJIa, CKeHHpajyhe
eIIEKTPOHCKE MHKpOCKoIHje, PamMaHoBe crnekTpockonuje, nHppapBeHe COEKTPOMETpHje ca
®ypujeoBoM TpaHCHOPMAIHjOM, CIIEKTPOMETPHje (POTOSIEKTPOHA HACTAIUX O3PAYHBAREM
perarenckum 3panuma, YB/BUJL cnektpodoTomeTpuje m Mukpockonuje cuia KerBuHOBOM
npo6om. [TokaszaHo je na Benuka TyCTHHA MBHUIIA, KAO JOMHUHAHTHM THI Jedekara GpuiMoBa
rpadeHa exkcoIMpaHOT W3 pacTBOpa, UMa IMPECyJHY YIOry y e(eKkTUMa Koje NPHMEHCHE
MeToze MoTudUKalyje UMajy Ha GUIMOBe. A30THA ~ KHCEJIMHA, Kao [-TUI  JIONAHTa,
npuMemeHa Ha ucnutuBaHe ¢unmMose rpadeHa noBoau 10 nomepama depmujeBor HUBOA U
CMamemka MOBPIIMHCKE OTIOPHOCTH, HE yTHuyhu Ha TpaHcmapeHuujy ¢uiamoBa rpadena.
doToxeMujcka OKCHIANMja 030HOM U3 Basdyxa NMpUMemeHa Ha rpadeH JT00ujeH XeMHjCKOM
JETIO3UIMjOM U3 TapHe (a3e, He3HATHE TYCTHHE Aedekara, mpoy3poKyje cTBapame aedexara
y rpad)€HCKOj paBHH U CMambeHmhe MPOBOJHOCTH. HacynpoT ToMe, KaHIMIaTKUIba je MmoKa3aja
na hoToxeMujcka OKCUIAIHja MpUMEeHheHa Ha TaHKe (PUIMoBe rpad)eHa ca BETUKOM T'yCTHHOM
nedekara, y KojuMa Cy MBHIE JOMHUHAHTaH TN Aedekara, TOBOAM IO TOMUpama M-TUMA H
CMambelkemha eeKTa NBHUIA, IITO JONPUHOCH CMAmbEeHY MOBPIIMHCKE OTIOPHOCTH (hHIMOBA.
TepmaitHo onrpeBame GpuIMoOBa rpadeHa He JOBOIH 10 (YHKIMOHAIH3AIN]e MaTepHjaa, ajan
y ¢uIMoBMMa JOOHMjEHHUX JACTO3WIMjOM rpadeHa U3 pacTBOpa MOKE OTKIOHHTH 3a0CTald
pacTBapay M €BeHTYaJIHO MPUCYTHE aIcOpOOBaHe BPCTE U3 Ba3ayXa, LITO JOBOJIH IO CMAmhEHha
MNOBPLIMHCKE OTHOPHOCTH (HUIMOBa HE YTHYyhH Ha BHCOKY TpaHCHApeHIHjy (GHIMOBA.
PesynraTu HaBeJEHOT HCTpaKMBama Cy NPUKa3aHU Y OKBUPY TPU paja:

* Tijana Tomasevi¢-Ili¢, Porde Jovanovic¢, Igor Popov, Rajveer Fandan, Jorge Pedrés, Marko
Spasenovi¢ and RadoS 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.

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

* Tijana TomaSevié¢-1li¢, 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 Hay4HOT MCTpakMBama Koje je OMIIO BE3aHO 3a UCIIUTHBAIKE TaHKUX (UiIMOBa
rpadeHa eKcoNIUpaHor U3 PacTBOpPa, KAHAUAATKHIbA ce OaBMIa M aHAJIM30M HAHOJBYCIHUIIA U
TaHkuX ¢uimoBa u apyrux 2/ marepujayia, Kao IITO Cy MOJUOJCH-TUCYI(PUI U XeKca-
OOpHHUTPH, eKCOTUjaIFjOM OBUX MaTepHjasia u3 TeuHe (asze, ONTUMH3AIUjOM (OpMHUpamka
¢uiMoBa W3 pacTBOpa OBUX MaTepHjalia, Kao 1 MOTYNHOCTHMA HBUXOBE NMPUMEHE y 00IacTu
OTITOCJIEKTPOHUKE WIIM 3alITUTHHUX TpEeBIaKa. Pe3ynraTu oBOr UCTpaKuBama Cy MPUKa3aHH Y
OKBHPY jE€IHOT pajia ¥ MPE3CHTOBAHM Ha JIBE KOH(EpEHIH]e:



* Jelena Pesi¢, Jasna Vujin, Tijana Tomasevi¢-1Ili¢, Marko Spasenovi¢ and Rado$ Gaji¢, DFT
study of optical properties of MoSz and WS> compared to spectroscopic results on liquid
phase exfoliated nanoflakes, Optical and Quantum Electronics 50 (2018) 291.

* T. TomaSevi¢-Ili¢, P. Jovanovi¢, R. Panajotovi¢, R. Gaji¢, M. Spasenovi¢, Large-scale
deposition of self-assembled thin films from liquid phase exfoliated h-BN, Photonica 2019,
26-30 Aug 2019, Belgrade, Serbia,, p.114.

* Tijana TomaSevi¢-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.

Takohe, HayyHa aKTHBHOCT Npe MNPETXOAHOr H300pa y 3Bame je olOyxBaraia Hu
HUCTpaKuBame (okycupaHo Ha goOHjambe TaHKUX (UIMOBa HAaHOYECTUYHOT cpebpa Ha
HAHOKPHUCTAJIHO] IMOJJIO3M THUTAHH]jyM-AUOKCHAA U MCIUTUBAkbE MOP(OIOMIKMX ¥ ONTHYKHX
CBOjCTaBa JIOOWjEHUX XETEPOCTPYKTypa, Ka0 W HHXO0Ba (POTOKATAIUTHYKE W aHTUMHUKPOOHE
akTHBHOCTH. [loka3aHO je Ja ce MOBPUIMHCKOM MOAM(HKAIMjOM HAHOKPHCTATHE MOAJIOTe
TUTAaHHjyM-JAUOKCHAA y BHAY (GOpPMHUpama XETEPOCTPYKType (GHiIMOBa cpedpa M TaHKHX
¢uIMOBa THTAaHMjyM-JMOKCH/A JIETIOHOBAHOI W3 KOJOWIHHMX pPAacTBOpPa MOTY JOOUTH
noBpuiMHe ca noBehaHuM (GOTOKATAIUTHYKMM M AHTUMHKPOOHUM CBOjCTBUMA. PesynraTtu
OBOT UCTpaKWBamba Cy MPUKa3aHU Y pamdy:

* Ivana D Vukoje, Tijana D TomasSevié-Ili¢, Aleksandra R Zarubica, Suzana Dimitrijevi¢,
Milica D Budimir, Mila R Vranje§, Zoran V Saponji¢ and Jovan M. Nedeljkovié, Silver film
on nanocrystalline TiO2 support: photocatalytic and antimicrobial ability, Materials Research
Bulletin 60 (2014) 824-829.

HayuHa akTUBHOCT KaHIU/IaTa HAKOH MPETXOIHOT H300pa y 3Bame, ce Takohe Moxe
NOJETUTH HA TPH LEJHMHE: IPUMEHa TaHKUX (uiMoBa 2J] mMarepujana 3a JAETEKIHUjy racosa,
MOBPITMHCKAa MoAW(UKaIMja TaHKWX (UIMOBa rpadeHa ca IUIBEM MOAYNIANUje HHUXOBUX
MarHeTHUX ocoOWHa, U J00Hjamke U UCTTUTHBAkE 2/] MaTepurjaa Koju ce MOTY KOPUCTUTH Kao
3alITUTHE MIPEBIIAKe.

Hakon nperxonHor uzbopa y 3Bame HayuHa akTuBHOCT Jlp Tomamesuh-Wnuh je
NPOIIMpPEHa Ha MCTPaXKUBaWke NMPUMEHE TaHKUX (uiIMoBa rpadeHa U IUIaTHHA-IUCETICHUAa
excoIMpaHUX U3 PacTBOpa, Kao CEH30pa 3a JAeTeKuujy racoma. [IpBu neo ucTpaxuBama
KaHIUJATKUBE Y OKBHPY OBE TemaTuke (OKycHpaH je Ha (abpukainmjy ceHsopa Ha 0asu
rpadena. [lokazaHo je ma ce TaHKH (GUIMOBH rpadeHa, eKCOIMpaHOT H3 PAacTBOpa H
nernoHoBaHor JlanrmMup-bioneToBoM MeTOIOM, yCiiea MPUCYCTBA BEIMKE TYCTHHE nedeKraTa-
WBUIA HAa MOBPIIMHHU JAaTOT MaTepujaia MOry e(hUKacHO KOPHCTUTH 3a JETEKIHjy Blare u
¢babpukanmjy GpIeKCHOMIHUX U TPAHCTIAPSHTHUX XeMHpe3rcTopa ca op3um oa3uBoM o 30 ms.
Taxohe, mokazaHo je ma cam mpomec ekchommjammje rpadena yrude Ha mnepdopmance
no0ujeHux ceHsopa. [pyru 1eo ucTpakuBama KaHIWJIATKULE Y OKBUPY OBE TEMAaTHKE je OHo
¢dokycupan Ha moOujame XomMoreHux ¢uiamoBa PtSe2 u3 pacTtBopa, HHCKE XpamaBOCTH U
KOHTpOJHcaHe neOspuHe. Y OKBHPY OBOT HCTpPaKMBamba KaHAWIATKHIGA j€ TPOMEHOM
MOBPIIMHCKOT HAmoHa Ha (ha3HOj rpaHUnU (hopmMupama TaHKUX ¢uiamoBa PtSe2 omoryhmma
MOCTU3aH€ MOBPIINHCKOT MPUTHUCKA 32 KOMIIPECH]Y HACYMUYHO pacnopeheHux HaHOoJbyCIHIIa
y OpraHuM3oBaHy M YMpexeHy HaHocTpykTypy. A®M u CEM cy noTBpaunu QUHO



yMpekaBame HaHOBYCHHIA y TaHak ¢uiM, a PamaHcka CHEKTpOCKOIHja CTPYKTYpY
KapakTepUCTUIHY 3a TaHak (puiM PtSe2. CojcTBa 1 mepdopmMaHce 0BaKo J00HjeHUX (PUIMOBA
Cy TecTHpaHa y oxHocy Ha ¢uimoBe PtSe2 u3 pactBopa (opMupaHux HACYMHYHUM
pactiopehuBamemM HaHoJbycrina. JloOwjeHm QuamoBM Ccy TmoKazanm 3HaTHO Behy
MPOBOJJBMBOCT KOja je mpurucana 00Jp0] yMpEKEHOCTH HaHOJbycnHuna y ¢unmy. JJooujenn
¢unmoBH cy xopumhenu 3a (abpukanujy ceH3opa W TECTUPAHH 3a JCTEKIHM]y aMOHHjaKa.
Pesynratu oBOr MCTpaKMBama IMOKA3ald Cy Jla ce JaTH (UIMOBH MOTY KOPHCTHUTH Kao
ceH3opu ca Bucokom ocetspuBonthy (0.100 ppm) u Op3uM 0[3MBOM IPHU H3JIaTalby aMOHH]jaKy.
Taxobe, mokazaHo je ma moOujeHH (UIMOBHU 3alpKaBajy QYyrOpPOYHY CTaOMITHOCT, OcTajyhm
(byHKIMOHATHY ¥ epuKacHU TOKOM nepuoaa o 15 mecenn. Pesynraru uctpaxuBama y OKBUPY
TEMaTHKEe Be3aHe 3a NpHMEHYy TaHKuX ¢uimoBa 2J| martepujana 3a JIETEKLHUjy TacoBa
NPUKa3aHU Cy Y OKBUPY TPH pajia U jeJJHOT CaolIITemha Ha Mel)yHapo1HOj KOH(pepeHInjH:

* Stevan Andri¢, Tijana TomaSevi¢-Ili¢, Marko V Boskovi¢, Milija Sarajli¢, Dana
Vasiljevi¢-Radovi¢, Mil¢e M Smiljani¢, Marko Spasenovi¢, Ultrafast humidity sensor based
on liquid phase exfoliated graphene, Nanotechnology 32 (2020) 025505.

* Marko Spasenovi¢, S Andri¢, Tijana TomaSevi¢-Ili¢, Graphene-based Chemiresistive Gas
Sensors, 2021 IEEE 32nd International Conference on Microelectronics (MIEL), 12-14
September 2021, Nis, Serbia, p 25-28

* Stevan Andri¢, Tijana Tomasevié¢-Ili¢, Lazar Rakocevié¢, Dana Vasiljevi¢-Radovi¢, Marko
Spasenovi¢, Three Types of Films from Liquid-phase-exfoliated Graphene for Use as
Humidity Sensors and Respiration Monitors, Sensors and Materials 34 (2022) 3933-3947.

* Kangho Lee, Beata M Szydlowska, Oliver Hartwig, Kevin Synnatschke, Bartlomie;j
Tywoniuk, Tomas Hartman, Tijana TomaSevié¢-1li¢, Cian P Gabbett, Jonathan N Coleman,
Zden¢k Sofer, Marko Spasenovi¢, Claudia Backes, Georg S Duesberg, Highly conductive
and long-term stable films from liquid-phase exfoliated platinum diselenide, Journal of
Materials Chemistry C 11 (2023) 593-599.

Taxohe, HaydHa aKTUBHOCT KaHIWAATKUE-E, HAKOH MPETXOTHOT M300pa je oOyxBaTaia
OCMUIIJbaBakhe U N3BOheHE NCTpakWBama KOje YKJbYydyje MOAYJAIN]y MarHeTHUX OCOOHMHA
TaHKUX (uinMoBa rpadeHa HHUXOBOM XEMHjCKOM (DYHKIIMOHATH3AIMjOM HAHOYECTHIIAMA
rBokha. Y OKBUPY OBOI' HCTpaXkMBama, KOjU je Je0 OujaTepasHOr MpojeKTa KOjuM
KaHIUAATKUba PyKOBOJH, rpadeH je ekcdonrpan MeTogoM ekconujanuje u3 Teude Qase, u
JONMpaH HaHOYeCTHIIaMa TBoXkha y TOKy ¢opmupama (uama. [loBpmmHcka MonupuKamja
rpadena je morBphena Pamanckom cnekrpockonujom, MHPpapBeHOM CHEKTPOCKOIH]jOM ca
®dypujeoBom Tpanchopmarjom 1 XPS-oM, a MOM daszHe cnrke U poduiu Cy moKasaiu Jia
JONHpake JOBOAM O MHIYKIHMjE JIOKAJTHOT MarHeTHOI MOMEHTa. McnuThBaHa je mpuMeHa
no0ujeHnx (GUIMOBA 3a AETEKIN]Y U aJCOPIIIH]Y TEIIKUX MeTaja U3 BOJCHUX pacTBopa. XPS
-Mepema Cy MoKasana Jia Ipx HHTEPAKLUj1 OBUX (HUIMOBa ca jOHMMA TEIIKUX MeTalla J10a3H
70 JbUXOBE aJICOpMIIHje, MTO yKasyje Ja ce MarHeTHo moaudukoBanu (ummoBu rpadena
eKc(OoIMpaHOT U3 PacTBOpPA M IeNOHOBaHOT JIaHrMup-bioyeToBOM MeTOJ0M MOTY KOPUCTUTH
Kao0 MarHeTHW ajacopOepH 3a AeTeKuWjy Merana M npeuniihaBame Boga. Pesynratu oBor
HCTPaKUBamka Cy MpUKa3aH! Ha Mel)yHapo HOj] KOH(epeHIHju:

1. MiloSevi¢ Ivana, Vujin, Jasna, Muhammad Zubair Khan, Thomas Griesser, Christian
Teichert, TomasSevi¢-1li¢ Tijana, Fe-nanoparticle-modified Langmuir-Blodgett Graphene
Films for Pb(Il) Water Purification, The 21th Symposium on Condesed Matter Physics-
SFKM 2023, 26-30 June, Belgrade, Serbia, p.87



[Topen momeHyTOT, KaHIWAATKHAIA j€ HAKOH MPETXOJHOT M300pa y 3Bame 3amoyelna
UCTPaXMBAkE KOje YKIbydyje eKconmjanujy xekca-00p HUTpHUIA, ¥ MPUPOIHUX MHUHEpaa,
JETIO3UIH]y eKc(ormpaHor MaTepujania y TaHKe (PUIMOBE U BbBUXOBY IPUMEHY Kao 3aIITUTHUX
mpeBJaKa 3a OdyBame KylITypHe OamrtuHe. [laTo HCTpakuBame ce peain3yje Y OKBHPY
2DHeriPro mpojekra, unja je peanu3zanuja 3amodena 01. genemopa 2023. roause.

3. EJIEMEHTHU 3A KBAJIMTATUBHY OLLEHY HAYYHOI' JOITPUHOCA

3.1.KBaiuTeT HAy4YHHX paJoBa

3.1.1. Hayunu Hueo u 3nauaj HAYUHUX pe3yimama, ymuuaj Hay4HuUx paoosda

Hp Tujana Tomamesuh-Unuh je y mocamammoj kapujepu Omna ayrop/xoayrop 10
Hay4YHUX pazoBa y MehyHapoaHum vaconucuma. [IBa paga cy o6jaBibeHa y MelhyHapoaHUM
JaconucuMa U3y3eTHHUX BpeiHOCTH (kaTteropuja M21a), yeTupu y BpXyHCKUM MelyHapoaHUM
yaconucuma (kateropuja M21), nBa y uctakHyTuM Mel)yHapoJTHUM yaconucuma (KaTeropuja
M22) u nBa y mehynapogaum ugacomucuMma (kareropuja M23). Kannummatkuma je 10 caaa
y4ecTBOBaJa Ha BHIIEC Mel)yHapoaHUX KOH(pEpEeHIH]ja Y 3eMJbH U HHOCTPAHCTBY.

VY nepuony HakoH ominyke Hayynor Beha o yrephuBamy npensiora 3a mpeTxoaHu
u3oop y 3Bame, Jp Tomamesuh-Unuh je Ouna ayrtop/koayrop 4 HayyHa paga y
MehyHapogauMm gacommcuMma (Tpu M21 wm jeman M23 karteropuwje) M 5 caommTema Ha
MehynapoaanM koHpepennujama (jeman M33 u uetnpu M34 xateropuje).

JlBa paza ce MOTy CMaTpaTH Haj3Ha4YajHUjUM paloOBUMa KaHJUIATKHIE y NIEPUOIY 32
peusoop:

1.Kangho Lee, Beata M Szydlowska, Oliver Hartwig, Kevin Synnatschke, Bartlomiej
Tywoniuk, Tomas Hartman, Tijana Tomasevié¢-Ili¢, Cian P Gabbett, Jonathan N Coleman,
Zden¢k Sofer, Marko Spasenovi¢, Claudia Backes, Georg S Duesberg, Highly conductive
and long-term stable films from liquid-phase exfoliated platinum diselenide, Journal of
Materials Chemistry C 11 (2023) 593-599. https://doi.org/10.1039/D2TC03889G

Pan mpukasyje npBo ycnemHo (opMmupame xoMoreHux ¢uamosa PtSe; u3 pactBopa, HHCKe
XpamaBOCTH M KOHTpOJIMCaHe JeOJbHHE, JACTajbHO ONHKCYje TMPOLEAYpPY HA0OWjama, XEMH]jCKY
CTPYKTYpPY, MOPGOJIOTH]Y, U €IeKTPUIHE 0COOMHE OBUX (PUIMOBA, KA0 U MOTYRHOCT HHUXOBE
NpUMeHe 3a JeTeKIjy aMmoHujaka. Mako Huje mel)y mpBuM ayroprMa, KaHIHJATKHbA j€
npumeHmina moaudukoBany Jlanrmup-brnoueroBy meromy 3a ¢opmupame ¢uimona 21
MaTepHjaia ¥ MpeJUIoKuia METOJ0JIOTH]y KojuM ce omoryhaBa jo0Hjambe TaHKUX (DUIMOBa
PtSe2 u3 pactBopa u padpukanuja HICIUTUBAHUX CEH30pa, U CTOra Ce€ HEH JOMPUHOC Y OBOM
pamy MOke cMaTpaTy KJbydHHM. Hanme, KaHIUIATKUba je IPOMEHOM MOBPIIMHCKOT HAIlOHA
Ha (ha3HOj TpaHUIM PopMHparka TaHKUX GuiamoBa PtSe2 omoryhuna nmoctu3ame TOBPITHHCKOT
NPUTHCKA 32 KOMIIPECH]y HACyMHYHO pacropel)eHHX HaHOJbyCNWIla y OpTraHWU30BaHy U
ympexxeHy HaHOCTPYKTypy. A®M u CEM cy noTBpamim GUHO yMpeKaBambe HAHOBYCIHIA Y
TaHak (uiM, a PamaHcka ClieKTpOCKOIHja CTPYKTYPY KapaKTepUCTHUHY 3a TaHak QM PtSes.



Jo6ujenn ¢unmoBu cy xopumiheHu 3a GabpUKanujy ceH30pa W TECTUPAHU 3a JETCKIH]Y
aMoHHjaka. Pe3ynraTtu oBOr HCTpaxuBama MOKa3ally Cy J1a ce AaTH (UIMOBH MOTY KOPUCTHUTH
Kao ceH3opu ca BUCOKOM ocerspuBomthy (0.100 ppm) m Op3uM OA3MBOM TIPH H3JIAramy
amoHmjaky. Takohe, moka3aHo je 1a 7oO0HjeHN PIIMOBH 33apXKaBajy AyrOpOYHy CTaOMIHOCT,
octajyhu QyHKIIMOHATHY ¥ ePUKaCHH TOKOM Tepuoja o 15 mecenu. Kibyunu paj y kome ce
orJjiela OPUTMHAIIHU JOTPHHOC KaHAWAATKUIGE, 10 cajna Huje Ouo xopuutheH mpu u30opy y
3Bab€ HU jeTHOT IPYTor KaHAM/AaTa, IITO je y CKIIay ca yCIoBHMa ponucaHuM [IpaBuiHrKOM
O CTHIaby UCTPAXKMBAYKUX U HAYYHHX 3Barba MUHHCTAapCTBA HAyKe, TEXHOJIOIIKOT pa3Boja u
nHoBanyja Pemyoimke Cpowuje.

2. Stevan Andri¢, Tijana TomaSevié-Ili¢, Lazar Rakocevi¢, Dana Vasiljevi¢-Radovic,
Marko Spasenovi¢, Three Types of Films from Liquid-phase-exfoliated Graphene for Use
as Humidity Sensors and Respiration Monitors, Sensors and Materials 34 (2022) 3933-
3947. https://doi.org/10.18494/SAM4092

Y oBoM pany ucnuTUBaHE Ccy mnepdopMaHce TaHKHX (GHIMOBAa TpadeHa, IEeNOHOBAHUX
Jlaurmup-bioyieToBoM MeTOIOM, Kao aKTHMBHUX IMOBpIIMHA CEH30pa 3a JETEKLH]y Biare u
MOHHUTOPHHT JHCamka, NP 4eMy Cy ce 3a (opMmupame (UIMOBA KOPUCTHIIE TPH Pa3IHINTE
BpcTe mucrep3uja rpadena. I'paden je 3a morpede oBor pama moOujeH eKCOIMjalUjoM U3
Te4yHe Qasze, Ipu yeMy je cam Ipolec eKCGoirjaluje HHAYKOBAH Ha TPU pa3IvyuTa HauuHa
(ynTpa3sByKoOM, €JIEKTPOXEMHUJCKH U MellameM-cMullambeM). CTpyKTypa, TpaHCHapeHTHOCT,
nebsprHa U Mopdoioryja oBUX (UIMOBA CYy UCTIMTHBAHE CIIEKTPOMETPHjoM (OTOECIEKTPOHA
HACTAJIMX O3payMBameM peHAreHCKuM 3pamuma, YB-BUJ cnektpodotomeTpujom
MHUKPOCKOIIHjOM aToMckux cwia. [lokasaHo je pa nporiec ekcdonujanuje rpadeHa y pacTBopy
MOYKE 3Ha4ajHO YTHLATH Ha repdopMaHce JOOMjEHOT CeH30pa YCIlea Pa3uKe Y XOMOTEHOCTH,
ne0JpUHU U IPUCYCTBA aIcOpOOBaHUX (YHKIMOHAIHUX Ipyna. Takole, Mako je cBe TpU BpCTe
ceH3opa Moryhe KOpUCTUTH 3a JAETEKLUjy Bilare 1 MOHUTOPHUHT IUCama, IOKa3aHO je Ja CBAaKU
0J1 /bUX UMa CBOje MpeaHocTH U MaHe. CeH30pH 3a Koje je KopuImheHa Juctepsnja Ko Koje je
exconmjanyja UHAYKOBaHA ENEKTPOXEMHJCKH je HajImoy3JaHHjH, JOK je CEH30p 3a Koje je
kopuirheHa aucnep3uja Koj Koje je ekcdoaujamnrja HHIyKOBaHa YATPa3BYKOM HajOCETJHUBH]H.
VY okBupy oBor pazaa Jlp Tomamesuh-Wnuh je nana nonpunoc y Buay excdonujanuje rpadeHa
n ¢dabpukanyju ceHzopa, TymMauelhy M WHTEPIpPETalldju JOOMjeHUX pe3ysiTara U MUCAY
OPHUTMHAIHOT PYKOIMHCA.

3.1.3. Ilapamempu Keanrumema waconuca

Kamgunatkuma np Twujana Tomamesuh-Unuh je ob6jaBuma pamose y ciepehum
Mel)yHapoJHUM YacomWcuMa, TMPH YeMy Cy IOJIBYYEHH OHH YacOlMCH Y KOjuMa je
KaHIUJATKHba 00jaBUIIa paloBe HAKOH CTHIIakha MPETXOAHOT HAYYHOT 3Bamba:

* 1 paxa y gyacomumcy Solar Energy Materials and Solar Cells(M®2023/20220=6,900; CHUI1=1,56)
* 1 panx y gaconucy Journal of Materials Chemistry C (M®2020=6,400; CHUII=1,23)

* 1 pagy wacommcy 2D Materials (M®2016=6,937; CHUI1=1,04)

* 1 pany uaconucy Applied Surface Science (M®2018=5,155; CHUII=1,35)

* 1 pan y gaconucy Nanotechnology (M®2p20=3.874: CHUII1=0.81)

* 1 pan y waconucy Materials Research Bulletin (M®2014=2,288; CHUII=1,01)

* 1 pan y waconucy Microelectronic Engineering (M®2017=2,020; CHUII=0,95)




* 2 panay waconucy Optical and Quantum Electronics (M®2016=1,055; CHUII=0,62;
Udy917=1,547; CHUII=0,63)
e 1 pax v yacomucy Sensors and Materials (MP2020=1,200; CHUI1=0,39)

VYkynan umnaxt aktop 00jaBreHUX pajoBa je 37,376, a HaKOH a HakoH ojuTyke Hayunor Beha
0 CTUIaBY MPETXOIHOT HAYYHOT 3Bamba UMIAKT Gaktop m3nocu 18.374. JIp Tomamesuh-Nnmh
je objaBspHBana pajgoBe y yaconucuma yrienaux m3nasada (Elsevier, The Royal Society of
Chemistry, IOP Publishing).

JlonatHu OMOIMOMETPH)CKHM IMOKa3aTeJbl KBAJIMTETAa 4acoluca y KOjUMa je KaHIUIATKUHbA
oOjaBipuBana pajgoBe (kateropwje M20) y mnepuomy HakoH onanyke Hayunor Beha o
MIPETXOHOM U300y Y HAYYHO 3Bame MpUKasaHo je y cieaehoj Tabenu:

Nod M CHUII
YkymHO 18,374 27 3,990
YcpenmeHo 1o YwiaHKy 4,594 6,750 0,998
YcepenameHo mo ayTopy 2,253 3,085 0,430

3.1.2. Io3umuena yumupanocm HAYYHUX Padosa Kanouoama

[Mpema noganmma u3 6aze Web of Science, pagosu ap Tujane Tomamesuh-Umuh cy
nuTHpanu ykynHo 114 myTta, ox dera 90 myTta u3y3umajyhu aytonuraTe. XupIioB HHIEKC je 6.

3.1.3. Melhynapoona capaomwa

Hp Tomamesuh-Nnuh akruBHO capalyje ca rpynom 3a Mukpockomnujy Cxernpajyhom [TpoGom
Wucturyta 3a pusuky y Jleodeny, (CIIM-MVYJI), y okBupy OunaTepaiHor mpojexrta usmely
CpOuje u Aycrpuje, KojuM KaHAuAaTkuma pykoBoan. Takohe mpod. dp Christian Teichert,
(CIIM-MVIJI) je cnomeam capagauk 2DHeriPro mnpojexkta ®onpga 3a Hayky, 4uju je
KaH/UIaTKHEba PYKOBOAMIIALL.

3.2. Hopana}be KOAQyTOPCKHUX paaoBa, MaTCHATA U TCXHUYIKHX pelicHha

CBM pafoBu cHaznajy y KaTeropujy €KCHEepUMEHTAJIHUX pajoBa y MPUPOIHO-
MaTeMaTHYKUM HayKama, Tako Jla Ce€ paZoBU ca 7 M Mame KoayTopa y3uMajy ca IyHOM
TEXHUHOM, a PaJOBHU ca BuIIe koayTopa (jeman M21 pax ca 13 koaytopa u jeman M21 pax ca
11 xoayropa) HOpMupajy ce mo (opmynu natoj y [IpaBmiHHKY O TOCTYNKY W HAduHY
BpEIHOBaka M  KBAaHTUTATUBHOM  HWCKa3UBalkby  HAYYHOMCTPAKMBAUKUX  pe3yiTara
UCTpakuBaya.

3.3. PykoBoljewe npojekTUMAa, MOTHPOjeKTUMA U MPOjeKTHUM 3a]al[UMa

Hp Tomamesuh-Wnuh je pykoBoaunai aBa Tekyha mpojexra:



* Hamumonanuu npojexat ®onpa 3a Hayky Pemybnunke Cpouje - mporpam [IPUSMA ,,2D
Material-based Tiled Network Films for Heritage Protection-2DHeriPro” (2023-2026)

* bunarepannu npojekat m3mehy Penryonuke Cpouje u Penyonuke Ayctpuje ,,Magnetism
Modulation of Self-Assembled Graphene Films for Wastewater Treatment” (2022-2024)

3.4. AKTHBHOCT y HAYYHHM ¥ HAYYHO-CTPYYHHM JIPyIITBUMA

Hp Tomamesuh-Unuh je Owmna unan opranuzamuoHOr ondopa 21. cuMmosujyma Qu3uke
KOHJICH30BaHE MaTepuje, oapkaHor y beorpany, ox 26-30 jyna 2023. ronune.

3.5. ¥Yrunaj Hayuynux pe3yJrara

VYTunaj HaydyHUX pesyiTara KaHauaatra omnucaHu cy y tadkama 3.1.1, 3.1.2 u 3.1.3 oBor
0J1eJbKa, Ka0 U y MPUJIOTY O HUTHPAHOCTH.

3.6. KonkperaH J0oNpHHOC KaHAWAATA y peaM3aliji PagoBa y HAyYHHM LEHTpHMa
y 3eMJ/bH M HHOCTPAHCTBY

Kanaunatkuma je HajBehu Jgeo cBoje HMCTpaKMBayKke JIENaTHOCTH peaju3oBaia y
Wuctutyty 32 dusuky beorpan. 3Ha4ajHo je JONpUHENA CBUM PaloBUMa Y KOjUMa je KOayTop.
JlonpuHOC ce Ooryiefia y CHHTE3W y30paka, y aHaJHu3M IMojaTaka JOOHMjeHUX OoAroBapajyhum
MeTOoAaMa KapakTepHu3aluje, Kao M y MPe3eHTAMjH W MHTETPETAUjU Pe3ysiTaTa U IHCAbY
panoBa. Takohe, kKaHAUIATKHIHA j€ TIOCHEABU ayTop Ha ABa paga M30 kaTeropuje y OKBUPY
KOjUX je Jaja JOIPHUHOC y OCMMIbABalky U W3BONEHY MUCTPaKMBamba, Ka0 M MPE3eHTALH]H
pesynrara. HacraBuina je mocrojehy capammy Jlaboparopuje 3a 2J] maTepujane ca rpynom 3a
Mukpockomujy Ckenupajyhom ITpobom, WuctuTyta 32 Qusuky y JleobeHy, y OKBHpY
ounatepagHuor npojexta uzMelhy CpOuje u AycTpHje, KOjUM KaHAWJATKHEA PYKOBOJM.
OctBapuna je capamamy ca akyaTeToM MPUMEHEHUX YMETHOCTH, Y HUBEP3UTET YMETHOCTH Y
Beorpany y oxBupy capaame Ha npojekty Donma 3a Hayky PenyOnuke CpOuje kojum
KaHIUJATKHba pyKoBoAW. TOKOM CBOT paja KaHAMOATKUA je TIOKas3ajda 3aBUJaH HUBO
CaMOCTAJIHOCTH U CIIOCOOHOCTH 3a HAyYHH pal.

3.7. llpenaBama Ha KOH(epeHIMjama, IPYyra npeAaBamba U AKTHBHOCTH

Hakon mperxomHor m3bopa y 3Bame [p Tomamesuh-Unmh je onmpkama mpenaBame Ha
MelyHapoaHoj koHbepeHuuju ,,71st Annual Meeting of the Austrian Physical Society, OPG
2022, 2022. ronune y Jleobeny, AycTuja.

Takohe, kanauaaTKUKBa je oapkana u Progress Report Ha Mel)yHapoaHoj kordepeniuju ,, VIII
International School and Conference on Photonic*, Photonica 2021, 2021 rogune y beorpany,
CpOwuja.



4. EJIEMEHTHU 3A KBAHTUTATUBHY OLHEHY HAYYHOI" JTJOITPUHOCA

OcTtBapenu M-0010BH M0 KaTeropujamMa myoJauKanmja

Kareropuja | M-6omoBa 1o Bpoj YkynHo M-6omoBa | YkymHo M-6010Ba
nyOiauKanuju | myOIuKanuja Hopmupano

M21 8 3 24 16,08

M23 3 1 3 3

M33 1 1 1 1

M34 0,5 4 2 2

IHopeheme ocTBapeHor 0Opoja M-6010Ba ca MUHMMAJHUAM YCJIOBMMA MOTPEOHNM 32 H300p
y 3Bambe HAYYHHU CapaJHUK

[MoTpe6HO OctBapeno | OctBapeHo M-
M-60710Ba 0o10Ba
Hopmupano
YkymHO 16 30 22,08
M10+M20+M31+M32+M33+M41+M42 10 28 20,08
M11+M12+M21+M22+M23 6 27 19,08




5. CIIMCAK PAJJOBA U OCTAJIUX ITYBJIMKALINJA

Panosu v MehyHapoauom yaconucy m3yseTHux speagoctu (M21a)

- 00jaswenu npe npemxoonoz uzdopa y 3earse-

1. Tijana TomaSevié-1li¢, Porde Jovanovi¢, Igor Popov, Rajveer Fandan, Jorge Pedrds,
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.

2. Aleksandar Matkovi¢, Ivana Milosevi¢, Marijana Mili¢evi¢, Tijana TomaSevié-1li¢, Jelena
Pesi¢, Milenko Musi¢, Marko Spasenovi¢, Djordje Jovanovié, Borislav Vasi¢, Christopher
Deeks, Radmila Panajotovi¢, Milivoj R. Beli¢, and Rado§ Gaji¢, Enhanced sheet
conductivity of Langmuir-Blodgett assembled graphene thin films by chemical doping, 2D
Materials 3 (2016) 015002.

PanoBu y BpxyHckoM MehyHapoanom yacomucy (M21)

- 00jasveHU HAKOH NPEeMX00OHOZ U300pa y 36are-

1. Djordje Jovanovi¢, Milo$ Petrovi¢, Tijana Tomasevi¢-Ili¢, Aleksandar Matkovi¢, Matevz
Bokali¢, Marko Spasenovi¢, Konstantinos Rogdakis, Emmannuel Kymakis, Dragan
Knezevi¢, Lucio Cina, Rado§ Gaji¢, Long-term stability of graphene/c-Si Schottky-junction
solar cells, Solar Energy Materials and Solar Cells 258 (2023) 112414.

2. Kangho Lee, Beata M Szydtowska, Oliver Hartwig, Kevin Synnatschke, Bartlomie;j
Tywoniuk, Tomas Hartman, Tijana Tomasevié¢-1li¢, Cian P Gabbett, Jonathan N Coleman,
Zden¢€k Sofer, Marko Spasenovi¢, Claudia Backes, Georg S Duesberg, Highly conductive
and long-term stable films from liquid-phase exfoliated platinum diselenide, Journal of
Materials Chemistry C 11 (2023) 593-599.

3. Stevan Andri¢, Tijana TomaSevi¢-Ili¢c, Marko V Boskovi¢, Milija Sarajli¢, Dana
Vasiljevi¢-Radovi¢, Milce M Smiljani¢, Marko Spasenovi¢, Ultrafast humidity sensor
based on liquid phase exfoliated graphene, Nanotechnology 32 (2020) 025505.

- 00jas.wenu npe npemxo0Ho2 uzdopa y 3earpe-
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ARTICLE INFO ABSTRACT

Keywords:
Long-Term stability
Interface stability

A long operational lifetime is required for the use of solar cells in real-life photovoltaic applications. The opti-
mization of operational lifetimes is achieved through understanding the inherent degradation phenomena in
solar cells. In this study, graphene/Si Schottky-junction solar cells were produced, utilizing liquid-phase-

Ssg; hce;Ts exfoliated graphene as an active surface. The operational and interface stability of these solar cells over a
Schottky-junction period of 5 years in ambient conditions (following ISOS-D protocols: dark storage/shelf life) was examined, and
IoT the origin of their degradation was reported. It was found that the dominant degradation mechanism could be
Indoor attributed to the degradation of silver contacts. This was indicated by a decrease in shunt resistance, an increase

in the ideality factor (due to a higher carrier recombination), and a constant defect density in graphene films for
up to 4 years. Measurements across the solar cell’s active area during the 5-year period revealed neither sig-
nificant spatial inhomogeneity, nor shunt channel defects.

1. Introduction

As global energy demands increase annually in conjunction with
technological advancements and a rising trend in connectivity, there is a
clear need for compact and reliable clean energy sources [1]. Presently,
solar energy harvesting competes favorably with other energy sources
worldwide and no longer requires subsidies to remain competitive [2].
This represents a significant de-globalization trend in the energy field,
driven by countries seeking solutions for energy resilience. Photovoltaic
(PV) technologies have already made considerable commercial progress
and are projected to contribute more than 5% of the global energy de-
mand by 2025 [3]. Scaling up to 5 TW of solar energy production (~15%
of global demand) by 2030, or even achieving 30% of the world’s energy
demand (~10 TW), in accordance with the EU Strategic Energy Tech-
nology Plan target by 2040-2050 [3-5], appears to be attainable. To
accomplish these goals, investments in new solar/coal facilities should
currently follow a ratio of 9:1 [6]. This serves as a compelling argument

* Corresponding author.
E-mail address: djordje@ipb.ac.rs (D. Jovanovic).

https://doi.org/10.1016/j.solmat.2023.112414

for additional research and development on emerging PV absorbers to
diversify the existing portfolio of solar technologies [7]. Inorganic
crystalline silicon (c-Si)-based single-junction PV cells currently domi-
nate terrestrial solar energy conversion due to their high efficiency
(>20%), low cost (<0.5 $/W), and good reliability (approximately 25
years) [7,8]. However, organic devices such as organic solar cells (OSC
or OPV) [9], dye-sensitized solar cells (DSSC) [10], and perovskite solar
cells (PSC) [11] need to achieve improved stability, environmentally
safe materials, and production processes to become technologically
viable [12-14].

In addition to power conversion efficiency (PCE), there are other
crucial aspects to consider in PV energy harvesting, such as stability,
manufacturing cost, and ease of processing [15,16]. When it comes to
commercial applications, the long-term stability of solar cell (SC) de-
vices in relation to air, humidity, temperature, and light exposure over
an extended period is of utmost importance. Real-life applications
necessitate long operational lifetimes for solar cell devices, and
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understanding and mitigating degradation phenomena are prerequisites
for the successful implementation of promising technologies beyond
silicon [12].

Additionally, the development of small-scale, lightweight, and
portable PV devices for indoor usage, known as iPV (indoor Photovol-
taic) [17,18], presents an attractive direction for meeting the energy
demands of low-power consumption devices. The future market for
self-powered electronics as part of the Internet of Things (IoT), including
distributed sensors, remote actuators, and communication devices,
holds significant potential for iPV applications [19,20]. When integrated
into solar cells, graphene serves multiple functions owing to its high
transparency and charge mobility, making it a viable alternative to
conventional transparent electrodes such as indium tin oxide (ITO) and
fluorine doped tin oxide (FTO) [21]. Moreover, a built-in electric field is
developed at the graphene/silicon (Gr/Si) interface, aiding in the
collection of photogenerated charge carriers [22].

Groundbreaking research on graphene/silicon (Gr/Si) junctions [23]
demonstrates the integration of graphene into a Schottky junction with
n-doped Si, achieving a power conversion efficiency (PCE) of 1.5%.
Substantial improvements exceeding 2% have been observed under
low-illumination conditions (0.15 Sun). However, a major obstacle that
hampers the performance of graphene/Si solar cells is the poor fill factor
[23]. This indicates that charge transport and recombination rates occur
on a similar timescale, leading to competitive processes often visually
represented by the appearance of an "s-kink" in the current-voltage
curves [24]. To address this challenge, one approach is chemical doping,
such as using trifluoromethanesulfonic acid (TFSA), which has yielded a
PCE of 8.6% [25]. Another strategy involves the inclusion of a buffer
oxide layer to reduce the transport barrier, resulting in a PCE surpassing
10% [24]. A more complex method for enhancing PCE involves
fine-tuning the graphene Fermi level. This can be accomplished by
employing graphene as a gating electrode, covering the dielectric barrier
over the semiconductor substrate, leading to a high open-circuit voltage
(>0.9 V) and a remarkably high PCE (18.5%) [26].

The study of graphene/Si Schottky junctions for indoor light har-
vesting has been limited [23], but there are reports focusing on stability.
These reports indicate an operational stability of 90%, 80%, and 70% for
7, 30, and 90 days, respectively [14]. On the other hand, the perfor-
mance and stability of solar cell architectures, other than graphene, in
indoor applications [19,20] or stability field [9-11,27,28] have been
extensively studied. Indoor photovoltaics (iPV) based on a-Si:H
demonstrate a suppression of the fill factor (FF) from 56% to 53%, which
then remains constant for 7 days, achieving up to 21% efficiency [29].
Commercial a-Si:H iPV under white LED or fluorescent light (FL) light-
ing ranges from 4.4% to 9.2% efficiency. Dye-sensitized solar cells
(DSSCs) have achieved 51.6% operational stability (efficiency) after
273 h of continuous one-sunlight soaking in hybrid devices [10]. In iPV,
DSSCs exhibit 34% efficiency for 1000 1x FL, with extrapolated lifetimes
of 25-40 years for DSSCs with hydrophobic dyes. Organic photovoltaics
(OPVs) have demonstrated 1330 h of operational stability at the
maximum power point (MPPT) [30], and 31% power conversion effi-
ciency (PCE) for 1650 Ix white LED (WLED). Quantum dot solar cells
(QDSCs) have achieved 9.7% efficiency under 1000 Ix LED light for Si
QD-based hybrid PVs and 19.5% efficiency under 2000 lux FL for
colloidal metal chalcogenide quantum dots (QDs). Perovskite solar cells
(PSCs) maintain 90% of initial efficiency over a 2400-h test in ambient
conditions with 25% humidity [27]. Encapsulated PSCs have demon-
strated 18.7% PCE with 95% operational stability after 3 months of
outdoor exposure [28]. Lead-halide perovskite (MAPbI3) has achieved
an iPV PCE of 37.2% under 1000 1x WLED.

Our study aims to validate the long-term environmental operational
stability of these devices over a 5-year period and identify the critical
structural mechanisms responsible for performance degradation during
the aging process. Additionally, a proposed low-cost fabrication method
for graphene-based electrodes is presented, highlighting its potential for
stable graphene/Si Schottky-junction solar cells. Finally, suggestions are
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made on mitigating these negative effects by adjusting the trade-off
between device design and fabrication cost, particularly through the
use of solution-based graphene fabrication. The prospective applications
of such devices were found to be suitable for the compact off-grid
(without battery) supply of IoT sensors in indoor conditions.

2. Experimental section
2.1. Material, production, and chemicals

2.1.1. Graphene film synthesis and fabrication

Stock graphene dispersions were produced from commercially
available graphite powder (Sigma Aldrich) with an initial concentration
of 18 mg/ml by liquid phase exfoliation in N-methyl-2-pyrrolidone
(NMP, Sigma Aldrich, product no. 328634), following the same pro-
cedure as previously reported [31-33]. Dispersions of
liquid-phase-exfoliated (LPE) graphene were used for thin film forma-
tion by Langmuir-Blodgett self-assembly (LBSA) at the toluene-water
interface [34]. Quartz, Si/SiO, and prepatterned Si/SiO, wafers were
used as substrates. Surface modification of the prepared films was
realised by annealing and UV/O3 treatment. The annealing was carried
out in a tube furnace at 300 °C in an argon atmosphere for 2 h. UV/ozone
treatment was performed by exposing the graphene films to ultraviolet
radiation and ozone for 5 min at 50 °C chamber temperature in a
Novascan UV/Ozone Cleaner.

2.1.2. Silicon wafers

We used Si/Si02 <100> c-Si wafers (525 pm thick) with an SiO,
(300 nm thick) layer on top. The Si wafers are doped with As to a con-
centration of Nq = 1.2-7.4e!® em 3. They have R = 0.001-0.01 Q-cm,
electron affinity Xsi = 4.05 eV, electron mobility = ~45 cm?/Vs, Kr
effective Richardson constant = 120 A/cm?K?, relative permittivity & =
11.7 [35] —11.9 [23], ¢ = 8.854 x 10 12 F cm—1, dEgap ~75 meV, and
an optical band gap Eg,1 = 1.03 [36] with a work function = 4.4 eV. The
data are provided by the wafer manufacturer (Inseto, UK).

2.2. Solar cell fabrication, functionalization, and storage

SCs are formed by Schottky junctions between graphene films and
highly n-doped c-Si, as schematically shown in Fig. 1a. Graphene films
are deposited on pre-patterned Si/SiO wafers (with different Si-
junction (active) square areas ranging from 0.8 mm? to 1.2 mm?).
Contacts of the front (graphene anode) and back (Si cathode) electrodes
were made with a silver paste. In order to increase device performance,
the obtained graphene films were thermally annealed (A films) and then
exposed to photochemical oxidation (AO films) [31]. Two different
types of solar cells were assembled using A and AO graphene films. The
annealing process is utilized to remove residual solvents and increase
connections between the graphene layers, while the UV/ozone treat-
ment decreased the density of the defects [31]. Solar cells were kept for
5 years on the shelf, i.e., in environmental conditions, according to
ISOS-D protocols: dark storage/shelf life [37].

2.3. Material analysis

The optical and electrical characterization of A and AO graphene
films was performed with UV-VIS spectrophotometry, Raman spectros-
copy, and two-point probe resistance measurements. An additional
analysis of pristine graphene films was performed with atomic force
microscopy (AFM) and Kelvin Probe Force Microscopy (KPFM).

Optical transmittance was obtained with a UV-VIS spectrophotom-
eter (PerkinElmer Lambda 4B UV-VIS) on quartz wafers. Raman was
performed with a TriVista 557 S&I GmbH Micro Raman spectrometer (A
=532 nm) at room temperature, with a Coherent laser power of 20 mW,
using a 50X objective. The two-point resistance of each graphene film,
Rsheet, Was calculated by considering sample geometry factors.
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Fig. 1. a) Graphene/c-Si Schottky-junction solar cell with an AFM topography image in the inset (inset diameter 1 pm, z scale 100 nm), b) optical transmittance of
graphene films on quartz substrates, ¢) Raman spectra of pristine A and AO graphene films on the Si/SiO, substrate.

The surface morphology of the films was characterized with a
Horiba/AIST-NT Omegascope atomic force microscope (AFM) in tap-
ping mode. Aseylec probes were employed (spring constant ~ 42 N/m,
resonant frequency ~ 70 kHz, tip radius below 30 nm). Amplitude-
modulated (AM)-KPFM measurements were carried out in a two-pass
mode under ambient conditions, with the probe lifted 25 nm during
the second pass. Topography and contact potential difference (CPD)
images were processed in the open-source software, Gwyddion v2.56. In
the case of topography images, zero-order line-filtering was applied, as
well as leveling of the base plane. In the case of CPD images, only zero-
order line-filtering was applied and the data were summed in a histo-
gram. For KPFM measurements, the graphene films were grounded and
supported by SiO,. Before and after the work function (WF) of each
graphene film was measured, a freshly cleaved HOPG surface (scanned
within 5 min from cleaving) was probed with an identical set of pa-
rameters [38]. The HOPG measurements were used to calibrate the
probe and confirm that the WF of the probe did not change during the
measurements of the graphene films.

2.4. Device characterization and measurements

I-V measurements in dark and light conditions were performed with
a modular testing platform (Arkeo - Cicci research s.r.1.) composed of a
white LED array (4200 K) with optical power density tuneable from 10
to 100 mW/cm? (0.1-1 Sun), and a high-speed source meter unit (600 k
samples/s) in a four-wire configuration under ambient conditions. The
LED intensity was calibrated at the equivalent of 1 Sun intensity by
adjusting the Jg. value to be equal to the measured in the J-V curve using
the solar simulator.

Small-perturbation transient photovoltage (TPV) measurements
were conducted using the transient module of the commercial system
Arkeo (Cicci Research s.r.l.). The open circuit mode was controlled via
differential voltage amplifiers and short photogeneration pulses were
generated using a fast LED (470 nm) with a Lambertian radiation pattern
and 120° viewing angle limited at 100 mA current. The background bias
was set close to the open circuit voltage (Vo) in order to avoid the
resistor—capacitor (RC) effect.

The external quantum efficiency (EQE) measurements were con-
ducted using an integrated system (Enlitech, Taiwan), with a lock-in
amplifier and a current preamplifier under short-circuit conditions.
The light spectrum was calibrated using a monocrystalline photode-
tector of a known spectral response.

Thermal images were taken with a thermovision camera, SC 7200
FLIR, with a spectral range from 1.5 pm to 5.1 pm, an instantaneous field
of view (IFOV) of 0.6 mrad, a focal plane array of 320240, an objective
of 50 mm, and with a distance to sample of 1 m.

Light Beam Induced Current (LBIC) measurements were carried out
using an in-house developed LBIC system. Laser diodes with a 642 and

1060 nm wavelength were used. The response was measured using the
lock-in technique at excitation frequency of 1023 Hz. The measurement
step was 25 pm and 10 pm for AO and A sample types, respectively. The
beam spot was estimated to a few measurement steps maximum, since
there were no sharp features in the samples.

3. Results and discussion

According to UV-VIS spectroscopic measurements presented in
Fig. 1b., A and AO graphene films both exhibited high optical trans-
parency T>70% at a wavelength of 660 nm with constant sheet resis-
tance Rgheer (—10 kQ/sq). It should be noted that the measured optical
absorbance is due to graphene only, because the measurements are
performed on graphene supported by transparent quartz wafers. Despite
the absorbance of the film itself, the graphene does not affect the Si
absorption. The multilayer graphene structure was confirmed with
Raman spectroscopy (Fig. 1c). The spectra feature all pronounced bands
characteristic of the LPE graphene films [31]. An additional analysis of
graphene films, obtained with AFM and KPFM techniques, is presented
in Fig. S1 of Supporting Information (SI).

In order to obtain the complete set of operational solar cell param-
eters, we performed dark I-V and transient photovoltage (TPV) mea-
surements on the same samples at the time of fabrication, pristine (t = 0)
and after 1.5 years (dark storage/shelf life conditions). For the calcu-
lation of the SC parameters, we used standardized different methods
[39], with the most important parameters being the series resistance
(Rs), shunt resistance (Rgy), and ideality factor (n, used to identify the
dominant form of recombination). The dark I-V measurements of pris-
tine and 1.5 year old A and AO samples are presented in Fig. 2. Ry, was
obtained from the inverse slope of the dark I-V curve in the linear
regime at V~0, when the current is at its maximum. Rs was obtained
from the part of the dark I-V curve with a high slope on the semi-log
scale which corresponds to Fermi level alignment that occurs with
adding electrons during voltage increase. Mathematically, this ratio is
defined as dV/d(Inl) = Rgel + ne(kgeT)/q, where n is the diode ideality
factor, q is elementary charge, T is absolute temperature, and kg is
Boltzmann’s constant. A plot of d(V)/d(Inl) vs. I will give R as the slope
and n as the y-axis intercept. n was obtained from the slope q/(nkgT), i.
e., a linear fit of the [In(I)-V] curve (Fig. 2a and b), which has a nearly
linear part in the range of 0.1-0.4 V of the forward bias regime. As
evident from the semi-log IV curves (Fig. 2a) and b)), the SC leakage
current increased over time, observed from the rise in the negative
section of the curve. This behavior indicates that Ry, decreases with
aging because of the creation of unwanted pathways for the current
leakage [40], and it would be expected to decrease more with further
cell aging. As seen in Table 1, Ry, increases in pristine AO over A cells
and decreases more rapidly in aged cells (double in A and 10 times in AO
cells). Furthermore, we can see that our SC has high values of Ry, which
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Fig. 2. Dark I-V measurements for pristine and 1.5-year-old A and AO solar cells. The fitted values of Ry, and @, are extrapolated from InI(V) for a) A and b) AO cells.
c) The fitted values of Ry are extrapolated from dV/dInI(I), and d) validated values of Rs and ®}, are extrapolated from H(I).

Table 1
Dark measurement parameters of pristine t = 0 and aged t = 1.5 year old A and
AO cells obtained with different theoretical methods.

Parameter (Method) Cell
A AO

Year pristine 1.5 pristine 1.5
R, (dV/dInD)[kQ] 13.50 11.54 12.39 7.46
Rs (H(D) validate) [kQ] 13.61 11.58 12.89 8.05
Rsn [MQ] 19.3 10.0 23.4 2.4
n(Inl(V)) 1.89 1.97 1.37 1.83
@y, (InI(V)) [eV] 0.83 0.81 0.86 0.79
@, (H(D) validate) [eV] 0.74 0.76 0.76 0.73

could be very important for indoor (low-light) performance [41-44]. In
order to validate the results for Rg and obtain the Schottky barrier height
(®p), the voltage drop can be related to the deviation from an ideal diode
as the Schottky barrier function: H(I):V—n(kBoT/q)oln(I/(AoKroTz) =
Rgel + nedy, where K, is Richardson’s constant for n-Si [120 A/cm?K?],
A is the active area of the cell, and ®j, is the Schottky barrier height [34].
Using the values of n obtained in previous dV/dIn(I) vs. I analysis, the
y-intercept gives @y, and the slope validates Rs. On the other hand, R,
obtained via two complementary methods, is maintained almost con-
stant with values ~10 kQ, with a little drop over time, more so in doped
AO cells (Fig. 2¢) and d)). The Rg value of ~10 kQ of solar cells is
exclusively connected to the high resistance of graphene films (Rgheet
~10 kQ/sq). Constant Ry over time is associated with stable charge
transport across interfaces within the PV cell. The constant R is a good
indicator that there was no interface degradation in time between the Si,
graphene, and silver (Ag) contacts. R was smaller in AO than in A cells,
both for pristine and aged cells, pointing toward better electrical prop-
erties of the AO cells. It should be noted that a small divergence in Rg
between the cells can also arise from the fabrication of the cell
(incomplete removal of native oxide), and intrinsic defects close to the
surface of the Si wafer. Small divergences are not always related to the

graphene Rgheer being constant in both samples; hence, an insufficiently
clean Si surface may leave an inhomogeneous native SiO3 layer on the Si
surface, or there may occur incomplete removal of the wafer cleaner, i.
e., acetone. It must be pointed out that the obtained values for R are
three orders of magnitude higher than in other graphene/Si solar cells
made with high-quality CVD graphene [23-26]. The high R could be the
consequence of the cost-effective solution-based LPE process that results
in films made of interconnected small flakes of graphene, rather than a
clean homogeneous film such as CVD graphene. From Fig. 2, we can also
observe that the ideality factor decreases in AO relative to the A pristine
solar cells (1.89-1.37), which are values that are in agreement with
literature reports for non-treated A cells (range of 1.6-2.0) and doped
AO cells (range of 1.3-1.5) [24]. Over time, n increases in both cells, but
more so in AO-treated cells. As the ideality factor is very sensitive on
surface recombination [45,46], we can hypothesize that the level of
recombination could be affecting the change in the ideality factor.

The assumption of stable charge transport across interfaces within
the PV cell, based on the stable Ry in time, is further supported by the
obtained values of @y, (see Table 1 and Fig. 2a), b), and d)). The ®y, is
obtained from the saturated current (I;) as the y-intercept of the linear
part of the semi-log I-V curve according to the formula ®,=(kgeT/q)eln
(AeK,eT%/I,) [39]. From Fig. 2 and Table 1, we can see that ®, remains
almost the same in both diodes and in time (0.79-0.86eV). This indicates
that aging did not impact the materials at the interfaces [40]. @y, is
estimated to be 0.83 and 0.86 for pristine, and 0.81 and 0.79 for aged
cells. The small rise in ®y, with the UV/ozone for pristine samples could
be associated with hole-doping [25,32]. A decreasing trend for @y, is
observed in both cells, but more so in AO-treated cells as a consequence
of a higher degradation of AO graphene films. Contrary to this, if we use
values for the graphene work function, Wy;, obtained from KPFM (4.98
and 4.81 for A and AO films, Fig. S1), and based on the Schottky—Mott
model, where @y, = W, —xsi (xsi = 4.05, electron affinity of Si), we have
the opposite trend for ®y,. @}, decreases by ozone-doping from 0.93 to
0.76 for AO and A pristine samples, respectively [23,25]. Due to
electron-doping of graphene films in environmental conditions and the
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work function in metals, in practice, exposure to ozone does not have a
real impact on ®y,. The reason for this is that the Schottky theory neglects
the impact of the different surface states on @}, (additional interfaces
formed because of incomplete covalent bonds, existence of impurities,
patina, and basically everything which generates additional charges on
phases boundaries) [47]. Constant @, in time does not mean that the
material did not degrade. As we mentioned earlier, it could be from the
SiO5 or remaining impurities that result in a relatively high ®}. Aging
degradation does not have enough influence to perturb the @}, value.
Furthermore, @} can be unstable, varying during an applied voltage scan
as a consequence of the varying Fermi level. A high-defect population or
existence of impurities can impact carrier accumulation. This carrier
accumulation can occur on the Si surface because of the forming of SiO5
or a high mobility difference between the Si and graphene. On the other
hand, since @, and the built-in potential Vy; are connected by the for-
mula ®p, = Vp; + e’lkBT In(N./Ng) [48,49], where N. is the effective
density of the states in the conduction band and N is the doping level of
the semiconductor, the increase in ®}, could be a consequence of the
increase in V. and V. This @y, increase leads to an increased charge
transfer across the metal-semiconductor interface, creating a larger
potential drop Vy,; across the depletion region, and allowing for a more
efficient collection of electrons and holes [25]. This requires additional
attention, since the difference between the metal-semiconductor Fermi
level does not mean that is the real value for Vy,;. In highly doped ma-
terials, as in our case (Ng~10'%cm™), electrons and holes can tunnel
through this layer, decreasing the total potential below the theoretical
expected value. Furthermore, the structure of graphene has a big impact
on @y, since defects can ruin the ideality factor [50].

In order to validate the conclusion that the ideality factor increases
as a consequence of more intense recombination, TPV measurements
were implemented. Small-perturbation measurements were used to
probe the bimolecular charge recombination rate and estimate the car-
rier lifetime. In general, a longer carrier lifetime means that the
recombination order is reduced (recombination speed is inversely pro-
portional to the lifetime) [25]. This leads to higher-quality cells in
operational terms. In Fig. 3, the results for the lifetime of both sample
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types and aging periods are presented. We observe a drop in lifetime
(about 50%) between the pristine and aged devices in both UV/ozone
and non-treated devices. These results are in agreement with the I-V
dark measurements (Rgy, and n), where, in time, the recombination in-
creases as a consequence of the degradation of material (most probably
of silver contacts). The drop in lifetime is smaller between A and AO cells
(~30%), and lower in A cells that have a longer lifetime than AO cells. A
little shorter AO lifetime is related to the oxygen treatment of graphene
[31], where oxygen is introduced as a recombination centre. As
mentioned earlier, the carrier lifetime is linked with the direct
non-radiative recombination of carriers, which means that in the case of
aged cells, we have suppressed carrier transport between the electrodes
and a more intense recombination. According to the experimental con-
ditions, the shallow defects do not have an impact on this because their
population is filled before the TPV measurements. It could be expected
that the carrier lifetime decreases further as the cells are aged even
more.

The insets of Fig. 3c¢) and d) present the spread of the voltage signal
that increases in real conditions, potentially originating from the low
electrode contact quality (silver paste). In both cases, the charge carrier
lifetime is about 20 ps for pristine and 10 ps for aged samples. The
smaller slope in aged cells confirms a small variation in Rg obtained from
dark current analysis. This means that pristine devices have more sur-
face defects and the aging process accelerates some kind of *’passivation
process’’ that enables the decreasing in defects. The effect is most likely
caused by either the carrier’s reservoir generation or the space charge
region at the interface.

With I-V dark and TPV solar cell measurements on pristine and 1.5-
year-aged solar cells, we can conclude that there was material degra-
dation without an interface degradation between the graphene and Si
(Rs, ®p ~ const., Table 1). We assume that the primary material
degradation bottleneck could come from the degradation of silver con-
tacts (Rgy, decreases, ideality factor increases (higher carrier recombi-
nation), and the slopes of voltage are higher over time (Figs. 2 and 3).

By utilizing highly n-doped c-Si wafers, a higher concentration of
carriers can be achieved. This effect becomes more prominent in dark
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conditions, where photogeneration phenomena are absent. The
increased carrier concentration enhances mobility. However, at higher
intensities, when the concentration of electrons/holes rises, recombi-
nation also increases, leading to a rapid decrease in power conversion
efficiency (PCE), primarily due to a decrease in the fill factor (FF). The
FF represents the balance between electrode transport and lifetime.
Fig. S2 illustrates that mobility exponentially declines as Nqg (carrier
concentration) increases, impacting recombination as a result of an
increased number of free electrons. Essentially, there exists a trade-off
between these two processes. Consequently, it can be suggested that
for indoor low-light applications such as IoT devices, employing highly
doped Si wafers with high-resistivity (Rs) graphene films could be a
suitable option for solar cells.

The tested devices, which were stored in accordance with ISOS-D
protocols (dark storage/shelf life [37]), demonstrated operational sta-
bility for a minimum of 4 years. The stability of the graphene films was
assessed using Raman spectroscopy, specifically by examining the ratio
of the peak intensities D/G and D/D’ (calculated from the peak
maximum intensity), as shown in Fig. 4. For the pristine samples, we
observed a consistent value for defect density (D/G ~0.4) and the D/D’
ratio, which was approximately 4. The value of the D/D’ ratio is indic-
ative of the predominant defect type in the graphene samples [51,52].
The D/D’ ratio suggests that edges are the primary defect type, aligning
with our previous findings for the thin films derived from
liquid-phase-exfoliated graphene [31]. However, after 4 years, there
was an increase in both the D/G and D/D’ ratios, indicating the onset of
film degradation [31,47,48]. Further film degradation may occur with
time, which leads to an estimated lifetime of these solar cells on the
order of 10 years.

Additionally, the spatial homogeneity of the 4-year-old devices was
assessed using Light Beam Induced Current (LBIC) measurements. The
results, depicted in Fig. 5, illustrate the LBIC scans of two devices of
different types (top: A-thermally annealed, bottom: AO-thermally
annealed and UV/ozone-treated) conducted at two laser wavelengths
(left: 642 nm, right: 1060 nm). Notable inhomogeneities are not
observed within the active area of the devices, indicating a relative
spatial stability. However, minor inhomogeneities are present in the
1060 nm scan of device A, which are absent in the 642 nm scan. These
discrepancies may originate from the inhomogeneities on the back side
of the device. Since LBIC scans were not conducted in the beginning of
experiment, it is not possible to determine their temporal origin.

An additional analysis of the stability of solar cells aged for 3 and 5
years was performed using thermovision (further details in Supple-
mentary Information), as shown in Fig. S3. Furthermore, the effect of
ageing is explored by measuring of external quantum efficiency (EQE) in
pristine and 5 years old A and AO cells (Fig. S4). We can see that EQE
decreased about 50% in both cells (more in A then AO cells) as the effect
of ageing of graphene films and silver contacts (see Fig. 4 and Fig. S5).
Since the operation of our novel solar cells in bright conditions is not the
main subject of this paper, we have measured the photovoltaic response
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only on the two cells discussed above.

Finally, the current-voltage response of both the fresh and aged
devices (pristine and 1.5 year old) under variable light bias (0.13-1.0
Sun, white LED 4200 K source) is presented in Fig. S5 in Supplementary
Information. It is evident that the aged cells exhibit about 50% degra-
dation in efficiency and JV compared to the fresh cells. Additionally, we
observe that the efficiency increases as solar intensities decrease,
particularly in indoor conditions. This phenomenon can be attributed to
factors such as a high Ry, lower recombination intensities in solar cells,
and the high Ng of the Si wafers [41-43].

4. Conclusion

In summary, we have validated the operational stability of gra-
phene/Si Schottky-junction solar cells over 5 years, and graphene/Si
interface stability over 1.5 years in air (Ry and ®}, ~ const.), respectively.
A critical structural mechanism responsible for the performance degra-
dation during the aging process was identified to be the degradation of
Ag contacts (Rgy decreases, n increases, and the slopes of voltage are
higher over time). LBIC and FLIR techniques validated the spatial sta-
bility, homogeneity, and the absence of shunt channel defect places over
a 5-year period, while Raman spectroscopy confirmed the low defect
density of graphene films over 4 years. The use of highly doped Si wafers
with high R graphene films could be a good option for IoT Gr/Si solar
cell indoor applications. This study therefore proposes a facile, simple,
and low-cost fabrication approach of graphene-based electrodes with
long-term stability. Our work highlights the long-term stability of liquid-
phase-exfoliated materials in an operational environment, which was
observed before [34] and indicates that LPE followed by Langmuir—-
Blodgett assembly is an efficient fabrication method for real-world
devices.
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Liquid-phase exfoliation (LPE) has been introduced as a versatile and scalable production method for
two-dimensional (2D) materials. This method yields dispersions that allow for the fabrication of printable
and flexible electronic devices. However, the fabrication of uniform and homogeneous films from LPE
dispersions with a performance similar to that of bottom-up grown materials remains a challenge, as the
film quality strongly influences the optical and electrical performance of devices. Furthermore, long-
term stability remains a major challenge for all 2D material based applications. In this study, we report
on highly conductive tiled network films made of platinum diselenide (PtSe,) flakes derived using a
scalable LPE method. We characterized the homogeneous films in terms of morphology and electrical
behavior. As an example of applicability, we produce a chemiresistive sensor structure with the PtSe;
films and show significant resistance changes upon periodic ammonia gas exposures, revealing a sub-
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Introduction

The unique properties of two-dimensional (2D) materials that
enable high potential for their employment in numerous
applications have led to enormous scientific interest." In
particular, they have been proposed for chemical sensing due
to their high surface-area-to-volume ratio. Graphene-based sen-
sors have shown ultimate sensitivity, detecting even individual
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15 months, underlining the high stability of PtSe, based devices.

gas molecules” while 2D transition metal dichalcogenide (TMD)
materials showed extreme sensitivities to trace gases.”™® In
particular, PtSe, has been shown to have superior gas
sensitivity,'* and gas selectivity was predicted by density func-
tional theory.'* Moreover, the outstanding electrochemical
properties of platinum chalcogen compounds show promise for
further applications.'>"®

Within the toolset for the production of these materials,
liquid phase exfoliation (LPE) has been proposed as a means for
achieving high volume and yield. LPE has been used to exfoliate a
range of 2D materials including graphite,"””>* boron nitride,***
pnictogens,”>° TMDs,**?*'” 1II-V semiconductors,*® metal
oxides,**' and many others.***’ LPE is used to produce 2D
materials in liquid dispersions, which can be used as inks,
making the method attractive for various printing technologies,
which allow for the fabrication of flexible devices or back end of
line (BEOL) integration with existing integrated chips.>**® Most
recently we were able to report on LPE-PtSe,.*

Methods for producing films from LPE materials include
vacuum filtration,"”'® Langmuir-Blodgett (LB) deposition,’*>*
spray-coating®® and inkjet printing.>® However, many of these
methods suffer from flake reaggregation into clusters in
solution and on the substrate, leading to inhomogeneous films.
In order to compensate for this, extra layers of materials must
be added resulting in thick films (>1 um) which is detrimental
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in numerous applications and significantly increases production
costs. Therefore, the formation of very thin homogenous films
from LPE materials is not only crucial to the electrical and
optical performance of devices, but is also a determining factor
in the applicability of production methods.

Here we report for the first time film formation from PtSe,
dispersions using a modified LB method at a liquid-liquid
interface. Homogeneous films with low roughness and con-
trollable thickness could be produced. These films were char-
acterized using Raman spectroscopy, atomic force microscopy
(AFM), and scanning electron microscopy (SEM) and compared
to the conventional spray-deposited films. We contacted the LB
films with interdigitated electrodes for electrical characterization.
In a simple chemiresistive sensor structure, we show high
sensitivity and fast response upon exposure to ammonia
(NH3) gas. Notably, we demonstrate the long-term stability of
our films over 15 months.

Experimental
Synthesis of bulk crystals

Platinum sponge (Pt 99.99%, Surepure Chemetals) and selenium
(Se 99.9999%, granules 2-4 mm, Wuhan Xinrong New Materials
Co.) were placed in a quartz ampoule and sealed by an oxygen-
hydrogen welding torch at a pressure of 1 mPa. Selenium was
used in 2 at% excess. The ampoule was heated at 1270 °C in a
5 °C per minute of ramping speed and cooled down to 1000 °C at
a 1 °C per minute of cooling rate after 30 minutes of dwell time.
Afterwards, it was completely cooled down to room temperature.
The selenium excess condensed on the opposite side of the
ampoule, and the formed crystalline block of PtSe, was removed
from the ampoule.

Preparation of the dispersions

The PtSe, dispersions were prepared using our previously
established methodology of tip sonication and size selection by
centrifugation in aqueous sodium cholate solution®” followed by
transfer to N-methyl-2-pyrrolidone (NMP) to aid the deposition at
the liquid-liquid interface. PtSe, crystals were ground and
immersed in 35 mL of aqueous sodium cholate (SC) solution
(concentrations: Cpise, = 0.5 g L' and Csc = 1.7 g L") and
ultrasonicated (Sonics VXC500, 500 W, equipped with a tapered
microtip) for 7.5 hours at 30% amplitude with a pulse of 6
seconds on and 4 seconds off. The dispersion was keptin a 4 °C
cooling cell during sonication to avoid heating. The polydisper-
sity of the as-produced dispersion was reduced by two consecu-
tive centrifugation runs. High mass nanosheets which are larger
and simultaneously thicker were discarded as sediment after the
first run at lower centrifugal acceleration, while smaller/thinner
nanosheets were removed as the supernatant after the second
step at higher centrifugal acceleration. Specifically, unless other-
wise noted, centrifugation was performed in a Hettich Mikro
220R centrifuge for 2 hours at 13 °C. The first step at a relative
centrifugal force of 3000g (where g denotes the earth’s gravita-
tional field) was carried out with a fixed-angle rotor 1016 in
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50 mL centrifuge tubes filled with ~17 mL each. The super-
natant was decanted and subjected to a second centrifugation at
5000g (with a fixed-angle rotor 1995-A in 1.5 mL Eppendorf
tubes) after which the sediment was collected in deionized (DI)
water and the supernatant discarded.

Preparation of films

Films were deposited after pre-assembly of the nanosheets at
the liquid-liquid interface. First, the aqueous dispersion was
transferred to NMP. To this end, the dispersion was centrifuged at
6000g (2 hours) to force the nanosheets to sediment and the
sediment was redispersed in isopropanol (IPA) by bath-sonication
for 5 minutes. The aqueous supernatant containing mostly water/
surfactant was discarded. The centrifugation was repeated, the
supernatant containing residual water and IPA was discarded
and the sediment redispersed in NMP by 5 minutes of bath
sonication. As substrates, SiO,/Si wafers were chosen with an
oxide thickness of 300 nm. These were diced to a size of 15 by
7.5 mm?, cleaned by bath sonication in acetone, IPA, ethanol,
and water for 20 min in each solvent and subsequently dried
under a stream of pressured nitrogen. Fig. 1 depicts a schematic
of the controlled deposition of PtSe, nanosheets on a SiO,/Si
substrate. Overall, the procedure can be regarded as a LB type
deposition using two immiscible solvents, in this case water and
toluene. It has been demonstrated that nanoflakes can be
trapped at the liquid-liquid interface when injecting the LPE
dispersion at an angle close to 90° with respect to the
interface.’®**® To form the liquid-liquid interface, first, a
15 mL glass beaker was filled with 12 mL of DI water and 0.5 mL
of toluene was layered on top. Next, 0.1 mL of the PtSe,
dispersion in NMP were gently injected on top and allowed
to rest for 3 minutes to allow diffusion of the nanosheets to the
toluene/water interface. After a uniform layer was formed, the
toluene was allowed to evaporate and subsequently the transfer
to the substrate was performed. To this end, the substrate was
vertically introduced into the water phase, then tilted to an
angle near 90° relative to the interface and then lifted up
manually with a tweezer at speeds as constant as possible.®®
Generally, a smaller angle between the substrate and film is
more favorable for the film transfer. Finally, the film was left to
dry in air for ~15 min with a tilt angle of ~30° before
performing a washing step by rinsing the films gently with a
1:1 mixture of IPA and DI water. Excess of unnecessary film

PtSe,

dispersion Toluene PtSe, film
~ | evaporation substrate on Sllwrme
\
= \~ Y = =
3 Toluene $3§ “,
air :
PtSe, S “ N
flakes _— interfac
NMP
1
H,0
1 2 3 4

Fig. 1 Schematic of the modified Langmuir—Blodgett method to produce
tiled nanosheet networks after pre-assembly at a liquid—-liquid interface
(1-film formation, 2-interface area reduction by evaporation, 3-substrate
immersion, and 4-film deposition).
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area was removed by gently scraping with a cotton swab, leaving
an area of approximately 5 by 5 mm? in the center of the
substrate.

Characterization

Scanning electron microscopy (SEM) characterization was per-
formed with a JEOL JSM-6700F field emission SEM at 1 kV of
acceleration voltage. Raman characterization was performed by
mapping a region of 50 by 50 um? with 100 measurement spots
with a Witec alpha300 R confocal Raman microscope at an
excitation wavelength of 532 nm at 0.5 mW of LASER power. For
atomic force microscopy (AFM) imaging, a Dimension ICON3
scanning probe microscope (Bruker AXS S.A.S.) was used in
ScanAsyst mode (non-contact) in air under ambient conditions
using aluminium coated silicon cantilevers (OLTESPA-R3).
Typical image sizes were 3 by 3 um? scanned with 1024 lines
at scan rates of ~0.4 Hz.

Device fabrication and measurement

Electrical characterization was performed in a Suss probe-
station using a SourceMeter®™ Unit (Keithley model 2612A) at
a scan rate of 10 mV s~ '. For gas sensor tests, interdigitated
electrodes (Ni/Au = 40/45 nm) forming a 200 pm channel with a
channel length-to-width ratio 1:277 were deposited on top of
the films through a metal shadow mask. The PtSe, sensors were
annealed for 2 hours at 150 °C in N, at ambient pressure to
desorb attached gaseous molecules on the surface and then loaded
into a custom-made sensing chamber. The annealing temperature
was kept low in order to avoid changes in morphology that were
cautioned against in work previously reported.®’ The sensing
chamber pressure is kept at approximately 900 mbar by constantly
flowing 100 standard cubic centimeters per minute (sccm) of gas
through the chamber. The gas concentration is remotely controlled
through a flow rate ratio modulation between dry N, and 10 part
per million (ppm) of NH; gas. A SourceMeter® Unit (Keithley
model 2636B) monitors current changes upon periodic NH; gas
exposure at a constant voltage bias.

Results and discussion

A liquid-liquid interface is created by layering toluene on top of
water. The PtSe,-NMP dispersion was added to the interface
in a similar way as demonstrated earlier for LB graphene films
at a water-air interface.***®* The interfacial tension at the
toluene-water interface exerts surface pressure that compresses
the interfacial nanosheets into a close-packed structure.®® The
substrate coverage can be controlled by adjusting the concen-
tration of flakes in the solution and the interfacial area between
the two phases. In this case, the optimum PtSe, concentration
was found by trial and error.

After drying (see the Experimental section), SEM (Fig. 2a) and
AFM (Fig. 2b) of the LB film reveal that it consists of a homo-
genous nanosheet network over large areas. The films appear
continuous with feature sizes, typically <100 nm. The AFM
measurement reveals a root-mean square (RMS) roughness of
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Fig. 2 (a) SEM image (scale bar: 200 nm) showing good nanosheet alignment

and (b) AFM image of the LPE-PtSe; LB film. (c) Averaged Raman spectrum
of the LPE-PtSe; LB film. Inset: scanning Raman map of the E5 peak
sum over a 50 by 50 um? area. (d) Current-voltage characteristics of
conventional spray-deposited and LPE-LB deposited films, resulting in film
conductivities of 92 & 5 and 700 + 70 S m~?, respectively. Note that the
film thickness of the LB film (~240 nm) is more than 12-fold thinner
compared to the sprayed network (~3 um).

8.2 nm with only a few gaps between the sheets that are
otherwise homogeneously deposited with maximum edge-edge
contact. A scan at the edge of the film revealed a film thickness
of ~30 nm (see the ESIt). Thus, one can conclude that thin films
from platelets of PtSe, have been produced.

An averaged Raman spectrum from 100 positions on a sample
is shown in Fig. 2c. Two prominent peaks can be identified at
178 and 207 cm™ !, which correspond to the in-plane E, and out-
of-plane A,, vibrational Raman active modes, respectively. The
inset depicts the spatial distribution of the E, mode at a location
on the sample from which the averaged spectrum was measured.
The Raman spectra contain well-defined, relatively narrow
modes suggesting intact, crystalline nanosheets are deposited.
Using our previously established quantitative metric for the estima-
tion of PtSe, nanosheet thickness from Raman spectroscopy,””
we estimate an average layer number of the nanosheets of 5.5.
In previous work, we also established a correlation between the
nanosheet layer number and lateral size,””** which allows us to
infer the average lateral dimensions of the nanosheets as ~60 nm
(across the longest dimension) which is consistent with the micro-
scopic characterization described above.

This modified LB film production method promises a higher
conductive tiled network structure in comparison to randomly
restacked porous nanosheet films produced by conventional
spray deposition. To confirm this, another set of films were
produced to allow for a direct comparison of LB-type and
sprayed PtSe, networks, respectively. Due to the relatively high
mass required for spray deposition, a more polydisperse PtSe,
dispersion was used that was produced from centrifugation with
a wider spread in the centrifugation boundaries (400g in the first
step and 30 000g in the second step). Note that this resulted in a
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more polydisperse size distribution and thicker, rougher films
compared to the production method used for the remainder of
the work (see the ESIt). Therefore, it was required to perform two
subsequent deposition cycles in the case of this sample to yield
a continuous network. While the more than 12 times thicker,
~3 um thick sprayed PtSe, film (Fig. S2a, ESI}) showed a
conductivity of 92 + 5 S m ™", the ~240 nm thick PtSe,-LB film
(Fig. S2c, ESIT) showed approximately 7.6 times higher conduc-
tivity, 700 & 70 S m ™" in 4-point probe measurements as shown
in Fig. 2d. This is a result tentatively assigned to the better
alignment of PtSe, nanoflakes in the modified LB films. As a
result, the modified LB film yields generally much thinner films
with good conductivity. On the one hand, this reduces the
material mass required for 2D material nanosheet network
structures which is an important aspect for PtSe, containing a
precious metal. On the other hand, this can be beneficial for
sensing applications due to better accessibility of the active
material.

Fig. 3a depicts the current-voltage (I4s-Vys) curves measured
on a sensor device where the film shown in Fig. 2a-c was
contacted with interdigitated electrodes (inset) directly after
fabrication and after 15 months. The slope of the curve yields a
resistance of 61.8 kQ for this device which corresponds to a
conductivity of ~1.95 S m™~" in this device structure. The lower
conductivity of this 30 nm thin film compared to the 240 nm
thick LB-type film (Fig. 2d) can be rationalized by a different
nanosheet size distribution and hence different junction
resistance, as well as a different device structure. The high
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Fig. 3 (a) Current—voltage (/4s—Vgs) characteristics of an LPE-PtSe, LB
film sensor showing a noticeable conductance change after long-term
exposure to the atmosphere. Inset: photograph of an LPE-PtSe, LB film
(blue area) underneath interdigitated electrodes. (b) Sensor response
curves of the LPE-PtSe, LB film sensor upon introduction of periodically
decreasing concentrations of NH3z from 8 down to 0.1 ppm (gray columns)
at room temperature. A NH3z sensor response is still observed 15 months
later. (c) Resistance (open boxes) and SNR (red x-crosses) changes are
proportional to the introduced gas concentration. Inset: zoomed-in plot in
the lower NHz concentration range. (d) Sensor response curves for 10 to
60 seconds of NH3 gas introduction (from light green to dark green). Inset:
detectable NH3 gas concentration inversely decreases as the gas exposure
time increases.
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resistance indicates lower conductivity than PtSe, films grown
by chemical vapour deposition'"*>*” which may be attributed to
flake-to-flake junctions hampering charge carrier transport.>*%%°

The contacted films were tested as ammonia sensors imme-
diately after preparation and 15 months later to test the long-
term stability of the device. Since many 2D materials, including
group VI transition metal dichalcogenides,”® are prone to
degradation, for example by exposure to ambient conditions,
we placed particular emphasis on the long-term stability of the
sensor, as nanosheet degradation can cause inferior device
performance. The device was tested as a gas sensor by exposing
it to various concentrations of NH; in N, (0.1 to 0.8 ppm). The
analyte was periodically introduced for 1 minute at a fixed
concentration and at room temperature, followed by introduction
of dry N, for 5 minutes for sensor recovery. No further treatments
to enhance the recovery speed, e.g., ultraviolet light illumination
or annealing at higher temperatures, were applied. At 5 V of bias
voltage, real-time current changes of the structured LPE-PtSe, LB
film sensor can be calculated,

Rs — Ry

S =
Ry

x 100%

where R, and Rg are the resistances of the sensor before and after
gas introduction. Fig. 3b shows a typical relative percentile
resistance change as sensor responses. The resistance of the
sensor increases upon NH; exposure because PtSe, is known as
a p-type material and NH; donates an electron which results in
reduction of the majority carrier in the semiconducting channel.
To verify the sensor responses, simple signal processing was
used.”"™”" The initial sensor resistance is calculated from the
first 200 data points just before the first gas introduction. In the
same regime, the root-mean-square (RMS) noise for a measured
Ry is derived from the initial sensor resistance,

. (RS - RBase)2

Noiserms = 24]\7

where Rg,s. is the baseline of the initial sensor resistance, and N is
the number of data points. The signal-to-noise ratios (SNRs)
derived from the resistance increments at various NH; concentra-
tions are proportional to the gas concentration which is well-fitted
to an exponential decay curve as shown in Fig. 3c. To be a true
signal, the SNR must be at least three times larger or
more according to the International Union of Pure and Applied
Chemistry (IUPAC) definition.”” In our measurements, an SNR of
3.4 was obtained for a concentration of 0.1 ppm of NH3, setting a
detection limit for this gas with LPE-PtSe, LB film sensors. In the
SNR changes depicted at various concentrations (Fig. 3c), one can
determine a theoretical detection limit (DL) by extrapolation to
the point where the SNR drops below 3. This theoretical DL
reaches a value of only 0.059 ppm, which is remarkable, as
detection of low concentrations of NH; is challenging in chemir-
esistors because little charge is transferred compared to other
analytes. This DL is one of the lowest values reported for LPE
derived 2D material based gas sensors.'*"*7*

This journal is © The Royal Society of Chemistry 2023
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The long-term stability of 2D material based devices under
ambient conditions has often been a point of debate. Grown
PtSe, films are known to be stable under ambient conditions,
however exfoliated films have never been investigated. Thus, we
compare the performance of a sensor after it has been in N,
flow storage for 15 months. The film conductance surprisingly
increased slightly as shown in Fig. 3a. The improved conduc-
tivity after 15 months of storage could be due to the formation
of better intersheet contacts or residual water in the film acting
as a p-dopant increasing the concentration of majority charge
carriers. During NH; gas sensing, interestingly, the peak-to-
peak value of relative resistance changes slightly as the initial
resistance decreased after 15 months, but the device exhibits
higher SNR values because the RMS noise decreased. Fig. 3d
presents the sensor response upon decreasing the NH; intro-
duction time from 60 to 10 seconds in the same period,
indicating that the estimated detection limit exponentially
increases from 0.059 to 0.721 ppm (inset).

In conclusion, the devices still function as a very sensitive
ammonia sensor after 15 months of storage. This is a remark-
able finding as the long-term stability of LPE derived devices
has always been a point of discussion while the high stability
PtSe, has been so far only reported for thermally-assisted
conversion (TAC) derived films."

Conclusions

The formation of LB-type films into tiled networks from LPE-PtSe,
dispersions was achieved for the first time. This combination
resembles a cornerstone for a high yield, scalable, low cost
production of sensors. This method is suitable for highly sought
after flexible and wearable devices. We characterized the tiled
network films structurally and revealed homogeneous films with
little roughness indicating good alignment of the PtSe, flakes. We
showed ~7.6 times higher conductivity in the tiled nanosheet
network films through the modified LB production method in
comparison to the conventional spray-deposited films. Thus, this
method allows deposition to much thinner conducting networks
forming 2D materials. The sensor performance of the LPE-PtSe,
LB films showed high sensitivity toward NH; down to 0.100 ppm,
which is remarkably low compared to those of most other 2D
material based gas sensors. Furthermore, we demonstrated the
long-term stability of the PtSe, based sensor over more than
one year.
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We would like to note that during the course of this work, dozens of devices were fabricated and
tested. While all of the devices with relatively pinhole free networks showed good sensor
performance, we found that film homogeneity was key for a stable and reproducible performance.
We realised that the reproducibility of the film production (and thus device performance) is greatly
improved when dispersions with narrowed nanosheet size distributions are used. Therefore, for the
main part of the work in the main manuscript, a PtSe, dispersion was used where larger/thicker
nanosheets were removed as sediment after centrifugation at 3000 g and small/thin nanosheets
were removed as supernatant after centrifugation at 5000 g (see methods). For details on the
characterisation of the nanosheets produced this way (including size/thickness distributions), the
reader is referred to our previous report.! The disadvantage of this approach is that only a fraction of
the nanosheets produced by sonication is selected which means that the mass is relatively low. While
we attempted spraying such as size-selected dispersion, the mass was not sufficient to produce a film
with close coverage. Therefore, to compare LB-tiled and sprayed networks with respect to
conductivity and film thickness, a different set of dispersion had to be used with a much broader
size/thickness distribution. Specifically, the centrifugation boundaries were set to 400 g and 30,000
g. This greatly affects the film morphology (homogeneity and thickness) in the tiled network as
shown by the visual comparison in Fig. S1. The films produced from dispersions with narrower
nanosheet size distribution (Fig. S1a-c) show greater homogeneity, lower roughness, better edge to
edge contact of the nanosheets and a reduced overall thickness compared to the dispersion with the
broader distribution (Fig. S1d-f).
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Fig. S1 Comparison of LB-type nanosheet networks produced from LPE-PtSe, using different size/thickness
distributions through modification of the centrifugation conditions. (a-c) Data from the dispersion with
narrower size distribution used for the gas sensing experiments. (a) SEM image, (b) AFM image of a scratched
film. (c) Profiles of the lines indicated in (b). The gray box has a height of 30 nm and serves as guide for the eye
to indicate the film thickness. (d-f) Same data from a dispersion with broader size distribution used to compare
the conductivity of LB type and sprayed networks. (d) SEM image, (e) AFM image of a scratched film. (f) Profiles
of the lines indicated in (e). The gray box in (f) has a height of 100 nm.
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AFM image of an LPE-PtSe;, film produced by the modified LB method using two subsequent deposition cycles
of the 400-30000 g sample and (c) ~240 nm film thickness is estimated from the mean of 10 height profiles.
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Humidity sensing is important to a variety of technologies and industries, ranging from
environmental and industrial monitoring to medical applications. Although humidity sensors
abound, few available solutions are thin, transparent, compatible with large-area sensor
production and flexible, and almost none are fast enough to perform human respiration
monitoring through breath detection or real-time finger proximity monitoring via skin humidity
sensing. This work describes chemiresistive graphene-based humidity sensors produced in few
steps with facile liquid phase exfoliation followed by Langmuir—Blodgett assembly that enables
active areas of practically any size. The graphene sensors provide a unique mix of performance
parameters, exhibiting resistance changes up to 10% with varying humidity, linear performance
over relative humidity (RH) levels between 8% and 95%, weak response to other constituents of
air, flexibility, transparency of nearly 80%, and response times of 30 ms. The fast response to
humidity is shown to be useful for respiration monitoring and real-time finger proximity
detection, with potential applications in flexible touchless interactive panels.

Supplementary material for this article is available online

Keywords: graphene, liquid phase exfoliation, humidity sensing, respiration monitoring

(Some figures may appear in colour only in the online journal)

1. Introduction

Humidity monitoring is essential for numerous applications
across industries, such as environmental and industrial mon-
itoring, and healthcare [1, 2]. Aside from traditional uses in
monitoring atmospheric and room conditions, technological
progress keeps enabling new uses for humidity sensors. In
healthcare, humidity sensing could be used for human respir-
ation monitoring [3, 4] due to the high level of water vapor in
breath. In electronics and robotics industries, humidity clouds
near human skin could be used to detect finger position for
touchless control interfaces [5, 6]. However, humidity sensors

3 Author to whom any correspondence should be addressed.

1361-6528/20/025505+8$33.00

made of established materials such as metal/polymer compos-
ites have temporal response rates that are far too slow for these
applications, in the range 5-50 s [2]. Emerging composite and
nanomaterials such as ZnO and Pd—-SnO, also suffer from the
same debilitating disadvantage [7, 8]. More recently, graphene
and graphene oxide have emerged as a promising material for
fast humidity sensing, with response times ranging from 10’s
of milliseconds to a few seconds, depending on the method of
production [9-15].

Compared to many other materials, graphene has the added
benefits of being thin, flexible, and transparent, enabling
applications in wearable and flexible electronics. Neverthe-
less, graphene humidity sensors to date have been made from
graphene that is either industrially irrelevant (mechanically
exfoliated), expensive (chemical vapor deposited, CVD) or

© 2020 IOP Publishing Ltd  Printed in the UK
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made with several complex chemistry steps, such as with
reduction of graphene oxide.

Here, we demonstrate fast humidity sensors made with
an inexpensive and facile production method that is com-
patible with large-area sensor production. The active sensing
area is made from liquid-phase exfoliated graphene [16] that
requires only a single ultrasonic processing step. The humid-
ity response times of our sensors are as low as ~30 ms, which
allows us to show real-time breath monitoring and finger prox-
imity detection as exemplary applications of ultrafast humidity
sensing. Breath monitoring and proximity detection are only
two examples of potentially numerous applications of these
novel ultrafast humidity sensors, enabled by the fast response.
We demonstrate sensing capability on three different sub-
strates, including flexible transparent ones. The sensors fare
very well against standard gas sensor performance metrics,
such as insensitivity to other components of air and response
time [17].

2. Material and methods

2.1 Fabrication of graphene films and humidity sensors

The graphene dispersion was produced by dissolving graph-
ite powder (Sigma Aldrich, product no. 332461) at a
concentration of 18 mg ml~' in N-Methly-2-pyrrolidone
(NMP) (Sigma Aldrich, product no. 328 634). The disper-
sion was sonicated in a low energy ultrasonic bath for
14 h. After sonication the dispersion was centrifuged at
3000 rpm for 60 min in order to separate non-exfoliated
graphite flakes, which remain in the precipitate, and the
exfoliated graphene flakes which are dispersed in the super-
natant. A small volume of the supernatant is added to deion-
ized water (18 MQ cm™') resulting in self-assembly of
graphene nanoplatelets into a thin film on the water/air inter-
face. The thin film is deposited on a pre-immersed sub-
strate of choice following the Langmuir-Blodgett method
[16, 18-20].

Our film, made of graphene that is exfoliated in the liquid
phase and assembled with the Langmuir—Blodgett method,
consists of graphene nanoplatelets in contact with each other,
as shown in the atomic force micrograph in supporting inform-
ation (figure S1) (available online at http://stacks.iop.org/
NANO/31/025505/mmedia).

Although nanoplatelets conform to a distribution of thick-
nesses, the average thickness of the film is ~10 layers of
graphene (3.4 nm), as measured with UV-VIS absorption
spectroscopy and shown in supporting information (figure S2).
For well-defined channel geometry and accurate sheet res-
istance measurements, we use a Si0,/Si substrate with four
microfabricated metal contacts (figure 1(a)). The substrate is a
380 pm thick n-doped Si wafer with a thermally grown 800 nm
thick SiO, insulating layer. We deposit a layer of chromium
(20 nm) and a layer of gold (100 nm) with radio-frequency
cathode sputtering. Subsequently the layers of chromium and
gold are coated with 0.5 pm of photoresist (AZ-1505) that is
subjected to direct laser writing (LW405, MicroTech, Italy)

Figure 1. (a) Graphene humidity sensors on different substrates.

(a) Optical image of a sensor with four contacts and the graphene
sensor active area. Inset: optical micrograph of graphene film on
contacts. The scale bar is 50 pm. (b) Optical image of the graphene
film on the ceramic commercial substrate with interdigitated
electrodes. The scale bar is 1 cm. (c) Optical image of graphene film
on PET with macroscopic gold contacts.

[21] to pattern the contacts. The gold is removed with a solu-
tion of potassium iodide and the chromium is removed with a
solution of ammonium cerium (IV) sulfate. The wafer is diced
into 3 X 3 mm chips, each chip containing a set of four metal
contacts. After film deposition, the chips are mounted to TO-
8 housing. Sensor fabrication is reproducible, with AFM and
UV-VIS measurements yielding the same average thickness
for every device made.

The inset of figure 1(a) depicts an optical micrograph of
the graphene film deposited on the contacts. Darker spots
indicate remaining unexfoliated or thick graphite mater-
ial. The film area between contacts has dimensions of
~1500 pum x 190 pm. Taking into account film geometry
yields sheet resistance of 3-7 k{2 sq~! for our films consist-
ently, the smallest values reported for post-processing-free
single-deposition Langmuir-Blodgett graphene films to date
[16, 18, 20, 22]. Such small sheet resistance is a result of fab-
rication process streamlining and careful four-terminal resist-
ance measurements. For obtaining the largest sensing area and
highest signal-to-noise ratio, we employ a commercial ceramic
substrate with pre-made interdigitated electrodes (DropSens
IDEAU200), figure 1(b). This substrate is easy to handle, ver-
satile, low-cost, and easily connected to macroscopic wires by
soldering, and the active sensing area is ~15 mm?. Finally,
for flexible transparent humidity sensors we employ a poly-
ethylene terephthalate (PET) substrate with macroscopic gold
contacts thermally evaporated over a shadow mask, as in
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Figure 2. Experimental setup for measuring humidity response. A homebuilt humidity chamber is designed with slots for the graphene
sensor and a reference sensor. It has inlets for water vapor from a room humidifier and for purging with nitrogen N, gas. The sensors are

connected to measurement electronics.

figure 1(c). The size of the active area on this substrate
is 5 x 5 mm. The optical transmittance at a wavelength
of 660 nm is 78%, as shown in figure S2 of supporting
information.

2.2. Humidity sensing

We perform humidity sensing in a homebuilt humidity cham-
ber made of polytetrafluoroethylene (PTFE), as depicted in
figure 2. The chamber is equipped with separate valves for
injection of water vapor and another gas, a gas outlet valve,
and auxiliary connectors. Our sensor in its TO-8 housing is
integrated into a custom-made PTFE plug that we insert into
a matching slot in the chamber, next to a reference humidity
sensor (Honeywell HIH-4000-001). A thermocouple is placed
near the sensors to measure the local temperature. All meas-
urements were performed at room temperature (21 °C-23 °C).
We apply a current of 10 uA between the outer electrode pair
and measure the induced voltage across the inner electrode
pair to obtain the resistance. The voltage was measured with
a Keysight 34461 a DMM. In the cases of the commercial
ceramic substrate and the PET substrate we monitored two-
terminal resistance with the same DMM operated in ohmmeter
mode. Relative humidity (RH) was decreased to 8% by pur-
ging the sealed chamber with nitrogen (N,) gas. Water vapor is
produced with a commercial room humidifier and injected into
the chamber at a constant flow rate. Once a desired humidity
level is reached the water vapor inlet valve is manually closed.

To measure sensor speed below the limit imposed by
humidity chamber filling time, we placed the sensors on a
table in free space at RH ~40%. A nitrogen gun was used to
induce nitrogen flow across the sensor surface, quickly drying
the active area while we monitored the sensor response and
recovery times [11].

2.3. Respiration monitoring and touchless sensing

Respiration monitoring and touchless sensing were performed
at atmospheric conditions, at a temperature of ~25 °C and
RH ~40%. The graphene sensors were placed on a table and
connected to measurement electronics as described above, and
a volunteer proceeded to breathe onto the sensor surface or
bring a finger nearby the sensor. All three types of substrates
were tested under the same conditions.

3. Results and discussion

3.1. Humidity sensing

The humidity sensing performance of our devices was tested
by monitoring device resistance while controlling relative
humidity in the humidity chamber. Figure 3(a) depicts three
cycles of a humidity ramp in the test chamber and correspond-
ing measurements with our graphene sensor on the ceramic
substrate with interdigitated electrodes (black) and the refer-
ence sensor (purple). During each cycle the humidity in the
chamber is increased from ~8% to 95% and then decreased
to ~8%. The resistance of our sensor rises with humidity, as
was shown earlier for other films that consist of conducting
NbS, nanoplatelets [23]. The increase in resistance is attrib-
uted to water adsorption at nanoplatelet edges and between
the platelets, both of which disrupt electrical conduction paths
of the film. In the case of graphene, other mechanisms could
also play a role, such as electron donation from graphene to
water and disruption of molecular symmetries of graphene by
the water molecules [24]. For a clear perception of the sensit-
ivity of our sensor, we plot a second vertical axis next to the
resistance axis that depicts the percent change of resistance,
described by S = 100- %5, where Ry is the initial resistance
value and AR is the difference between the given and the
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Figure 3. Response to humidity and other constituents of air. Measurements are conducted on the ceramic substrate with interdigitated
electrodes. (a) Graphene sensor response measured in conjunction with the reference sensor response over three cycles of ramping RH from
~8% to 95%. (b) Graphene sensor response to repeat stepwise increase of relative humidity, from 26% to 88%, in time. (c) Peak sensor
response as function of maximum RH. (d) Sensor response to nitrogen, oxygen and water vapor over 60 s each. (e) Response time of
graphene sensor when a nitrogen N> gun is used to flush the device. (f) Recovery time of graphene sensor after flushing with nitrogen N»

gun.

initial resistance value. The resistance of the graphene sensor
changes by 5% when changing humidity from 8% to 95%.
The sensitivity is thus higher than reported for CVD graphene
[10, 11], which is more costly than liquid phase exfoliation
as per word graphene, and higher than for industrially irrel-
evant mechanically exfoliated graphene [25]. Sensor repeat-
ability indicates that the likely dominant mechanism is phys-
isorption of water molecules, with little chemisorption. There
is a small baseline drift that occurs when the sensor rests in air
which is visible on figure 3(a). A similar drift was observed
in mechanically exfoliated bilayer graphene [11]. Although
such a drift could potentially be detrimental to the practical

use of graphene-based gas sensors, we found that the drift is
fully reversible with heating to temperatures around 150 °C
that could easily be achieved with an on-chip integrated heater
[26].

Figure 3(b) depicts the response of the graphene sensor
over several cycles with different maximum RH. In this image
the baseline drift has been corrected for by linear subtrac-
tion. The raw data that includes the drift is provided in sup-
porting information (figure S3). The relative change in res-
istance, S, as a function of maximum humidity is shown in
figure 3(c). The sensor response is clearly linear with humidity
(r = 0.981), which indicates potential for applications in
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Figure 4. Respiration monitoring. (a) Monitoring fast, normal and deep breathing with graphene sensor on ceramic substrate.
(b) Monitoring breathing rate on flat PET substrate, and (c) on PET that is bent at an angle of 10 degrees, as seen in (d).

diverse conditions. In the case of our graphene sensors on
Si/Si0, substrates, the linearity is similar to that reported here,
while the sensitivity is ~10 times smaller (see supporting
information, figure S4). The sensing response on the two sub-
strates should not be directly compared, because of the vastly
different active sensing areas and contact spacing. The ceramic
substrate is optimized for high sensing performance, whereas
the contact design on the Si/SiO, substrate is optimized for
sheet resistance measurements.

To confirm that our sensor reacts to water vapor and not to
other constituent gases of air, we tested the response to nitro-
gen and oxygen. Figure 3(d) depicts the sensor response to
nitrogen gas (injected into the chamber at t = 0 s), to oxygen
gas replacing nitrogen (at t = 60 s), and finally to water vapor
injected instead of oxygen (at t = 120 s). The sensor does not
respond to nitrogen N, reacts very little to O, and has a strong
response to H,O gas, an effect that could be used to implement
selectivity. Humidity was reduced to ~0% before starting the
experiment.

Sensor response and recovery times cannot be measured
in the humidity chamber due to the limited chamber-filling
and chamber-flushing times, hence we proceed to measure
the sensor response time by rapidly drying the sensor sur-
face in ambient with a nitrogen gun and observing sensor
dynamics. In figure 3(e) we show nitrogen gun drying of the
sample, with observed rapid recovery shown in figure 3(f).
We set a 10% and a 90% change threshold for measuring rise
and fall times. The sensor responds in 28 ms and recovers in

30 ms. Similar dynamics are observed in other samples on the
same substrate. The obtained response is significantly faster
than that reported earlier for single-layer and double-layer
CVD graphene (~700 ms) [10, 11] and is two orders of mag-
nitude faster than the commercial reference sensor (Honeywell
HIH6100 Series Datasheet). The response time in the case of
our graphene sensors on Si/SiO, substrates is longer, in the
range of 240 ms (see supporting information figure S5). The
fast response of our sensors is likely due to additional carrier
scattering introduced by edge defects [27, 28].

3.2. Respiration monitoring

High-speed humidity sensors enable the monitoring of human
respiration by breath detection. To test the usefulness of our
sensors for respiration monitoring, we placed the sensors on
a table and had a volunteer breathe near the sensor surface.
Figure 4(a) depicts the response of a sensor on a ceramic sub-
strate to breathing cycles in a fast, regular, and slow pattern.
A recording of respiration detection is shown in Supporting
Video 1. Itis evident that the sensor responds to human respira-
tion and can be used as a biometric detector of respiration rate.
In real-life conditions outside the humidity chamber, the res-
istance changes by up to 20% during breathing, which offers
an excellent on/off ratio that is useful for applications. The
sensitivity to breath is larger than can be found in literat-
ure that describes other graphene-based sensors, which are
also generally produced with more complex chemistry steps
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Figure 5. Finger proximity detection. (a) Optical image of the touchless proximity sensing experiment. (b) Resistance as a function of
fingertip distance to device. (c) Demonstration of ultrafast proximity detection as a finger is swept across the device at different distances.
(d) Response of touchless sensor to metallic tweezers and hand with glove.

[29]. The high sensitivity of our sensor is likely due to the
abundancy of reactive edge sites in the film consisting of
interconnected nanoplatelets. The sensor on the SiO,/Si sub-
strate also responds to breath, although with a smaller sens-
itivity (see supporting information figure S6). A resistance
change of ~24% is measured for respiration monitoring on the
ceramic substrate (figure 4(a)), while changes of ~6%—8% are
measured on the PET substrate (figures 4(b) and (c)).

3.3. Transparent flexible sensors

For certain applications, such as for monitoring the respiration
rate of first responders or medical patients via sensors attached
to transparent masks, or for transparent touchless control pan-
els, it would be advantageous to have the sensor on a transpar-
ent substrate. Results of respiration monitoring of our large-
area sensors on PET are shown in figure 4(b). Qualitatively,
the performance is similar as on the rigid substrate. Quant-
itatively, the response is an order of magnitude weaker on
PET, with a more pronounced background drift. We emphasize
again that the sensing performance on the different substrates
should not be directly compared, as the contact and sensor geo-
metry is differently optimized on the various substrates for dif-
ferent purposes. The speed of sensor response on a PET sub-
strate is ~20 ms, as shown in supporting information (figure
S7). We purposely made the sensor on a flexible substrate to

demonstrate compatibility with flexible electronics and wear-
able technology. Flexing the substrate is not detrimental to
the humidity sensing performance of the sensor, and results
in similar response to breath, as seen in figure 4(c). The
data shown in figure 4(c) was taken for a sensor bent with
a curvature of 10 degrees, as in figure 4(d). The method
of measuring curvature is presented in supporting inform-
ation (figure S8). To demonstrate operational performance
of our sensors under different conditions, we present sensor
response at different temperatures (figure S9) and in a flexed
state (figure S10). Sensitivity decreases with temperature, as
is common for chemiresistive humidity sensors [30].

3.4. Finger proximity detection

Our devices have an interesting application in proximity sens-
ing, as part of positioning interfaces for touchless screens
and applications in robotics [5]. It is well known that human
skin emits a cloud of moisture that decays over a distance of
~1 cm, an effect that has been proposed as a working mech-
anism for positioning interfaces that detect the presence of a
human finger [6]. However, practical realization of such inter-
faces has been elusive, primarily due to the low speed of the
materials considered thus far. Devices based on VS, [6] and
graphene oxide [31-33] have response and recovery times ran-
ging from 1 s to more than 20 s, which causes a delay in finger
position detection that is impractical. Figure 5(a) depicts an
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optical image of the proximity detection experiment. A finger
is held at a specific distance from the device as the resistance is
measured. Figure 5(b) depicts the distance-dependent device
response to the presence of a fingertip. The sensor responds at a
finger distance of 10 mm and resistance significantly increases
for smaller distances. To demonstrate ultrafast performance of
our proximity sensor, the volunteer swipes his finger above the
device at different distances (figure 5(c)). It is clear that the
device responds to finger motion in real time, enabling prac-
tical development of novel man-machine interactive systems.
Real-time finger proximity detection is demonstrated in Sup-
porting Video 2. We show that the response to human finger
proximity is due to humidity and not a capacitive effect by test-
ing the sensor response to the presence of metal tweezers and
a finger covered with a rubber glove (figure 5(d)). The max-
imum measured resistance change for an approaching finger
is ~1,6%.

4. Conclusions

We have demonstrated humidity sensors based on graphene
that are sensitive, thin, flexible, nearly 80% transparent, only
weakly reactive to other constituents of air, and fast enough
to be used for advanced applications such as respiration rate
monitoring and finger proximity detection. The principles of
operation shown here, combined with the ease of manufac-
ture of the sensors, indicate strong technological potential for
wearable health monitoring and touchless control panels. The
demonstrated behavior is unparalleled in literature, surpassing
other state of the art solutions in terms of sensor response and
recovery times, ease of manufacture, substrate compatibility,
transparency and scale-up potential.
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Measuring relative humidity is important for a myriad of industries, including production,
agriculture, environmental monitoring, and medicine. Thin-film, fast-response sensors are
particularly interesting for wearable applications, such as monitoring breathing. We report on
humidity sensors made from graphene deposited as a thin film by the Langmuir—Blodgett (LB)
method from three types of graphene in solution. We demonstrate humidity sensing and
respiration monitoring from graphene made by bath sonication, probe sonication, and
electrochemical exfoliation. We characterize the morphology and chemical composition of the
three film types and compare their performance as sensors. We conclude that although all three
types can be used for sensing, they each have their particular advantages and drawbacks.

1. Introduction

Knowledge of relative humidity (RH) is of crucial importance for various industries such as
production, agriculture, environmental monitoring, and medicine.(? Standard materials used
for humidity sensing are based on metal and polymers;® however, insufficient transparency,
thermal stability, flexibility, and response speed (in tens of seconds) have motivated research on
other active materials for humidity sensing, especially in wearable applications.

Graphene has excellent mechanical and thermal stabilities, high transparency, and high
flexibility, making it suitable for implementation in sensors such as humidity sensors.-%
Graphene obtained by chemical vapor deposition (CVD) and liquid-phase exfoliation (LPE) has
been reported to have applications in humidity sensing and respiration monitoring, because
water vapor is present in human breath.0~% The goal of graphene sensor research in general is to
synthesize graphene films at a low cost while retaining the material’s basic characteristics and
achieving high reactivity to the sensed gas. One of the methods of synthesis is the formation of
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graphene dispersions, which are obtained by LPE using several techniques, such as ultrasonic
exfoliation, electrochemical exfoliation, ball milling, and high-shear mixing.” After obtaining
a dispersion, one needs to deposit graphene from the solution onto a substrate to obtain solid-
state graphene. For this purpose, Langmuir—Blodgett (LB) deposition, spin coating, or drop
casting is used.(!) Both the LPE and LB methods are economical and efficient for synthesizing
graphene films.(1?)

In this paper we demonstrate three types of graphene humidity sensors, where graphene
films were obtained from three types of LPE, with the LB method used to deposit graphene from
a dispersion onto a solid substrate. The graphene films were tested as active humidity sensors as
well as real-time respiration monitors. Their morphology and chemical composition were also
characterized. We demonstrate that although there are differences in the chemical composition
of the obtained graphene dispersions and in the morphology of the deposited films that
contribute to different sensitivities to humidity, all three types of graphene exhibit humidity-
sensing behavior, showing that LPE followed by the LB method is a robust approach for
fabricating graphene-based humidity sensors.

In our previous work, we demonstrated ultrafast humidity sensing with bath-exfoliated
graphene films.!3) The novelty of the current paper is a direct comparison of the sensor used in
our previous work with other types of LPE graphene sensors. This is also, to the best of our
knowledge, the first report of humidity sensing with commercially obtained electrochemically
exfoliated graphene. First reports on in-lab electrochemically exfoliated graphene as a humidity
sensor have appeared recently.(

2. Materials and Methods
2.1 Synthesis of graphene film

The first graphene dispersion was prepared by dispersing graphite powder (Sigma Aldrich,
product no. 332461), with a concentration of 18 mg/ml in N-methyl-2-pyrrolidone (NMP) (Sigma
Aldrich, product no. 328634). Such a dispersion was sonicated for 14 h in a low-power ultrasonic
bath. After sonication, the obtained dispersion was centrifuged for 60 min at 3000 rpm to
separate non-exfoliated graphite flakes, leaving only graphene flakes in the supernatant.(!>) The
second graphene dispersion was prepared using the same graphite powder with the same initial
graphite concentration in aqueous sodium dodecylbenzenesulfonate (SDBS) (Sigma Aldrich,
product no. 289957). This dispersion was sonicated for 6 h with an ultrasonic probe of 200 W
power. Sonication was performed for 1 h, after which the solution was centrifuged for 90 min at
5000 rpm, then the sonication was continued for 5 h. The obtained dispersion was centrifuged
for 90 min at 1500 rpm, whereby the non-exfoliated graphite flakes remained in the sediment
and the supernatant contained exfoliated graphene flakes. The water-based graphene dispersion
was transferred to NMP owing to its compatibility with LB deposition at an air/water interface.
(10,12,16) For the transfer process, a mixture of 1 ml graphene dispersion in 11 ml isopropyl
alcohol (IPA) was used. The mixture was centrifuged at 10000 rpm for 90 min to separate
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graphene flakes of all sizes in the sediment. The supernatant was removed, and 2 ml cuvettes
containing the sediment were refilled to the lines. The centrifugation step was repeated with the
same parameters. After centrifugation, the described process was repeated one more time, for a
total of three centrifugations. Instead of IPA, ~120 um of NMP was poured into the final
sediment, and all the dispersions were collected in one bottle. The third graphene dispersion was
commercially obtained from Sixonia Tech GmbH (G-DISP-NMP-CSO-2+, Dresden, Germany).
This dispersion was obtained by electrochemical exfoliation in NMP.

The three types of exfoliation have distinct advantages and disadvantages over each other. An
ultrasonic bath with low-power ultrasound (around 30 W) is compatible with any solvent that is
suitable for exfoliation, without the need to consider thermal stability. For instance, N-methyl-2-
pyrrolidone (NMP) can be used as a solvent in exfoliation, from which homogeneous films can
be directly deposited onto a liquid surface.(!”) Exfoliation with an ultrasonic probe, on the other
hand, is quick, powerful, and compatible with upscaling. Nevertheless, owing to the high power
of exfoliation of up to 400 W, only thermally stable solvents can be used in exfoliation. After
exfoliation, the graphene flakes must be transferred from the thermally stable solvent to one that
can be used for LB deposition. The third dispersion is a commercially obtained graphene
dispersion formed by electrochemical exfoliation. The advantage of using a commercial solution
is that it removes the need for exfoliating in the laboratory where film formation and subsequent
experiments are performed. However, the disadvantage is the lack of control over the exfoliation
process and the final chemical composition of the material.

The LB method was used to produce the films from the above-described dispersions, in
which a small amount, between 0.1 and 1 ml depending on the dispersion, of a graphene
dispersion was carefully dripped in deionized water (18 MQ/cm). The self-assembly of graphene
flakes at the surface of the water resulted in the formation of a graphene film. This film was
deposited on a suitable substrate.(!?) Figure 1 shows photographs of all three graphene films
deposited on a ceramic substrate with interdigitated gold electrodes (DropSens IDEAU200).

2.2 Characterization

To obtain the thickness of each graphene film without damaging the surface, UV-VIS
(Thermo Scientific, Evolution 60) measurement in transmittance mode was used. Graphene was
first assembled on transparent slides and the spectrum was recorded in the range from 300 to
700 nm with an emphasis on 660 nm, where the thickness was calculated from the optical
transmittance. To measure the size of the graphene flakes and more closely examine the
topography of the films, atomic force microscopy (AFM) was used with a scan area of 5 x 5
um?. For AFM, the films were deposited on a Si/SiO, substrate. Gwyddion software was used
for the analysis of AFM images. For a clear understanding of the sensor mechanism during the
interaction with humidity, namely, with water molecules, the chemical structure of graphene
must be well known; therefore, X-ray photoelectron spectroscopy (XPS) was used. The analysis
was performed with SPECS systems with an XP50M X-ray source for a Focus 500 X-ray
monochromator and a PHOIBOS 100/150 analyzer. An AlKa source of 1486.74 eV at 12.5 kV
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Fig. 1. (Color online) Photographs of films deposited from all three types of graphene dispersions on interdigitated
ceramic substrates with gold electrodes: (a) graphene from ultrasonic bath, (b) graphene from ultrasonic probe, and
(c) commercially available electrochemical graphene. The width and length of the graphene films are ~1 cm.

and 32 mA was used for this study. Survey spectra from binding energies of 0 to 1000 eV were
recorded with a constant pass energy of 40 eV, a step size of 0.5 eV, and a dwell time of 0.2 s in
the FAT mode. Detailed spectra for the C 1s peak were recorded with a pass energy of 20 eV, a
step size of 0.1 ¢V, and a dwell time of 2 s in the FAT mode. Spectra were collected with the
SpecsLab data analysis software and studied with the CasaXPS software package.

2.3 Humidity sensing

For humidity sensing and respiration monitoring, each of the three graphene films was
assembled on a commercially available ceramic substrate with interdigitated gold contacts
(Fig. 1). Such sensors were individually inserted in a custom-made chamber made of
polytetrafluoroethylene (PTFE). A reference sensor (Honeywell HIH-4000-001) was placed
next to the graphene sensor at a distance of ~2 cm. The humidity chamber was equipped with
several valves by which gases could be injected and vented. The sensor response to humidity
was monitored with a Keysight 34461a digital multimeter (DMM) in the two-terminal resistance
mode (Fig. 2). Before the start of the measurement, the chamber was dried with nitrogen (N,)
gas through one of the valves. The lowest RH was ~10%, after which water vapor was injected
through a second valve until RH reached a maximum of ~90%, upon which the injection of
water vapor was stopped and the chamber was again dried out with N, Three cycles of such
measurement were repeated. To establish the linearity of the sensor, a repeated stepwise increase
in RH was performed.
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Fig. 2. (Color online) Experimental setup used in this study.

2.4 Respiration monitoring

Respiration monitoring was conducted in a basic experiment under laboratory conditions
(temperature ~25 °C, room humidity ~50% RH). A graphene sensor was placed on a table while
a volunteer breathed on the sensor. The sensor responded with a change in resistance. The
volunteer breathed at three different paces: fast, normal, and slow.

3. Results and Discussion
3.1 Characterization

Figure 3 depicts the UV-VIS spectrum used to calculate the thickness of each graphene film.
The thickness was calculated from the optical transmittance of the film at a wavelength of
660 nm.® The graphene film obtained from the dispersion formed with the ultrasonic bath has a
transmittance of 77%. Given that one layer of graphene absorbs 2.3% of light at this wavelength,
this type of graphene has a thickness of ~3.45 nm (10 graphene layers).(!®) The transmittance of
the film made from commercial electrochemical graphene is 33%, which indicates a thickness of
~10 nm (29 graphene layers). These two graphene sensors were easily characterized owing to the
uniformity of the films [Figs. 1(a) and 1(c)]. The films made from graphene obtained by probe
sonication are heterogeneous with different thicknesses in different regions of the film [Fig. 1(b)
and inset of Fig. 3]. The transmittance of such a film is 83%, which corresponds to a thickness of
2.55 nm (7.5 graphene layers). Although this thickness was obtained across a large portion of the
film, there are also smaller thicker parts, which are visually comparable to the other two
graphene films.

Figure 4 shows AFM images from which the average lateral sizes of graphene flakes were
determined. Figures 4(a)—4(c) depict the surfaces of graphene obtained by bath sonication, probe
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Fig. 3. (Color online) UV-VIS characterization in transmittance mode, by which the thicknesses of the graphene
films measured. Insets: photographs of the characterized graphene films. The green, black, and red curves represent
the electrochemically exfoliated graphene, bath-sonicated, and probe-sonicated films, respectively.
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Fig. 4. (Color online) Sample characterization with AFM. Different nanoplatelet sizes are visible in the images: (a)

graphene from ultrasonic bath, (b) graphene from ultrasonic probe, and (c) commercially available electrochemical
graphene.
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sonication, and electrochemical exfoliation, respectively. Lateral sizes were determined by
manually measuring the sizes of five random flakes on each image and taking the average. AFM
images for graphene obtained by bath and probe sonications [Figs. 4(a) and 4(b)] are easy to
interpret, because the flakes are small and have little overlap. Electrochemically exfoliated
graphene yields flakes that are larger and have significant overlap; thus, in Fig. 4(c), we show the
flakes that we measured, with numbered arrows that correlate with the flake sizes indicated in
Table 1. In Table 1, we also provide the average flake sizes for the three exfoliation conditions.
Bath sonication yielded an average size of 147 nm, in agreement with the values reported
earlier.!®) For comparison, probe sonication yielded flakes that are on average larger (444 nm)
but also have a wider size distribution. Electrochemical exfoliation produced the largest flakes,
with lateral sizes above 600 nm and reaching ~1500 nm.

Figure 5 illustrates the chemical properties of each graphene film obtained via surveys of
XPS spectra. Roughly, all three spectra have similar characteristics but with slight differences.

Table 1
Summary of randomly selected results measured by AFM, extracted from Fig. 4.

Average size

Ry (nm) R (nm) R3 (nm) R4 (nm) Rs (nm) (nm)
Ultrasonic bath 165 117 87 238 126 147
Ultrasonic probe 736 185 287 412 600 444
Commercial 1513 1229 847 652 1020 1052
electrochemical
— Ultrasonic bath| |— Ultrasonic probe| | Electrochemical
4o (a)
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Fig. 5. (Color online) Survey XPS spectra of each graphene: (a) graphene from ultrasonic bath, (b) graphene from
ultrasonic probe, and (c) commercially available electrochemical graphene.
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All of them show the presence of C, O, and Si (from the substrate) as expected, while in Fig. 5(b),
a small peak, which originates from nitrogen appears at approximately 400 eV. The deconvoluted
XPS spectrum for C 1s, corresponding to graphene obtained from the ultrasonic bath, has two
peaks at 284.9 and 285.2 eV, which correspond to sp> and sp? hybridizations, respectively, and
another peak at 286.4 eV, which corresponds to the C—O bond [Fig. 6(a)].!” Graphene obtained
from the ultrasonic probe has slight shifts of 0.6 and 0.3 eV for the peaks for sp* and sp?
hybridizations, respectively, relative to graphene from the ultrasonic bath, where the C—C bond
is located at 284.3 eV and the C=C bond is at 285.5 eV with a O—C=0 functional group at 288.8
eV [Fig. 6(b)].2% This shift can be attributed to different levels of oxidation between the two
films. Figure 6(c) represents C 1s peaks for the electrochemically exfoliated graphene. The C—C
bond is at 284.5 eV and the C=C bond is at 285.2 eV, while the peak corresponding to the C—O
bond is located at 287.1 eV. Figure 6 indicates that the film obtained from graphene exfoliated in
an ultrasonic bath has the lowest oxidation. Both the graphene from the ultrasonic probe and the
electrochemically exfoliated graphene have higher intensity peaks related to the oxygen bond
than graphene from the ultrasonic bath. Their peaks are of similar intensity but with different
bond types, as indicated by the 1.7 eV shift in peak position between them. Graphene obtained

(a) C1s (b) C1s
3 284.3 eV sp® C-C
284.9 eV sp” C-C
\ 285.5 eV sp? C=C /

5 35 N\

s 285.2 eV sp2 C=C <

> =2

z 2

£ 286.4 eV C-O 2 | 28886V O<j0

202 200 288 286 284 282 292 290 288 286 284 282
Binding energy(eV) Binding energy (eV)

(c)

C1s

285.2 eV sp? C=C

2871 eV C-0 \

T T T T T 1
292 290 288 286 284 282
Binding energy(eV)

284.5 eV sp® C-C

/

Intensity(a.u.)

Fig. 6. (Color online) Deconvoluted XPS peaks for Cls for (a) graphene from ultrasonic bath, (b) graphene from
ultrasonic probe, and (c) commercially available electrochemical graphene.
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from the ultrasonic probe shows a stronger oxidation than graphene from the ultrasonic bath and
electrochemically exfoliated graphene, which is distinguished by having an O—C=0 group
instead of a simple C—O bond, as a result of a complex synthesis process in which several
solvents are exchanged.

3.2 Humidity sensing

Figure 7 shows the response of the graphene-based sensors to changes in humidity. The
output of the graphene-based sensors was measured in parallel to the output of a reference
sensor, which provides the exact RH in the chamber (pink line in Fig. 7). For the starting point, a
minimum of ~10% RH was established, and then the humidity was increased to a maximum of
~90% RH in the chamber. The maximum RH was chosen on the basis of the saturation point of
the particular graphene sensor, beyond which the resistance did not change significantly. The
saturation point for all three sensors occurred at around 90% RH. After reaching the maximum
RH, the chamber was cleared out with a blast of nitrogen, which produced a rapid decrease in
RH. These steps were repeated in three cycles. All three types of liquid-phase-exfoliated
graphene were distinguished by a stable baseline and repeatability. Graphene obtained by bath
sonication yielded sensors with the largest baseline drift due to chemisorption [Fig. 7 (a)].
Graphene obtained by probe sonication had the highest inhomogeneity, yielding sensors with the
largest noise, as seen in Fig. 7(b). However, the assembled film was ~2.2 nm thick, making it the
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Reference sensor |

6200 - 4100
6100 @) 1.6 =
& 6000 1 17 8
= 5900 150 I
& 5800 105 &
5700 4
1 T T T T T T 0
0 100 200 300 400 500 600 700
45000 A () t(s) 17
. 44550 - W
= 44100 - 17 I
43650 - 19
43200 . : : . ' . 10
0 100 200 300 400 500 600
- t(s)
2‘2‘2 1(©) 175
S 210 - 1908
o 1 125 E
195 - 1o
L T T T T T T T
0 100 200 300 400 500 600 700
t(s)

Fig. 7. (Color online) Response over time of graphene sensors to humidity with reference to commercial humidity
sensor (Honeywell HIH-4000-001), measured in three cycles from ~10% to ~90% RH: (a) graphene sensor obtained
with the ultrasonic bath, (b) graphene sensor obtained with an ultrasonic probe, and (c) sensor fabricated from
electrochemically synthesized graphene. In (b), the data has been smoothed for clarity.
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thinnest among the three films. Figure 7(c) shows the results obtained from commercially
available electrochemically exfoliated graphene. This film had the lowest resistance among the
three films, starting at a value below 200 Q, which is a result of a thickness of ~10 nm. A
comparison of the sensitivities of the three different sensors is given in Table 2.

The sensitivity (S) of a chemiresistive gas sensor is given as

AR
§=100-——, Q)
Ry

where R is the initial resistance and AR is the difference between the given resistance and the
initial resistance. The most interesting RH range is between 30 and 80%, corresponding to the
naturally occurring range of values. Table 2 shows the average sensitivity of each type of
graphene sensor in this target range. The average sensitivities are 1% for graphene obtained with
an ultrasonic probe, 2.4% for graphene obtained with an ultrasonic bath, and 13.4% for the
commercially available electrochemical graphene. The obtained average sensitivity across the
RH range is correlated with the graphene thickness, where the thinnest graphene film has the
lowest sensitivity and the thickest film has the highest sensitivity. For a clearer view of the
graphene sensor performance, a comparison was pursued with the data obtained with different
graphene sensor types. Single- and double-layer CVD graphene films show sensitivities of 0.31
and 0.2% respectively, while the thinnest graphene film that comes from an ultrasonic probe has
a sensitivity of 1%.©2D Electrospray-printed graphene shows a sensitivity up to ~20%, which is
higher than that shown in this paper; however, the resistance for such graphene is near 200 kQ,
which is higher than that shown in this paper.(7)

Figure 8 shows the response of each graphene sensor over several cycles of increasing RH in
a stepwise manner. The original baseline drift was corrected by linear subtraction to observe the
results better. The apparent response and recovery times that could be inferred from these
graphs are actually a measure of the chamber filling and purging times, and hence do not
represent the response times of the graphene sensor, which are orders of magnitude smaller than
the chamber response times. Figure 8(d) depicts the linearity of the relative change in resistance
(S) as a function of RH at the maximum value. For a clear view of the linearity, the Pearson
correlation coefficient (r) was calculated. The correlation coefficients of the graphene sensors
from the ultrasonic bath, ultrasonic probe, and electrochemically exfoliated graphene are » =
0.97653, 0.99129, and 0.99289, respectively. All three sensors have linear behavior with high
Pearson correlation coefficient.

Table 2
Percentage change of resistance for each graphene sensor in the range 30—-80% for each cycle (ascending path) and
average sensitivity. Results taken from Fig. 7.

Cycle 1 (%) Cycle2 (%) Cycle3 (%) Average (%)

Ultrasonic bath 2.6 2.2 2.5 2.4
Ultrasonic probe 1 1 0.9 1
Commercial 14 14 12.3 134

electrochemical
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Fig. 8.  (Color online) Graphene senor response over time to rapid stepwise increase in RH: (a) sensor output from
graphene obtained from an ultrasonic bath, (b) sensor output from graphene obtained with an ultrasonic probe, (c)
sensor output from electrochemically synthesized graphene, and (d) peak response as a function of RH for all three
graphene sensors. In (b), the data has been smoothed for clarity.

3.3 Respiration monitoring

Ultrafast graphene-based humidity sensors, in addition to determining the static RH, can be
used to monitor human inhalation and exhalation, namely, respiration. Figure 9 depicts the
results of breathing on each type of graphene sensor at fast, normal, and slow paces. Graphene
sensors were placed on a table, and a volunteer exhaled and inhaled directly on each sensor in
three cycles at each of the breathing paces. For fast breathing, it can be seen that there is a sharp
peak, after which the output returns to the baseline. The signal output for normal breathing is
distinguished by plateaus of ~2, ~8, and ~8 s for graphene from the ultrasonic bath, graphene
from the ultrasonic probe, and electrochemically exfoliated graphene, respectively. The
distinguished plateaus for slow breathing are ~4, ~14, and ~22 s for the three types of graphene,
respectively (Fig. 9). All three graphene sensor types show similar trends at different respiration
rates, with different time intervals for the plateaus, which are related to the thickness and
topography of the individual graphene materials. The usefulness of such sensors for respiration
monitoring lies in their practicality of use in a basic experiment, i.e., the sensor is placed on a
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Fig. 9. (Color online) Sensor response over time while monitoring fast, normal, and slow respirations for each
graphene sensor: (a) graphene from ultrasonic bath, (b) graphene from ultrasonic probe, and (c) commercially
obtained electrochemical graphene.

desk and the volunteer simply takes breaths, directly breathing on the sensor without wearing a
mask, showing potential for further applications. The sensitivity is high at values up to ~40% for
the commercially obtained graphene.

4. Discussion

The process of obtaining graphene significantly affects the sensor performance owing to
differences in film homogeneity, thickness, and functional group, all of which may affect the
interaction of the film with water molecules in humid air. There is an evident inverse correlation
between the measured film resistance and sensitivity to changes in humidity. The sensor with
the lowest resistance has the highest sensitivity, and the sensor with the highest resistance has
the lowest sensitivity. Higher resistance stems from the inhomogeneity of some of the films,
which consist of islands of materials that do not cover the full sensor area, particularly our films
made from probe-sonicated graphene. Since for such films the area covered by graphene is
smaller than in the other two cases, the total volume reactive to gas is also smaller, resulting in
lower sensitivity. The film made from bath-sonicated graphene is continuous and thinner than
that made from electrochemically exfoliated graphene (EEG), but it also consists of smaller
flakes (Fig. 3). Although it would be reasonable to expect that a film consisting of smaller flakes
is more reactive to gases than that consisting of larger flakes because the former contains a
higher density of reactive edge sites,1222% that made from EEG is more reactive than that
made from bath-sonicated graphene. The likely reason for the higher sensitivity is the larger film
thickness, which translates to a larger total reaction volume. Thus, in future work on thin-film
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gas sensors made from liquid-phase-exfoliated graphene, care should be taken about the trade-
off between flake size (edge density) and film thickness (total reactive volume).

5. Conclusion

In this paper, we presented a comparison of three types of graphene humidity sensors, with
appropriate characterization that aids in understanding the obtained results. All graphene films
were obtained by LPE but exfoliated with different methods, which implies that the obtained
graphene films have different characteristics, with different films utilized depending on the
application. In contrast to traditional humidity sensors, which have slow response times,
graphene-based sensors are fast enough for dynamic applications such as respiration monitoring.
We have demonstrated that, regardless of the exfoliation method used, films made from liquid-
phase-exfoliated graphene and deposited by LB assembly are robust and useful for sensor
applications.
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Graphene-based Chemiresistive Gas Sensors

M. Spasenovié, S. Andri¢, and T. TomasSevi¢-1li¢

Abstract - Gas sensors are an indispensable ingredient of the
modern society, finding their use across a range of industries that
include manufacturing, environmental protection and control,
automotive and others. Novel applications have been arising,
requiring new materials. Here we outline the principles of gas
sensing with a focus on chemiresistive-type devices. We follow up
with a summary of the advantages and use of graphene as a gas
sensing material, discussing the properties of different graphene
production methods. Finally, we showcase some recent results that
point to novel applications of graphene-based gas sensors, including
respiration monitoring and finger proximity detection.

1. INTRODUCTION

Gas sensors are devices that are ubiquitous in many
industries, including manufacturing, automotive, building
safety and others. Emerging applications such as widely
available air quality sensors and wearable devices are
exerting a pull on the development of devices from novel
materials, that are often thin and flexible. Nanomaterials play
an important role in fabricating thin, flexible sensors, due to
their ease of manufacturing, scaling and application to a
substrate, versatility, and favorable electronic properties such
as efficient charge transport.
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Fig. 1. Experimental setup for measuring response of gas sensors.
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where key parameters are regulated. An example of an
experimental setup for testing gas sensors is depicted in Fig.
1. The gas sensor (device under test, DUT) is placed in an
environmental chamber. Often, such chambers are custom
made by the sensor developer to satisfy requirements of the
particular geometry and measurement parameter space. For
example, if the sensor is cross-sensitive to temperature or
humidity, these parameters must be controlled or at least
monitored in the chamber [1].
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Fig. 2. Typical response of gas sensor to injection of known
concentration of analyte. The red dashed line indicates injected
gas concentration. The solid black line indicates resistance
measured across two sensor terminals.

The DUT is contacted with wires that feed through the
walls of the chamber and are connected to a measurement
instrument, such as a digital programmable multimeter
(DMM). The electrical characteristics of the DUT are
measured as the environment is varied in a controlled
manner. A constant flow of gas is introduced to the
chamber via a gas inlet that is connected to mass flow
controllers (MFC) or other gas flow control devices. For
sensors boasting high sensitivity and accuracy of detection
in the ppm or ppb range, the flow will consist mostly of an
inert carrier gas, and a small percentage of the target
analyte gas. The two gases are most often mixed in a
simple T-shaped mixer prior to entering the detection
chamber. MFC and DMM operation can be controlled and
synchronized from a computer.

Fig. 2. depicts a common measurement protocol and
sensor response of a chemiresistive gas sensor. The change
in resistance, compared to measured resistance of the
unexposed sensor, is monitored in time as the analyte gas
flow is tuned to achieve different target concentrations. In
the example shown, a short burst of analyte is introduced
every lls at varying concentrations, starting from the



highest. The sensor responds with an increase in resistance
at burst onset, followed by a slow decrease when analyte
flow is switched off and only carrier gas is flown over the
sample. In the case of 2D material-based sensors, there is
often a residue background drift of the measured response,
which can be filtered out by signal differentiation [2].

Fig. 3.

Graphene-based chemiresistive gas
Graphene is laid on a substrate with metal contacts and exposed to
a gas atmosphere.

sensing device.

Graphene is increasingly being investigated as an
active material for gas sensing. Several physicochemical
principles are commonly utilized to make gas sensors,
including  calorimetric ~ sensors,  optical  sensors,
electrochemical sensors, and chemiresistive sensors. Of
these types, chemiresistive are the most versatile, and are
casily integrated in a planar configuration. Chemiresistive
sensors consist of a minimum of two electrical terminals
connected to the active sensing layer. Fig. 3. depicts a
graphene-based chemiresistive gas sensor. The graphene
sits atop a substrate and is contacted with two planar metal
contacts. Gas molecules in the vicinity of graphene can
interact with the sensor, which is reflected in a changing
electrical resistance between the two contacts with
changing gas concentration or type.

In the following sections, we discuss the properties of
several graphene fabrication techniques as they relate to
use in gas sensing. We sketch the role that defects play in
the interaction of graphene with gases. Finally, we
demonstrate the application of chemiresistive graphene gas
sensors to novel sensing technologies.

II. GRAPHENE-BASED GAS SENSORS

The chief properties required from a gas sensing
material are efficient charge transport to a substrate or high
carrier mobility, a large surface area, and an abundancy of
active reaction sites. Various forms of graphene fulfill
these requirements to different extents. In Fig. 4. we show
the most common forms of graphene available in research
laboratories and on the market. Micromechanical
exfoliation is the oldest method of making graphene, which
was utilized by Geim and Novoselov in their seminal paper
[3] that sparked the graphene revolution. The method is
based on mechanical cleavage of graphite flakes and
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separation of layers with adhesive tape. Thinned down
graphite layers remain on the tape. The process is repeated
several times, until visual inspection indicates the presence
of very thin graphite layers on the tape. The tape is
subsequently applied to a rigid substrate, such as Si/SiO2.
After tape removal from the substrate, careful optical
microscopy may reveal flakes of few-layer graphene,
including single layers. One such flake is depicted in the
optical micrograph of Fig. 4a. Typical lateral flake sizes are
on the order of several tens of micrometers, whereas flakes
are few and far apart on the substrate. This method yields
graphene of the highest quality, with very few defects in
the basal plane.

The main principle of interaction of micromechanically
exfoliated graphene with gas species is through gas
adsorption and desorption processes on the basal plane, i.e.
physisorption. The adsorbed molecules change the local
carrier concentration in graphene, which exerts changes in
resistance. With extreme fabrication and noise control,
mechanically exfoliated graphene has been used to achieve
single-molecule sensitivity [4].

Fig. 4. Different types of graphene. a) depicts an optical
micrograph of micromechanically exfoliated graphene; b) depicts
a scanning electron micrograph (SEM) of CVD graphene (image
courtesy of Graphenea); c¢) depicts a SEM of liquid phase
exfoliated graphene.

The structure of micromechanically exfoliated
graphene is similar to that of graphene grown by chemical
vapor deposition (CVD). A scanning electron micrograph
of CVD graphene is depicted in Fig. 4b. CVD graphene is
grown on a catalyst substrate, such as a smooth copper foil,
by placing the substrate in a chamber where temperature
and growth precursors are controlled. Growth starts from
seeds on the substrate and continues until the process is
stopped or a continuous film is formed across the substrate.
Growth from multiple seeds results in numerous grain
boundaries. Because the growth takes place at highly
elevated temperatures (>1,000°C), the substrate and the
graphene undergo a shrinking and expanding process,
respectively, during cooling of the chamber. Due to a
mismatch of thermal expansion coefficients of graphene
and the substrate, wrinkles inevitably form on the graphene
surface [5]. Hence, CVD growth results in graphene that is
continuous over a large area, with some structural defects
such as wrinkles and grain boundaries. Compared to
micromechanically exfoliated graphene, CVD graphene
may contain additional binding sites at these defects, which
provide a channel for chemisorption in addition to
physisorption that takes place on the surface of the basal



plane. It was found that polymer residue on graphene that
remains after lithographic processes enhances the response
of graphene gas sensors, with a surprisingly weak intrinsic
response [6].

Graphene that is obtained from reduction of graphene
oxide or from liquid phase exfoliation has the morphology
of nanoplatelets — thin flakes of graphite or graphene.
These flakes can have thicknesses ranging from a single
layer of graphene up to tens of layers, and lateral sizes
between several tens of nanometers and tens of
micrometers. Such graphene is usually obtained in solution,
which contains a range of nanoplatelet sizes. There exist
several different methods for drawing nanoplatelets from
solution into a film, such as spray coating, drop casting,
spin coating, inkjet printing, and Langmuir-Blodgett
assembly [7]. A film assembled from such nanoplatelets
may look like that depicted in Fig. 4c.
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Fig. 5. A sketch of graphene structure and some commonly found
defects.

Although films that are made from nanoplatelets
typically show poor electrical conductivity compared to
films made of CVD graphene, their response to gas
exposure is different and may be stronger than the response
of CVD graphene. A strong change of electrical properties
upon exposure to an analyte in these materials can be
attributed to the presence of reactive defect sites. As an
example, nitrogen atoms can bind to graphene at various
positions in the crystal lattice, as shown in Fig. 5. When a
nitrogen atom simply substitutes a carbon atom in the basal
plane, the substitution is termed graphitic nitrogen. When
the nitrogen replaces carbon at a crystal defect site, one
obtains pyrrolic nitrogen. Finally, when nitrogen replaces
carbon at the edge of graphene, it is termed pyridinic
nitrogen. Each of these species results in different
electronic behavior, also affecting chemical reactivity of
the graphene. It was observed that certain species such as
water vapor will predominantly bind to edges, with a more
pronounced effect in thicker platelets, whereas dry oxygen
preferably reacts with the basal plane. Even in the case of
micromechanically exfoliated graphene that is relatively
free of edges, the reaction to water vapor is much stronger
than to dry oxygen, which indicates high edge reactivity
[8]. Similarly, it was observed that edges are the dominant
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defect type in liquid-phase exfoliated films and that oxygen
predominantly binds to these edges upon exposure to an
oxygen plasma [9]. Researchers have also created edges by
damaging graphene on purpose, to increase its reactivity to

gases [10].
As a result of an abundancy of edges, films that are
formed as a continuous sheet of interconnected

nanoplatelets tend to react more strongly to the presence of
gases than films that are constituted of continuous sheets
with very few edge defects. At least one work has shown
that films made from liquid-phase exfoliated graphene
experience a significant drop in sheet resistance upon short
exposure to an oxygen environment [9], as in Fig. 6. The
value after 5 minutes of exposure can be less than 50% of
the starting value, which is not the case for CVD graphene.
The hypothesis presented in the referenced work is that
oxygen binding to the edges of nanoplatelets dopes the
graphene, causing a decrease in measured resistance. In
contrast, CVD graphene reacts to treatment by a slight
increase in sheet resistance, which is due to graphene
lattice damage caused by oxygen ejecting carbon atoms.
After 10 minutes of treatment, the damage becomes
visually perceptible, whereas in the case of LPE graphene
no damage will occur until all edges are saturated.
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Fig. 6. Typical response of two types of graphene to a chemical
treatment. The line with the red circles indicates response of CVD
graphene. The line with the black squares indicates response of
LPE graphene.

The strong sensitivity of LPE graphene to
environmental gases can be exploited to produce gas
sensors. In particular, such graphene has been used to
detect NO; [11], [12] with ppm sensitivity, while theory
predicts that graphene containing an abundancy of defect
sites would react strongly to CO, NO, and NO,[13].

Recently, it was found that LPE graphene is highly
sensitive to changes in relative humidity of the ambient
[14]. Changes in relative humidity can exert a change in
measured resistance of chemiresistive graphene gas sensors



by up to 10%. It was also found that the response to
humidity is much stronger than the response to other
constituents of air, which makes this sensor ideal for open-
air use as a humidity detector. Surprisingly, and in contrast
to what has been observed in the case of NO, detection with
LPE graphene [12], the response to humidity changes is
extremely fast, on the order of 30 ms. Such extremely fast
response opens avenues towards the use of these sensors in
situations in which humidity changes more rapidly than can be
detected with conventional humidity sensors, that are often
based on the principle of humidity-induced swelling of a
material and measuring a corresponding capacitance change.
Indeed, it has been demonstrated that the ultrafast LPE
graphene-based sensor can be used to monitor human
respiration in real time (Fig. 7). The sensor was made by
depositing LPE graphene, using Langmuir-Blodgett self-
assembly, onto a pair of interdigitated metal contacts premade
on a ceramic substrate. Breathing on the sensor resulted in
real-time variation of the measured two-terminal resistance.
Another novel application demonstrated in the same
publication is real-time sensing of finger proximity detection.
The application relies on the principle of detecting the cloud of
moisture that exists in the vicinity of human skin. Real-time
detection of finger proximity could be used to make novel
devices, such as touchless control panels.
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Fig. 7. The use of a chemiresistive graphene-based sensor as a
respiration monitor. Resistance between two terminals changes in
response to a person breathing on the sensor.

III. CONCLUSION

To conclude, liquid-phase exfoliated graphene
presents an excellent opportunity to create practical gas
sensors. Although theory predicts strong sensitivity to CO,
NO, and NO,, experiments have also shown a very strong
response to changes in relative humidity, pointing to the
potential for detection of other gases. Furthermore, the
utlrafast response to humidity can be utilized to create
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novel devices, which may prove useful in particular for
wearable biometric sensing.
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Langmuir-Blodgett films from liquid phase exfoliated 2D materials:
surface modification and optoelectronic properties

T. Tomasevi¢-11i¢!, M. Spasenovi¢?
nstitute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
2Center for Microelectronic Technologies, Institute of Chemistry, Technology and Metallurgy, University of
Belgrade, Njegoseva 12, 11000 Belgrade, Serbia
e-mail:ttijana@ipb.ac.rs

Liquid phase exfoliation is an important production technique to obtaining a high yield of two-
dimensional nanosheets in solution. It can be applied to numerous layered materials and satisfies
practical applications. Langmuir-Blodgett deposition is a simple and versatile method based on self-
organization of nanostructures that brings large surfaces of thin films on the substrate of choice.
Although, Langmuir-Blodgett self-assembly (LBSA) of 2D materials in solution allows facile
fabrication of highly transparent graphene films, the high density of defects that causes high sheet
resistance of these films is unavoidable. Identifying the type of defect of these films and understanding
how they can be manipulated is crucial for development of new strategies to adapt their electrical
properties to the requirements of the optoelectronic industry. In this talk, the structure and
optoelectronic properties of LBSA graphene films, the change and subsequent enhancement of their
sheet conductivity with surface modification/functionalization by chemical doping, annealing,
photochemical oxidation, and plasma exposure will be summarized [1-3]. Surface modification of these
films results in a multifold reduction in sheet resistance of the films without changing their high
transmittance. Edges are the dominant type of defect of these films and play a crucial role in defect
patching and enhancing of electrical properties of modified LBSA graphene films. For materials beyond
graphene, the properties and the encapsulation capability of LBSA films of h-BN for high-quality CVD
graphene, ideal for transparent electronics but highly degradable in extreme environments such as
photochemical oxidation, will be discussed.

[1] A. Matkovié, et al., 2D Mater. 3, 015002 (2016)

[2] T. Tomasevi¢-1li¢, J. Pesié, 1. Milosevi¢, J. Vujin, A. Matkovié, M. Spasenovié, R. Gajié, Opt.
Quant. Electron. 48, 319 (2016)

[3] T. Tomasevi¢-Ili¢, B. Jovanovic¢, I. Popov, R. Fandan, J. Pedros, M. Spasenovi¢, R. Gaji¢, Appl.
Surf. Sci. 458, 446453 (2018)
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Plasma-assisted nitrogen doping of Langmuir-Blodgett self-assembled
graphene films

T. Tomasevi¢-Ili¢', N. Skoro!, N. Pua¢', M. Spasenovi¢?
nstitute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
2Center for Microelectronic Technologies, Institute of Chemistry, Technology and Metallurgy, University of
Belgrade, Njegoseva 12, 11000 Belgrade, Serbia
e-mail:ttijana@ipb.ac.rs

Application of highly transparent films obtained by self-organization of graphene flakes in
optoelectronic devices seeks for appropriate surface modification/functionalization, which will adapt
their electrical properties to the requirements of the electronic industry. Doping with nitrogen is one of
the most promising methods to tailor the electronic properties of graphene [1]. Graphene films prepared
from solution and deposited by Langmuir-Blodgett self-assembly (LBSA) [2, 3], were treated with
radio-frequency (13.56 MHz) nitrogen plasma in order to investigate the influence of the time of
nitrogen plasma exposure on the work function, sheet resistance and surface morphology of LBSA
graphene films. Plasma treatments were performed in a chamber with plane-parallel electrode geometry
with Scm electrode gap and at 500 mTorr of N,. Tuning parameter in this work was treatment duration.
Kelvin probe force microscopy (KPFM) and sheet resistance measurements confirm nitrogen
functionalization of our films, with the Fermi level shifting in the direction that indicates binding to a
pyridinic and/or pyrrolic site [4], as would be expected for LBSA graphene, where edges are the
dominant defect type [5]. We show that by tuning exposure time, we can decrease sheet resistance by a
factor of two, without affecting surface morphology. Upon 1 min of nitrogen plasma exposure, the sheet
resistance decreases and there is no obvious difference in film morphology. However, plasma exposure
longer than 5 min leads to removal of graphene flakes and degradation of graphene films, in turn
affecting the flake connectivityand increasing film resistance. Controllability of the plasma technique
has an advantage for graphene functionalization over conventional doping techniques such as chemical
drop-casting. It allows to controllably tune the work function, surface morphology and sheet resistance
of LBSA films, which is substantial for applications in various optoelectronic and electronic devices.
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3,021301 (2016)

[2] A. Matkovi¢, et al., 2D Mater. 3, 015002 (2016)
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Quant. Electron. 48, 319 (2016)

[4] K. Akada, T. Terasawa, G. Imamura, S. Obata, K. Saiki, Appl. Phys. Lett. 104, 131602 (2014)

[5] T. Tomasevi¢-1li¢, B. Jovanovi¢, 1. Popov, R.Fandan, J. Pedros, M. Spasenovi¢, R. Gaji¢, Appl.
Surf. Sci. 458, 446-453(2018)
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Fe-nanoparticle-modified Langmuir-Blodgett
Graphene Films for Pb(l1) Water Purification

Ivana R. Milosevié?, Jasna Vujin?, Muhammad Zubair Khan®, Thomas
Griesser®, Christian Teichert® and Tijana Tomagevié¢-I1i¢?

aInstitute of Physics Belgrade, University of Belgrade, 11080 Belgrade, Serbia
PChair of Physics, Montanuniversitit Leoben, Leoben, Austria
CChair of Chemistry of Polymeric Materials, Montanuniversitit Leoben, 8700 Leoben, Austria

Abstract. The surface of nonmagnetic Langmuir-Blodgett self-assembled (LBSA) graphene films
is modified through structure engineering by chemical functionalization with Fe nanoparticles in
order to induce local magnetic domains and investigate the application of such films for heavy
metal water purification. We prepared and modified our films by single-step Langmuir-Blodgett
procedure [1]. The influence of Fe-based magnetic nanoparticles on the structure and magnetic
properties of LBSA films was examined by Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS), and Magnetic Force Microscopy (MFM). Raman and XPS confirmed the
surface modification of the graphene films. Compared to an unmodified graphene film, which has
no detectable magnetic response, MFM phase images show a strong phase shift difference
compared to the substrate (~0.2°), indicating the presence of a local magnetic moment. In addition,
we examined the use of magnetized LBSA graphene films for the adsorption of Pb(ll) ions by
immersing the films into Pb(ll) solution. Results from XPS measurements depict the ability of
modified films to detect and adsorb Ph(1l) ions from water-based solutions. The development of a
new generation of magnetic self-assembled 2D material films for heavy metal sensing and water
purification that can overcome the deficiencies such as low purification efficiency, short-term
stability, and high cost is of great interest for various applications in green technology.
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FIGURE 1. A) Fabrication of Fe-modified LBSA graphene films, B) AFM topography, MFM phase
image, and representative MFM phase shift profile of Fe-modified LBSA films, C) XPS Fe2p spectra of
modified films before and after interaction with Pb(l1) ions, and Pb4f spectra of unmodified and modified
films after interaction with Pb(ll) ions.
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VIl International School and Conference on Photonics

Belgrade, Serbia, August 23 — August 27, 2021

Institute of Phvsics Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
Phone: +381 11 3713 012; e-mail: photonica2021@ipb.ac.rs, www.photonica.ac.rs

Dr. Tijana Tomasevi¢ - Ili¢
Centre for Solid State Physics and New Materials
Institute of Physics Belgrade, Serbia

Belgrade, June 8" 2021

Dear Dr. Tomasevic - llic,

On behalf of the Organizing Committee of the International School and Conference on Photonics, we
are pleased to invite you to the PHOTONICA 2021 conference scheduled from August 23% till
August 27t 2021 in Belgrade, Serbia. This conference will be organized by the Institute of Physics
Belgrade, Optical Society of Serbia and Serbian Academy of Sciences and Arts.

It is our special pleasure to invite you to attend the meeting and present a progress report lecture (20
min). The lecture is expected to contain a review and up-to-date progress in the specific field.

We would be honored if you could accept this invitation and accordingly send us the title of your
lecture and short biography, to be included on the conference website. The abstract of the lecture, 1
page in length, should be uploaded on the Photonica 2021 upon your registration by June, 25™.

Should you have any question please don't hesitate to contact us.
Yours sincerely,

Marina Lekic

Chair of the Organizing Committee

Cell: +381 64 247 2404

e-mail: lekic@ipb.ac.rs
photonica2021@ipb.ac.rs
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